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„ “Were the succession of stars endless, then the
background of the sky would present us a

uniform luminosity, like that displayed by the
Galaxy — since there could be absolutely no

point, in all that background, at which would
not exist a star. The only mode, therefore, in

which, under such a state of affairs, we could
comprehend the voids which our telescopes find

in innumerable directions, would be by
supposing the distance of the invisible

background so immense that no ray from it has
yet been able to reach us at all.”

— Edgar Allan Poe, Eureka (1848)
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Abstract

In recent decades, advances in galaxy surveys have significantly enhanced our
ability to study the universe’s composition and evolution, particularly the elusive
dark energy. While galaxy surveys have traditionally been the usual way of study-
ing the distribution of matter, in this thesis I have made important contributions
to the development of an alternative probe: the Lyman−𝛼 forest.

The Lyman−𝛼 forest is a pattern of absorption features in the spectra of distant
quasars caused by intervening neutral hydrogen. The Dark Energy Spectroscopic
Instrument (DESI) survey will measure the spectra of up to 3 million quasars,
providing the best measurement of the universe’s expansion to date using the
Lyman−𝛼 forest.

My contributions to this survey include the creation of the first Lyman-𝛼
catalog using the Early Data Release from the survey (Chapter 6). And the
analysis validation using data from Data Release 1 (Chapter 7).

To aid in the development of cosmological surveys, synthetic datasets are
used to help build analysis pipelines, estimate covariance matrices, and perform
forecasting. In Chapter 5, I present CoLoRe, a code for synthetic data generation
for multiple tracers, including the Lyman−𝛼 forest. This code allows for the
generation of random data from multiple state-of-the-art surveys in the same
realisation, enabling the study of the interplay between them.
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Preface

The quest to understand the universe’s origin, evolution, and fate has captivated
human curiosity for centuries. The study of the composition and dynamics of
the universe has undergone remarkable advancements, evolving from ancient
philosophical speculations to modern scientific inquiries.

Throughout history, humanity’s perception of the cosmos has been intertwined
with religious, philosophical, and existential concerns. Looking up to the sky and
searching for answers amidst the celestial expanse has evoked awe and rever-
ence, fueling contemplation about our place in the universe. From the ancient
Greeks’ belief in a universe centred around Earth to the inspiring transition to
a heliocentric model, cosmology has both shaped and been shaped by cultural,
spiritual, and existential narratives. These transitions not only revolutionized our
understanding of the universe but also challenged deeply rooted religious and
existential convictions.

The 19th century witnessed the first successful measurement of the parallax of a
few stars outside the Solar System, marking a significant milestone in astronomical
observation (Bessel, 1838). However, it was the 20th century that truly defined our
current understanding of the universe.

The modeling of Cepheid variable stars (Leavitt, 1908) allowed for the mea-
surement of distances to very distant objects. Using this tool, Edwin Hubble
demonstrated that Andromeda is far outside the Milky Way (Hubble, 1925), end-
ing the debate over the existence of galaxies beyond our own. This discovery
forever changed our conception of the universe, leading to the formalization of
the cosmological principle: the universe, on large scales, is isotropic and homoge-
neous.

Anotherancient conception of the universe that had been preserved through the
centuries was its static nature. The notion of celestial perfection and unchanging
natural laws reinforced this concept, largely due to the lack of observational
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evidence to the contrary. For this reason, when Albert Einstein introduced General
Relativity (GR) (Einstein, 1915), he added the cosmological constant parameter
(Λ) to the Einstein equations to fulfill the static universe requirement. Later, it was
shown by Alexander Friedmann that these equations remain valid in a dynamic
universe, regardless of the value of Λ.

The expansion of the universe was observed for the first time by Hubble
(Hubble, 1929), leading to the proposal of an expanding universe with a zero
cosmological constant (Einstein and de Sitter, 1932). However, by the end of the
20th century, measurements of distant supernovae showed that the universe’s
expansion is accelerating (Riess et al., 1998; Perlmutter et al., 1999), which we now
model as a strictly positive cosmological constant. This constant is thought to
be caused by a mysterious Dark Energy (DE), which exerts a repulsive force that
counteracts the gravitational collapse produced by matter.

During the first two decades of the 21st century, cosmology has transformed
into its precision era, characterized by datasets of unprecedented size and quality.
The Cosmic Microwave Background (CMB) has allowed for studies of the universe
at its early stages, while measurements from galaxy surveys capture the statistical
distribution of matter in later times. Of particular interest is the use of Baryon
Acoustic Oscillations (BAO), which, acting as a standard ruler, has facilitated
studies of the expansion and evolution of the universe.

Different techniques are used to map the large scale structure (LSS) of the
universe, with two of the most common being spectroscopic and photometric
surveys. Photometric surveys measure the brightness of galaxies and quasars
in different wavelength bands, which can be used to estimate their approximate
distances and types. These surveys also measure shapes, often affected by gravi-
tational lensing. Spectroscopic surveys, on the other hand, obtain optical spectra
for a comparatively smaller set of objects, allowing for precise measurements of
their distances and velocities. This precision also enables the measurement of
Lyman-𝛼 absorption caused by neutral hydrogen in the Intergalactic Medium
(IGM), observed in the spectra of distant quasars.

In the context of these cosmological surveys, the use of synthetic data has
become increasingly necessary to understand and study physical phenomena
under controlled conditions. With the use of synthetic data, it is possible to test
theories and validate methodologies without the limitations and uncertainties
present in real data.

Following the steps of the Baryon Oscillation Spectroscopic Survey (BOSS; Daw-
son et al., 2013) and its extension, the Extended Baryon Oscillation Spectroscopic
Survey (eBOSS; Dawson et al., 2016), the Dark Energy Spectroscopic Instrument
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(DESI; DESI Collaboration et al., 2016a) survey will measure the redshifts of about
35 million galaxies and quasars over 14 000 square degrees, covering a redshift
range of 0 < 𝑧 < 3.5. The collaboration is undergoing a five-year campaign to
obtain close to a million quasar spectra with 𝑧 > 2, which are being used to
perform BAO analysis using the Lyman−𝛼 forest.

The central core of this doctoral thesis has been carried out in the context of
Lyman-𝛼 analyses for the DESI Collaboration. In Chapter 6, the generation of the
Lyman-𝛼 fluctuations catalog for the DESI Early Data Release (EDR) is described,
which was published in Ramírez-Pérez et al. (2024). In Chapter 7, part of the
validation of the Lyman-𝛼 BAO analysis for the Data Release 1 (DR1) of DESI is
described, this was my contribution to the article published in DESI Collaboration
et al. (2024b).

I have also worked on the generation of synthetic data, including Lyman−𝛼
forest but also lensing and galaxy clustering. In Chapter 5, the presentation and
validation of the software used are discussed. This Chapter follows the publication
Ramírez-Pérez et al. (2022).
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1

The homogeneous universe

Cosmology is the branch of science that studies the origin, evolution, structure,
and future of the universe. On large scales, the effects can be primarily described
by gravity. Therefore, gravity becomes the main tool used to understand our
universe.

Our current framework for describing the effects of gravity began in the early
20th century with the development of General Relativity (GR) by Albert Einstein
(Einstein, 1915). GR closely relates the content of the universe to its dynamics,
providing us with a tool to understand the universe as a whole.

According to the cosmological principle, the universe is homogeneous on large
scales. A correct description of these scales provides us with a general picture,
which will be further enhanced in the following Chapters. In these Chapters, we
will explore the inhomogeneities appearing at intermediate to low scales, which
are necessary to explain the structure of our universe as observed today.

This Chapterwill begin by introducing the backgroundtools from GR thataid in
understanding the cosmological concepts discussed in this thesis. Subsequently,
we will explore the solutions of the Einstein Equations that better explain the
properties of our universe on large scales. Following this, we will analyze the
particles present in the universe. Finally, we will provide a brief overview of the
methods used to measure distances in the expanding universe.

1.1 General Relativity for cosmology

GR allows us to mathematically model the behavior of gravity on large scales. In
this framework, the concept of manifolds is of paramount importance. A manifold
is a topological space that locally resembles Euclidean space, providing the tools
to model the more complex and typically non-linear structures of the cosmos.
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CHAPTER 1. THE HOMOGENEOUS UNIVERSE

The geometric and causal structure of a given spacetime can be captured in the
metric tensor 𝑔𝜇𝜈, which mathematically allows for the definition of distances and
angles. In particular, the length element between two events, called the interval,
can be defined as:

𝑑𝑠2 = 𝑔𝜇𝜈𝑑𝑥
𝜇𝑑𝑥𝜈 (1.1)

where 𝑑𝑥𝜇 represents the components of an infinitesimal coordinate displace-
ment four-vector, and where we sum over repeated indices following the Einstein
convention.

The interval provides information about the causal structure of spacetime.
When 𝑑𝑠2 < 0, the interval is timelike, and can be traversed by a massive object.
If 𝑑𝑠2 = 0, we have a lightlike interval, which can only be traversed by massless
objects. Finally, for 𝑑𝑠2 > 0, we have a spacelike interval, which cannot be traversed
because it connects two causally disconnected points in spacetime.

In the case of an empty universe with no massive objects, the geometry of
spacetime is completely determined by the 4-dimensional Minkowsi metric:

𝑔𝜇𝜈 = 𝜂𝜇𝜈 =

©­­­­­«
−1 0 0 0
0 +1 0 0
0 0 +1 0
0 0 0 +1

ª®®®®®¬
(1.2)

this is the case of Special Relativity, derived by Einstein in 1905 (Einstein, 1905). In
the case of GR, the complexity of the metric increases because it will be dependent
on the content of the universe and how this content is distributed.

We can now introduce the Equivalence Principle, which lies at the core of the
theory. The weak version of the principle states:

The motion of freely-falling particles are the same in a gravitational field and
a uniformly accelerated frame, in small enough regions. (Carroll, 2001)

essentially meaning that gravitational pull and local acceleration are equivalent.
The “strong” and generalized version of the principle states:

In small enough regions of spacetime, the laws of physics are those of Special
Relativity. (Carroll, 2001)

being the underlying assumption here that the presence of gravity makes Special
Relativity inconsistent by affecting the curvature of spacetime.
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1.1. GENERAL RELATIVITY FOR COSMOLOGY

1.1.1 Curved spacetimes

We need a theory of gravitation that fulfills the Equivalence Principle, and therefore
we need to work with curved topological spaces that resemble the Euclidean space
and are differentiable at each point.

In such manifolds, we need to upgrade our usual derivative to the covariant
derivative, which will behave appropriately in curved spacetimes:

∇𝜇𝐹
𝜈

𝛾 = 𝜕𝜇𝐹
𝜈
𝛾 + Γ𝜈𝜎𝜇𝐹

𝜎
𝛾 − Γ𝜎𝛾𝜇𝐹

𝜈
𝜎 , (1.3)

where 𝜕𝛼 ≡ 𝜕
𝜕𝑥𝛼 , 𝐹 a generic vector field and:

Γ
𝜇
𝛼𝛽 =

𝑔𝜇𝜈

2
(
𝜕𝛽𝑔𝛼𝜈 + 𝜕𝛼𝑔𝛽𝜈 − 𝜕𝜈𝑔𝛼𝛽

)
, (1.4)

the Christoffel symbols. These contain the information from the curvature. Al-
though the curvature of a manifold is usually expressed by using the Riemman
curvature tensor:

𝑅𝛼
𝜇𝜈𝜌 = 𝜕𝜈Γ

𝛼
𝜇𝜌 − 𝜕𝜌Γ

𝛼
𝜇𝜈 + Γ

𝛽
𝜇𝜌Γ

𝛼
𝜈𝛽 − Γ

𝛽
𝜇𝜈Γ

𝛼
𝜌𝛽 . (1.5)

In GR, we use contractions of this whole tensor, the Ricci tensor:

𝑅𝜇𝜈 = 𝑔𝛼𝜆𝑅𝛼𝜇𝜆𝜈 , (1.6)

and the Ricci scalar:
𝑅 = 𝑅

𝜇
𝜈 . (1.7)

1.1.2 The Einstein Equations

The set of equations that fulfill the Equivalence Principle are the Einstein equations.
They describe the relationship between the content of the universe (through the
energy-momentum tensor 𝑇𝜇𝜈) and its curvature (through the Ricci scalar and
Ricci tensor):

𝐺𝜇𝜈 +Λ𝑔𝜇𝜈 ≡ 𝑅𝜇𝜈 −
1
2𝑅𝑔𝜇𝜈 +Λ𝑔𝜇𝜈 = 8𝜋𝐺𝑁𝑇𝜇𝜈 (1.8)

where the coefficient 8𝜋𝐺𝑁 ensures that we fulfill the Newtonian limit when
describing flat manifolds. The cosmological constant Λ will play an important
role when describing the expanding universe in Section 1.2.

The energy-momentum tensor 𝑇𝜇𝜈 is a physical quantity that generalizes the
stress tensor of Newtonian physics, describing the density and flux of energy
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CHAPTER 1. THE HOMOGENEOUS UNIVERSE

and momentum. On large scales, while assuming a perfect fluid, this can be
parametrized by the rest-frame density 𝜌 and the isotropic pressure P:

𝑇
𝜇
𝜈 = diag(𝜌,−𝑃,−𝑃,−𝑃). (1.9)

The conservation of energy-momentum is then expressed as:

∇𝜇𝑇
𝜇
𝜈 = 0. (1.10)

1.2 The expanding universe

When Einstein derived the field equations in Eq. (1.8), he assumed a static universe.
To achieve this, he added a term to the equations to counterbalance the effect of
gravity. But the discovery in 1928 by Edwin Hubble that the universe is actually
expanding and thus not static (Hubble, 1929) forced Einstein to remove Λ from
his field equations.

Much later, in 1998, measurements of distant supernovae showed that the
expansion of the universe is actually accelerating (Riess et al., 1998; Perlmutter
et al., 1999), thereby offering the opportunity to reintroduce the cosmological
constant Λ. The current ΛCDM model assumes that the term Λ in the Einstein
field equations is the cause of a Dark Energy (DE) that permeates all the space in
the universe and leads to its accelerated expansion.

1.2.1 Distances in the expanding universe

Cosmological research relies on the ability to observe and measure distances across
the universe. However, the task is complicated by the fact that the universe is
expanding and could also have intrinsic curvature. Given this complexity, different
distance measures are used depending on convenience.

In general, to express the expansion of the universe, the scale factor 𝑎(𝑡) is used.
This parameter evolves over time, describing the normalized size of the universe.
For two objects that are not gravitationally bound, we have 𝑎(𝑡)/𝑎(𝑡0) = 𝑠(𝑡)/𝑠(𝑡0),
where 𝑠(𝑡) is the proper distance between the two objects at time 𝑡. We usually set
𝑎(𝑡0) = 1, normalizing the scale factor to 1 for the present time, decreasing in the
past and growing in the future with expansion.

It is useful to define a distance that factors out the expansion of the universe,
and this is the comoving distance 𝜒. For an object that emitted light at time 𝑡, it
will be at a comoving distance of:

𝜒(𝑡) =
∫ 𝑡0

𝑡

1
𝑎(𝑡)𝑑𝑡. (1.11)

4



1.2. THE EXPANDING UNIVERSE

We can relate the comoving distance and the proper distance (or physical distance)
through the scale factor:

𝜒(𝑡) = 𝑠(𝑡)/𝑎(𝑡). (1.12)

Another relevant measurement of distance is the angular diameter distance
𝐷𝐴, which relates the physical size of an object to its observed angular size. Using
the small angle approximation:

𝐷𝐴 =
𝑠

𝜃
= 𝑆𝑘(𝜒)𝑎(𝑡), (1.13)

where 𝑠 is the physical size of the object, 𝜃 is the angular size, 𝑎(𝑡) the scale factor
at emission time and 𝑆𝑘 the comoving transverse distance, which depends on the
curvature density parameter Ω𝑘 (see Eq. (1.29)) through:

𝑆𝑘(𝜒) =


sinh(𝜒𝐻0

√
Ω𝑘)/(𝐻0

√
Ω𝑘), Ω𝑘 > 0

𝜒, Ω𝑘 = 0

sin(𝜒𝐻0
√
|Ω𝑘 |)/(𝐻0

√
|Ω𝑘 |), Ω𝑘 < 0

(1.14)

1.2.2 Redshift

Redshift is the shift of the spectrum of an astronomical object towards longer
wavelengths. It is defined as the ratio between the observed wavelength 𝜆obs and
the emitted or rest-frame wavelength 𝜆RF of a distant object:

1 + 𝑧 = 𝜆obs
𝜆RF

. (1.15)

Generally, the change in wavelength can be due to three causes:

• Cosmological expansion: Under an expanding universe, the energy of pho-
tons traveling through it will decrease. The energy density of photons
decreases as 𝜌 ∝ 𝑎−4, meaning that photons lose energy as the scale factor 𝑎
increases. Following the definition of redshift, we get:

1 + 𝑧exp =
1

𝑎(𝑡𝑒)
(1.16)

where 𝑎(𝑡𝑒) is the scale parameter at the time the light was emitted.

• Peculiar velocity: This component arises from the peculiar velocity of the
object due to the relative motion within its local environment. It can be
interpreted as a relativistic Doppler effect:

1 + 𝑧D =

√
1 + 𝑣/𝑐
1 − 𝑣/𝑐 , (1.17)

where 𝑣 is the peculiar velocity in the radial direction.
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CHAPTER 1. THE HOMOGENEOUS UNIVERSE

• Gravitational redshift: GR shows that photons leaving a gravitational well
will suffer a decrease in energy and therefore an increase in redshift 𝑧grav.
This effect is only relevant under the presence of heavy gravitational fields
and is mostly negligible in cosmology.

All these three need to be taken into account to obtain the effective redshift
perceived by the observer:

1 + 𝑧 = (1 + 𝑧D)(1 + 𝑧grav)(1 + 𝑧exp), (1.18)

but it is precisely the cosmological expansion redshift 𝑧exp that helps us use redshift
as a measurement of expansion, when neglecting the other contributions. It allows
us to measure how much the universe has expanded since the emission of the
radiation, provided the original wavelength is known.

Given that redshift can be directly measured, it is broadly used in modern
cosmology. The only thing needed is a cosmological model that can translate the
measurements of the scale parameter 𝑎 (through Eq. (1.16)) into a distances.

1.2.3 The Hubble law

In 1929, Hubble (Hubble, 1929) found an approximately linear relationship be-
tween the physical distance of nearby galaxies and their recession velocity:

𝑧 = 𝐻0 𝑑, (1.19)

where𝐻0 is the Hubble constant. We can relate this equation to the scale parameter
by expanding the latter in powers of (𝑡 − 𝑡0). To first order, 𝑎(𝑡) = 𝑎(𝑡0) + ¤𝑎(𝑡 − 𝑡0).
Remembering that we follow the convention where 𝑐 = 1, we have (𝑡 − 𝑡0) = 𝑑.
Therefore, using Eq. (1.19) along with Eq. (1.16):

𝐻0 =
¤𝑎(𝑡0)
𝑎(𝑡0)

. (1.20)

It is common to extend this definition to any point in the universe evolution,
such that the Hubble parameter at any time can be defined as:

𝐻(𝑡) = ¤𝑎(𝑡)
𝑎(𝑡) . (1.21)

.
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1.3. THE FRIEDMAN-LAMAÎTRE-ROBERTSON-WALKER METRIC

1.3 The Friedman-Lamaître-Robertson-Walker metric

The Cosmological Principle states that the universe, when viewed on a sufficiently
large scale, is uniformly isotropic and homogeneous. A general metric that fulfills
this requirement while also allowing for a time-dependent spatial component (to
integrate the observed expansion) is the Friedman-Lamaître-Robertson-Walker
(FLRW) metric:

𝑑𝑠2 = −𝑑𝑡2 + 𝑎2(𝑡)
[
𝑑𝑟2

1 − 𝑘𝑟2 + 𝑟2𝑑Ω2
]

(1.22)

Written here in spherical spatial coordinates (𝑟, 𝑑Ω = 𝑑𝜃2 + sin2 𝜃𝑑𝜙2). The
scale factor 𝑎(𝑡) represents the normalized size of the universe, accounting for its
expansion or contraction. The curvature parameter 𝑘 defines the curvature of the
universe, being open for 𝑘 < 0, closed for 𝑘 > 0 or flat for 𝑘 = 0.

One can solve the Einstein equations (Eq. (1.8)) for the specific case of FLRW
obtaining the Friedmann equations:(

¤𝑎
𝑎

)2
=

8𝜋𝐺
3 𝜌 − 𝑘

𝑎2 + Λ

3 (1.23)

¥𝑎
𝑎
= −4𝜋𝐺

3 (𝜌 + 3𝑃) + Λ

3 (1.24)

The first equation relates the curvature and density with the expansion rate
given by ¤𝑎, we usually use the Hubble parameter 𝐻 = ¤𝑎

𝑎 to describe the expansion.
The second equation describes the acceleration of this expansion, which is always
negative for ordinary matter (with positive pressure and density). This behavior
changes when we include the cosmological constant Λ, behaving as a perfect fluid
with negative pressure.

Using the FLRW metric, along with the assumed stress-energy tensor in Eq. (1.9)
and its conservation, we arrive at the conservation equation under the FLRW
metric:

¤𝜌 + 3 ¤𝑎
𝑎
(𝜌 + 𝑃) = 0 (1.25)

The use of the Friedmann equations (Eq. (1.23) and Eq. (1.24)) and the conser-
vation equation will describe the evolution of the homogeneous universe. In the
definition of the stress-energy tensor in Eq. (1.9), we have only considered a single
ingredient in the composition. In the next Section, we will see how different kinds
of ingredients behave under the FLRW metric.
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CHAPTER 1. THE HOMOGENEOUS UNIVERSE

1.4 Cosmic ingredients

The evolution dictated by the Friedmann equations will depend on the content of
the universe and the physical properties of this content. Ourcurrent understanding
of the cosmos includes a variety of ingredients, each behaving distinctly and
dominating the evolution at different cosmic times.

The single parameter that better characterizes a given fluid is the equation
of state. Following thermodynamics, it is possible to model the dependence of
pressure 𝑃 and energy density 𝜌 for a given fluid in the following way:

𝑃 = 𝑤𝜌, (1.26)

where 𝑤 is the equation of state parameter. For a fluid composed of relativistic
particles, we have 𝑤 = 1

3 , while for ordinary non-relativistic matter, we have 𝑤 = 0.
Under the assumption of constant 𝑤, it is possible to solve the conservation

equation (Eq. (1.25)):

𝜌 = 𝜌0

( 𝑎0
𝑎

)3(1+𝑤)
(1.27)

where the subscript 0 defines a particular moment in time. This equation deter-
mines the evolution of density depending on the equation of state state parameter.
In an expanding universe, different fluids will dilute at different rates, leading to
the dominance of some fluids at different times. Generally, we have three different
behaviors:

• 𝑤 = 0: This is the behavior of presureless non-relativistic matter, including
both Cold Dark Matter (CDM) and baryons at large scales. CDM is a type
of dark matter composed of non-relativistic particles that interact weakly
with electromagnetic radiation and ordinary matter. It plays a crucial role in
the formation of structure, since it can interact gravitationally with baryons,
and explains the observed distribution of matter. With the expansion of
the universe, it dilutes as 𝜌 ∝ 𝑎−3, meaning it dilutes with the increase of
volume.

• 𝑤 = 1
3 : This positive pressure behavior is carried out by relativistic particles,

being the two most common representatives of it radiation in the form of
photons and relativistic neutrinos at early times. With the expansion of the
universe, its energy density decays as 𝜌 ∝ 𝑎−4, meaning that it dilutes with
the increase of volume, but also suffers redshifting. Most of the radiation
observed today comes from free photons coming from the Cosmic Microwave
Background (CMB), only contributing by a small factor to the total energy
density.

8



1.4. COSMIC INGREDIENTS

• 𝑤 = −1: This behavior would correspond to the cosmological constant if it
were to be included in this formalism. Its energy density is constant as the
universe expands (𝜌 ∝ 𝑎0), and therefore it will become dominant in later
times. In the ΛCDM model, DE has this behavior, although more complex
models include a DE component that behaves as 𝑤 < −1/3, even having a
equation of state parameter that evolves with time.

Our universe consists of a mixture of different components behaving as the
three described above. Therefore, the total energy will consist of a mixture of these
different components.

We can rearrange the Friedman equation (Eq. (1.23)) in the following way:

1 =
8𝜋𝐺
3𝐻2

(
𝜌 − 3𝑘

8𝜋𝐺𝑎2 + Λ

3𝐻2

)
. (1.28)

Using this expression, we can include in our formalism the curvature term as a
density component with 𝜌𝑘 =

−3𝑘
𝑎28𝜋𝐺 and 𝜌Λ = Λ

3𝐻2 and then decompose the total
density 𝜌 as the sum of these components (𝜌 = 𝜌𝑘 + 𝜌𝑟 + 𝜌𝑚 + 𝜌Λ, where 𝑟 and 𝑚
account for radiation and matter). The preceding term in Eq. (1.28) is the critical
density 𝜌𝑐 = 3𝐻2

8𝜋𝐺 , with all this the Friedman equation can then be reformulated as
follows:

1 =
𝜌𝑟
𝜌𝑐

+
𝜌𝑚
𝜌𝑐

+
𝜌𝑘
𝜌𝑐

+
𝜌Λ
𝜌𝑐

= Ω𝑟 +Ω𝑚 +Ω𝑘 +ΩΛ , (1.29)

where we used the density parameter Ω(𝑎) ≡
𝜌(𝑎)
𝜌𝑐

, usually defined at present time
and whose evolution depends on the equation of state parameter (as defined in
Eq. (1.27)). In this way, we can include the evolution as:

𝐻2 = 𝐻2
0

(
Ω𝑟𝑎

−4 +Ω𝑚𝑎
−3 +Ω𝑘𝑎

−2 +ΩΛ

)
. (1.30)

Observations in the CMB, combined with Baryon Acoustic Oscillations (BAO)
measurements lead to the conclusion that the curvature of the universe is consistent
with 0 (Ω𝑘 = 0.001 ± 0.002 from Planck Collaboration et al. (2020)). Fig. 1.1 shows
the evolution of energy density for the three most relevant species in the ΛCDM
model. At early times, radiation was the dominant species, but since it decays
faster than matter density with the expansion, around 𝑧 ∼ 3900, the energy density
of matter becomes higher, entering a period of matter domination. Very recently,
around 𝑧 ∼ 0.30, the energy density of matter decays so much that the energy
density of DE (whose evolution is constant with the expansion) surpasses it,
entering a period of DE domination.
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Figure 1.1: Energy content of the universe as a function of the scale factor 𝑎. The
shaded regions mark the species that dominate at each stage of the expansion
history. At early times, radiation was dominant; at 𝑧 ∼ 3900, the matter-radiation
equality occurred; and from then on, matter was dominant. Very recently, at
𝑧 ∼ 0.30, DE began to dominate.

1.5 Thermal history

In this Section, we will briefly describe the evolution of the universe from the Big
Bang to the present day to provide context for the following parts of the thesis.

After the Big Bang, the universe was an extremely dense plasma composed of
quarks, gluons, leptons, photons and other fundamental particles. With expansion
and cooling, the different particles of the Standard Model of particle physics
began to combine, forming increasingly complex systems. This process was
possible because the various particles that made up the primordial plasma started
decoupling from each other.

To understand the concept of decoupling, one must consider two opposing
elements: the interaction rate between particles and the expansion rate. When
the interaction rate is higher than the expansion rate, particles interact faster than
the universe expands and thus remain in thermal equilibrium. But if the universe
expands rapidly enough, these particles cannot keep up and cease to interact.

With this mechanism, as the universe expands and temperature decreases,
different particles decouple and become free from interaction. Shortly after the
Big Bang, the universe was dominated by radiation and therefore its expansion
evolved as 𝑎(𝑡) ∝ 𝑡1/2. In this context, the first known particles to undergo
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1.5. THERMAL HISTORY

decoupling were neutrinos, when the temperature reached approximately 1 MeV1.
This event generated a neutrino background similar to the photon CMB, although
this is still to be measured.

When the temperature dropped to around 100 keV, the process of Bick Bang
Nucleosynthesis (BBN) occurs, where lightelements are generated from the plasma
of protons and neutrons. This is the responsible for the formation of most of the
universe’s helium, along with small fractions of deuterium and lithium.

The moment when the temperature dropped to approximately 0.75 eV marks
the matter-radiation equality, where the energy density of matter surpasses that
of radiation and begins to dominate the evolution of the universe, and now its
expansion evolved as 𝑎(𝑡) ∝ 𝑡2/3. This event happened at redshift 𝑧 ∼ 3000.

At 𝑧 = 1100, recombination occurs, where the temperature is low enough for
electrons and protons to combine and form the first atoms. Due to the drastic
reduction in the number of free electrons, photons eventually decoupled and
traveled freely through the universe, forming what we now know as the CMB.

After this event, the slow gravitational collapse of baryonic matter along with
the already collapsing dark matter begins. Dark matter had barely interacted
with the rest of the matter in the past (its decoupling is expected to be much
earlier), and its gravitational interaction had been very small compared to the
other forces involved in the primordial plasma. This gravitational collapse lead to
the formation of the structure that we see in our universe.

This structure formation eventually led to the formation of galaxies, whose
stars shone for the first time2. The light from these galaxies began to gradually
ionize the hydrogen in the Intergalactic Medium (IGM), causing the universe to
transition from being almost completely neutral to having a neutral fraction of
around 10−5 at 𝑧 ∼ 3.

Finally, much more recently, around 𝑧 ∼ 0.3, the presence of DE becomes
dominant in the energy density of the universe, initiating a phase of accelerated
expansion where 𝑎(𝑡) ∝ exp(𝐻𝑡). This accelerated behavior was first confirmed
using type-Ia supernovae at the end of the 20th century.

1We use units of energy here for convenience, the Boltzmann constant 𝑘𝐵 provides a direct
conversion between these two units: 1 eV = 1.16 · 104 K

2The James Webb Space Telescope (JWST) is observing galaxies up to 𝑧 = 13.2.
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2

Origin and evolution of
inhomogeneities

Our universe is clearly not completely homogeneous; we observe voids, clusters
of galaxies, and a distinctive filamentary structure. The cosmological model
described in the previous Chapter is not capable of explaining these patterns; in
fact, it cannot describe any inhomogeneity at all.

In short, we need to add to our model a source of inhomogeneities, which is
understood today to be quantum fluctuations at microscopic scales. Following
the theory of inflation, these fluctuations grew exponentially during the early
stages of the universe’s evolution in the inflationary epoch. This allowed for the
preservation of the isotropy and homogeneity of the observable universe, as we
will see later.

In this Chapter, we will explore how the structure of the universe is formed. We
will start by giving a short description of inflation, the source of inhomogeneities.
Then, we will explain how linear theory allows us to study, to first order, how the
inhomogeneities evolve with time. We will follow the derivations presented in
Dodelson and Schmidt (2020).

2.1 Inflation

The current consensus is that small inhomogeneities in the early phases of the
universe were caused by quantum fluctuations. However, this does not solve
other problems in the Friedman-Lamaître-Robertson-Walker (FLRW) framework
described in Chapter 1, mainly the flatness and the horizon problems:

• Horizon problem: According to the cosmological principle, the universe
is homogeneous at large scales, and observations confirm this principle.
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CHAPTER 2. ORIGIN AND EVOLUTION OF INHOMOGENEITIES

However, it implies that causally disconnected regions of spacetime have
shared some sort of information. A period in the early universe of inflation,
where the comoving horizon1 shrinks, couldexplain this behaviorby pushing
causally connected regions outside the horizon.

• Flatness problem: Current measurements of the universe at all its stages
show that its curvature is minimal, if not 0. This is puzzling because small
variations in the curvature at early times should have grown drastically over
time. Again, a period of inflation could explain this behavior because any
existing curvature would have been smoothed out with the expansion.

The introduction of a period of rapid expansion in the very early universe can
solve these problems. However, the precise mechanism behind this is still unclear.
In general, this behavior occurs when the universe is dominated by a fluid with
𝑤 < −1/3.

The inflaton 𝜙 is proposed as the scalar field responsible for this inflationary
period, with an energy density:

𝜌 =
¤𝜙2

2 +𝑉(𝜙), (2.1)

where 𝑉(𝜙) is the potential. The equation of state for this fluid is:

𝑤 =

¤𝜙2

2 −𝑉(𝜙)
¤𝜙2

2 +𝑉(𝜙)
, (2.2)

and therefore accelerated expansion can be achieved if the potential dominates
over the kinetic energy, known as the slow-roll limit.

Inflation theory also provides a mechanism for the creation of initial perturba-
tion. It magnifies quantum fluctuations, pushing them beyond the horizon and
freezing them. Once the fluctuations re-enter the horizon they will evolve again.
We will see how this mechanism works in Section 2.2.

Generally, additional conditions are imposed on the duration of the inflationary
period to meet the observations of causally connected regions. For regions that
are in causal contact today to have been in contact in the past, approximately 60
e-folds are required before the end of inflation.

1The horizon delineates the region of spacetime from which a given point can receive informa-
tion, thereby defining the points that are causally connected to it.
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2.2 Linear evolution

If we consider small perturbations to the FLRW metric described in Eq. (1.22), we
need two fields that depend on space and time to describe the perturbed metric:

𝑑𝑠2 = 𝑎2(𝜂)
[
−(1 + 2Ψ)𝑑𝜂2 + (1 − 2Φ)𝛿𝑖 𝑗𝑑𝑋 𝑖𝑑𝑋 𝑗

]
, (2.3)

where the fields Φ and Ψ describe the perturbation, 𝛿𝑖 𝑗 represents the Kronecker
delta, and 𝜂 =

∫ 𝑡

0
𝑑𝑡′

𝑎(𝑡′) is the conformal time. Ψ is related to the Newtonian
gravitational field, while Φ is related to perturbations in curvature, with Ψ = Φ in
the absence of anisotropic stress. We will work under this assumption.

2.2.1 Evolution of the perturbations

Following the evolution of the potential 𝜙 involves dealing with complex differ-
ential equations, but in Fourier space, each of the modes evolves independently,
allowing the equations to be handled in a much simpler way.

The amplitude of a Fourier mode for a generic function 𝑓 in configuration
space is defined as:

𝑓 (k) =
∫

𝑓 (r)𝑒−𝑖k·r𝑑3r. (2.4)

Similarly, we can use the inverse Fourier transform to recover the perturbations
in real-space from the ones in Fourier-space:

𝑓 (r) = 1
(2𝜋)3

∫
𝑓 (k)𝑒 𝑖kr𝑑3k. (2.5)

It is common when using physical fields to use the same notation for functions in
configuration space and Fourier space (for example, writing the density as both
𝛿(r) and 𝛿(k)).

We will now use perturbations in Fourier space to describe how the evolution
of the potential changes depending on the size of these modes and the properties
of the species. Assuming a perfect fluid with adiabatic perturbations, the evolution
of the potential Φ is determined by:

Φ′′ + 3(1 + 𝑤)𝑎𝐻Φ′ + 𝑤𝑘2Φ = 0, (2.6)

for this equation we can consider two different behaviors:

• Super-horizon modes: Super-horizon modes are the ones where the third
term in the equation can be neglected, due to 𝑘 ≪ 𝑎𝐻, this means that
fluctuations are on scales larger than the observable horizon. There are two
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solutions for the remaining equation, one rapidly decaying with time and a
constant solution, in which we will focus. This means that modes that are
super-horizon remain "freezed" until they eventually get into the horizon
with the expansion.

• Sub-horizon modes: When the size of the modes is comparable to the size
of the horizon, we can no longer ignore the third term.

Focusing in the sub-horizon modes, we can consider the evolution of a radiation
dominated universe, therefore having 𝑤 = 1/3, for this case, the Eq. (2.6) becomes:

Φ′′ + 4
𝜂
Φ′ + 𝑘2

3 Φ = 0, (2.7)

where we used 𝑎 ∝ 𝜂, and 𝐻 ∝ 𝑎−2 in a radiation-dominated universe. The
dominant solution for this equation is of the type Φ ∝ cos(𝑘𝜂/

√
3)/(𝑘𝜂)2, which

means decaying oscillations.
The case of a matter-dominated universe is much simpler, since 𝑤 = 0, we

have:
Φ′′ + 3𝑎𝐻Φ′ = 0, (2.8)

yielding a dominant solution with a constant value. For a matter-dominated era,
both super-horizon and sub-horizon modes are freezed.

Finally, in the case of a Dark Energy (DE)-dominated universe, the growth
of structure is slowed down for all relevant modes since they are all inside the
horizon.

2.2.2 Evolution of especies

Now we are going to delve into the evolution of the different species that make up
the universe. Here we are going to work with the different density fluctuations,
instead of the gravitational potential. We define the overdensity for species 𝑖 as:

𝛿𝑖 =
𝛿𝜌𝑖
𝜌𝑖
. (2.9)

It is then possible to describe the evolution of these density perturbations
through the combination of the continuity and Euler equations in Fourier space
with the Poisson equation, yielding:

¥𝛿𝑖 + (1 − 3𝑤) · 𝐻 ¤𝛿𝑖 +
(
𝑐2
𝑠 𝑘

2

𝑎2 − 4𝜋𝐺𝜌
)
𝛿𝑖 = 0, (2.10)
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where we use the sound speed in the fluid 𝑐𝑠 . Note that this equation takes
into account the Hubble drag (through 𝐻), the pressure of the fluid in question

(through 𝑐𝑠), and the effects of gravity. There exists a critical scale 𝑘𝐽 =
√

4𝜋𝐺𝜌/𝑐2
𝑠 ,

the Jeans scale, defining the scales beyond which perturbations cannot grow due
to pressure effects. Depending on the species, this scale will be larger or smaller:
for radiation, since 𝑐𝑠 is very large, only the largest scales can grow.

If we want to follow the evolution of pressureless dark matter, we can ignore
the speed of sounds. In this case the previous equation can be rearranged by using
the Friedman equation and the substitutions 𝑦 = 𝑎/𝑎eq (where 𝑎eq is the scale
factor at the matter-radiation equality), to get the Mészáros equation (Meszaros,
1974):

𝑑2𝛿𝑐
𝑑𝑦2 +

2 + 3𝑦
2𝑦(𝑦 + 1)

𝑑𝛿𝑐
𝑑𝑦

− 3
2𝑦(𝑦 + 1)𝛿𝑐 = 0. (2.11)

This equation express how matter sub-horizon modes evolve with time, and from
it we can obtain different solutions for different epochs. In radiation domination,
we have logarithmic growth (𝛿𝑐 ∝ ln 𝑎); in the case of matter domination, we have
𝛿𝑐 ∝ 𝑎; and in the case of DE domination, we have 𝛿𝑐 ∝ const.

The matter growth of structure is usually parameterized with the growth factor
𝐷(𝑧) as follows:

𝛿(k, 𝑡) = 𝐷(𝑧)
𝐷(𝑧0)

𝛿(k, 𝑡0), (2.12)

where its particular value will depend on the cosmological model used. This
expression can only be used during matter domination or DE domination epochs,
in the case of radiation domination eras, there would be a dependence depending
on whether the specific modes are inside or outside the horizon.

2.2.3 Photon-baryon oscillations

In the early universe, photons and baryons are coupled due to Compton scattering
and can effectively be treated as a single fluid.

For this case, density perturbations follow the equation of an oscillator with
frequency (Eisenstein et al., 2007):

𝜈 = 𝑐𝑠 𝑘 =
𝑘√

3
(
1 + 3𝜌𝑏

4𝜌𝛾

) . (2.13)

The acoustic waves produced by these oscillations leave an imprint in the distri-
bution of baryons and photons, known as Baryon Acoustic Oscillations (BAO).
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The understanding of this distribution is as follows: in a region withoverdensity
compared to its surroundings, a spherical pressure wave is released outward due
to the extra pressure from the overdensity. This pressure wave would travel
indefinitely if it weren’t for the moment in the expansion when photons and
baryons decouple. In this new situation the pressure drops and the waves freeze.
While the photons stream away, the baryons become fixed in a spherical shell
given by (Hu and White, 1996):

𝑟𝑑 =

∫ 𝜂

0
𝑑𝜂′𝑐𝑠 =

∫ ∞

𝑧𝑑

𝑐𝑠(𝑧)
𝐻(𝑧)𝑑𝑧, (2.14)

where 𝑧𝑑 ≃ 1020 is the redshift when the decoupling occurred. This value is found
to be around 𝑟𝑑 ≃ 150 Mpc (Planck Collaboration et al., 2020).

After decoupling, baryons will evolve similarly to dark matter (that stayed at
the centers of the overdensities). Gravitational attraction will make baryons fall
into the original overdensities, leaving an imprint in the overall matter density
with a characteristic scale set by 𝑟𝑑.

2.2.4 The two point correlation function

One of the most relevant statistics in current cosmology that allow us to understand
the distribution of the different clustering modes is the two point correlation
function and the associated power spectra. The correlation function measures
how a given field is clustered as a function of distance. For a density field 𝛿 the
correlation function is defined as:

𝜉(x, y) ≡ ⟨𝛿(x)𝛿(y)⟩ = 𝜉(𝑟 = |x − y|), (2.15)

where in the last equality we used the cosmological principle, this function cannot
depend on the orientation of the two points. The Fourier transform of the two-point
function is called the power spectrum 𝑃(𝑘), and its use is even more widespread
in cosmology:

𝜉(𝑟) = 1
2𝜋2

∫
𝑑𝑘𝑘2𝑃(𝑘)sin(𝑘𝑟)

𝑘𝑟
. (2.16)

The power spectra measures the strength of density fluctuations in the universe
as a function of the scale of these fluctuations, helping us to understand how the
given tracer of the underlying density field is distributed in space.

The theory of inflation predicts a primordial power spectrum of the form:

𝑃(𝑘) = 𝐴𝑠

(
𝑘

𝑘0

)𝑛𝑠
, (2.17)
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Figure 2.1: The (linear theory) matter power spectrum fitted from multiple cos-
mological probes. The data markers correspond to inferences at 𝑧 = 0 based on
different clustering measurements.

where 𝐴𝑠 is the amplitude, 𝑘0 = 0.05 Mpc−1 the pivot point, and 𝑛𝑠 the spectral
index, recently measured by Planck as 𝑛𝑠 = 0.965 ± 0.004 (Planck Collaboration
et al., 2020).

The evolution of the primordial density field towards the linear power spectrum
of today is parametrized by the transfer function 𝑇(𝑘, 𝑧) and the growth 𝐷2(𝑧) as:

𝑃(𝑘, 𝑧) = 𝑇2(𝑘) · 𝐷2(𝑧)
𝐷2(𝑧 = 0) · 𝑃0(𝑘), (2.18)

where 𝑃0 the primordial power spectrum. 𝑃0 takes into account the impact of the
interplay between the modes and the horizon (as shown in Section 2.2.2), and the
growth of structure taking place at later times is governed by the parameter𝐷. The
amplitude of the powerspectrum is definedfrom observations, usually considering
density fluctuations in a sphere of radius 8 Mpc/h, a quantity defined as 𝜎8, being
the measurement from the Planck collaboration 𝜎8 = 0.811 ± 0.006. In Fig. 2.1
we show the measured power spectrum from clustering and Cosmic Microwave
Background (CMB) probes, alongside with the linear theory fit, corresponding to
the one in Eq. (2.18).

2.2.4.1 Angular two-point correlation functions

In photometric surveys, it is common to use the two-point correlation function
in its angular form, Usually because the redshift position of the galaxies is not
possible to be accurately determined. Generally, techniques are used to determine
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the approximated redshift of the galaxies, and then they are grouped into more
or less thicker redshift bins. In these bins, the 2D angular correlation function is
then measured, only requiring the angular position of the objects. Due to isotropy,
this function will only depend on the absolute value of the angular separation
between galaxies, 𝜃.

The Fourier transform of the angular two-point correlation function is the
angular power spectrum. For two fields A and B, defined as projections of the 3D
fields 𝑎 and 𝑏, the angular power spectrum has the form:

𝐶𝐴𝐵(ℓ ) =
∫

𝑑𝜒
𝑞𝐴(𝜒)𝑞𝐵(𝜒)

𝜒2 𝑃𝑎𝑏

(
ℓ + 1/2

𝜒
, 𝑧(𝜒)

)
, (2.19)

where 𝑃𝑎𝑏 is the three-dimensional power spectrum relative to the two fields 𝑎 and
𝑏, computed for the wave number 𝑘 = ℓ/𝜒, where ℓ indicates the multipole, and
𝑞𝑋 are the window functions. The window function act as weights that quantifies
the number of galaxies expected to be observed if the universe was unclustered,
capturing both geometrical and observational effects (Karim et al., 2023).

2.2.5 Non-linear evolution

All the theory deployed above has a validity range limited by the assumption
of linearity. Once we enter regimes where 𝛿 > 1, this approximation becomes
insufficient to describe all the physics involved. Large fluctuations lead to the
formation of virialized dark matter structures called halos. These halos will interact
with other nearby halos and form much more complex structures.

Due to advances in computing power, we can simulate many of these effects
at various levels. In N-body simulations, the gravitational interaction between
objects is simulated, helping us to understand the formation of structure at all
scales with more precision. However, baryonic effects are not included and
therefore the clustering will not be accurate at very small scales. These effects are
simulated in hydrodynamical simulations, and these simulations allow us to study
the evolution of baryonic gas more accurately, although they are computationally
expensive and can only cover small volumes.

Other methodologies, as Lagrangian Perturbation Theory (LPT), allow for
the generation of non-linear physical matter overdensities while keeping the
computational needs at minimum. LPT is able to capture non-linear aspects of
the matter overdensity by carrying out low-order perturbation theory calculations
in the displacement field. In LPT, the linear overdensity is used to predict the
Lagrangian displacement of a set of massive test particles, then the non-linear
density field is given by the density of the displaced test particles. This method
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has been used in the past to generate mock galaxy catalogs (Manera et al., 2013;
Chuang et al., 2015; Manera et al., 2015). In Chapter 5 we will revisit LPT in the
context of cosmological simulations.
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3

Cosmological Probes

In recent decades, we have entered the era of precision cosmology, handling a
wealth of data that increasingly resembles that of particle physics. This is due
to the improvement of the technology in cameras and telescopes, allowing us to
obtain more precise and abundant measurements than ever before.

These measurements exist for a wide range of tracers at different moments in
the evolution of the universe. In this Chapter we will detail some of the most
relevant for the core Chapters of this thesis.

We will begin by discussing the Cosmic Microwave Background (CMB), the
oldest light we can observe in the night sky and how it brings us closer to the
Big Bang. We will then move on to measurements of clustering based on galaxy
positions, followed by measurements of neutral hydrogen absorption in the Lyman-
alpha forest, and finally conclude with a brief introduction to weak lensing.

3.1 The Cosmic Microwave Background

The CMB is the cosmological probe that allows us to travel furthest back in time
with our measurements. It is composed of free photons released after the time
of recombination, at 𝑧𝑟 ≃ 1090. As mentioned before in Section 2.2.3, before
this moment, photons and baryons were coupled. As the universe cooled and
reached a temperature of 𝑇 ≃ 3300𝐾 (equivalent to ∼ 0.3eV) around 380 000 years
after the Big Bang, the number of neutral atoms surpassed the number of ionized
atoms, in an epoch known as recombination. After this event, the number of free
electrons decreased, increasing the mean free path of photons, effectively making
the universe transparent.

From that moment on, radiation cooled with the expansion of the universe
until reaching the temperature of 𝑇0 = 2.72548 ± 0.00057𝐾 measured currently
(Fixsen, 2009). These observed photons make up a 2D surface called the "surface
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of last scattering," and multiple maps of this radiation have been explored since
its first observation in 1964 (Dicke et al., 1965; Penzias and Wilson, 1965). The
Cosmic Background Explorer (COBE) confirmed that the CMB has a blackbody
spectrum (Mather et al., 1990), and detected for the first time anisotropies in it
(Smoot et al., 1992). However, COBE did not have sufficient resolution to detect
the acoustic oscillations described in Section 2.2.3.

The next large CMB survey was the Wilkinson Microwave Anisotropy Probe
(WMAP; Bennett et al., 2003), which was able to resolve the acoustic peaks (al-
lowing for cosmological constraints) and measure the anisotropies with higher
resolution. More recently Planck (Planck Collaboration et al., 2020) provided the
most accurate measurement of the CMB temperature and polarization anisotropies
to date.

The small fluctuations observed by these surveys are at the order of one part
in 105, and are understood as remnants of the quantum fluctuations present at
the time of recombination, which eventually lead to the formation of halos and
galaxies.

Typically, CMB surveys focus on the angular power spectrum. This allows us
to observe the oscillations of the baryon-photon fluid described in Section 2.2.3,
and provide constraints for several cosmological parameters.

There are also secondary anisotropies that are measured in the CMB, caused
by effects on the CMB light while it travels through the universe. For example,
the effect of time-varying gravitational potentials in the late universe will affect
the wavelength of photons (Sachs-Wolfe effect; Sachs and Wolfe, 1967); or high-
energy electrons in galaxy clusters will affect the wavelength of photons via inverse
Compton scattering (Sunyaez-Zel’dovich; Sunyaev and Zeldovich, 1970; Sunyaev
and Zeldovich, 1980).

3.2 Galaxy clustering

Perhaps the most obvious way to study our universe is to locate and map the
galaxies within it. This simple task has been perfected over the years, allowing
the observation of millions and millions of objects in the sky, and still today it is
one of the most widely used methods to study the evolution and components of
our universe.

There are two types of surveys that allow us to generate maps of galaxies, pho-
tometric and spectroscopic. Photometric surveys involve generating high-quality
images of the night sky, which allows for the subsequent precise identification of
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the position of galaxies in them. This method enables the acquisition of a generally
very high number of objects with ease, but suffers from the drawback of not being
able to accurately identify the redshift to each galaxy. To estimate this, different
filters are used to "photograph" the sky at different wavelengths. By looking at
the flux in the different bands, it is possible to estimate their redshift with some
precision.

The other type of survey is spectroscopic surveys. In this case, each galaxy
spectrum is extracted with higher accuracy, with the resolution usually depending
on the science target, since generally the higher the resolution needed the fewer
objects will be observed. As a result of this measurements, we obtain detailed
information of each galaxy, specifically emission or absorption lines, which allow
us to accurately identify the type of galaxy and its location in redshift. Of course,
there are secondary effects complicating this task, such as the peculiar velocities
of galaxies in clusters.

This method of measurement is more precise than the photometric method,
but for logistical reasons, it is also much slower. Therefore, both types of surveys
are still conducted today. For comparison, in the same generation of cosmological
surveys, Dark Energy Spectroscopic Instrument (DESI) will observe around 40
million objects, while photometric surveys of the same generation, such as Euclid
(Laureĳs et al., 2011) and the Vera C. Rubin Legacy Survey of Space and Time
(LSST; LSST Science Collaboration et al., 2009), will map approximately a billion
galaxies.

Galaxy clustering follows the clustering of the underlying dark matter, but not
directly. There is a relationship between them, but it is a biased relationship, as
galaxies will only form in the density peaks of dark matter. This relationship is
modeled in linear order using the linear bias parameter 𝑏 as follows (Kaiser, 1984):

𝛿𝑔(x) = 𝑏 𝛿(x). (3.1)

This parameter is generally considered to be dependent on the redshift and galaxy
type, and will hold for large linear scales. The relation will break when entering
non-linear scales where the matter fluctuations are not sufficiently small (𝛿 ≳ 1).

3.2.1 Clustering in redshift space

When mapping objects in three dimensions in a survey, we usually use the
redshift of the object to measure the radial distance. However, this measurement
also includes effects from peculiar velocities, and hence include a systematic error
in the measurement of the distance. If we only consider the Hubble flow, the
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relation between the cosmological redshift 𝑧cos and the comoving distance is:

𝑟(𝑧cos) =
∫ 𝑧cos

0

𝑐 𝑑𝑧

𝐻(𝑧) . (3.2)

But, in the observed redshift of the object we also must take into account the
redshifting due to the peculiar velocity of the galaxy. In this case, the observed
redshift will have the form:

1 + 𝑧obs = (1 + 𝑧cos)
(
1 −

𝑣∥(r)
𝑐

)−1

, (3.3)

where 𝑣∥ denotes the velocity of the object along the line of sight. We can then
consider the distance in redshift space as (Zaroubi and Hoffman, 1993):

s = r +
(1 + 𝑧cos)𝑣∥(r)

𝐻(𝑧cos)
𝑟, (3.4)

which would correspond to the estimated position of the galaxy directly from its
redshift, without taking into account peculiar velocities. The difference between s
and r is known as Redshift Space Distortions (RSD).

In the linear regime, we can express the density of galaxies in Fourier space as
(Kaiser, 1987):

𝛿𝑠𝑔(k) = 𝛿𝑔(k) + 𝑓 𝜇2𝛿(k), (3.5)

where 𝛿𝑔 the density of galaxies and 𝛿 the density of dark matter. 𝑓 is the
logarithmic growth rate, function of the growth rate (Peebles, 1980):

𝑓 ≡ 𝑑 ln𝐷
𝑑 ln 𝑎 , (3.6)

and 𝜇 is the cosine of the line of sight angle.
Combining Eq. (3.1) and Eq. (3.5), we get the expression of the linear power

spectrum of galaxies in redshift space:

𝑃𝑠𝑔(𝑘, 𝜇) = 𝑏2(1 + 𝛽𝜇2)2𝑃𝑚(𝑘), (3.7)

where 𝛽 ≡ 𝑓 /𝑏 and 𝑃𝑚 is the linear power spectrum of the underlying dark matter
field. Note that the galaxy power spectrum ceases to be isotropic because it is
enhanced in the line of sight direction.

Although Redshift Space Distortions (RSD) can be though of as a complication
to the galaxy clustering, there is a lot of information we can learn from them
and a lot of studies target it. It is common to express RSD measurements as the
amplitude of the peculiar velocity field 𝑓 𝜎8(𝑧).
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It is also common to measure the correlation function with RSD corrections
using polynomial decomposition. To do this, we expand the power spectrum
using Legendre polynomials:

𝑃𝑠(𝑘, 𝜇) =
∑
ℓ

𝑃ℓ (𝑘)ℒℓ (𝜇) (3.8)

𝑃ℓ (𝑘) =
2ℓ + 1

2

∫ 1

−1
𝑑𝜇𝑃𝑠(𝑘, 𝜇)ℒℓ (𝜇). (3.9)

Given that the Kaiser formula (Eq. (3.5)) only has terms up to order 4 in 𝜇, only
the modes ℓ = 0 (monopole), ℓ = 2 (quadrupole), and ℓ = 4 (hexadecapole) will
be non-zero:

𝑃𝑠𝑔,ℓ=0(𝑘) =
(
1 + 2

3𝛽 + 1
5𝛽

2
)
𝑏2𝑃𝑚(𝑘) (3.10)

𝑃𝑠𝑔,ℓ=2(𝑘) =
(
4
3𝛽 + 4

7𝛽
2
)
𝑏2𝑃𝑚(𝑘) (3.11)

𝑃𝑠𝑔,ℓ=4(𝑘) =
8
35𝛽

2𝑏2𝑃𝑚(𝑘). (3.12)

It is also possible to express the two-point correlation function in polynomials
from the power spectrum:

𝜉𝑠ℓ (𝑠) = 𝑖ℓ
∫

𝑘2𝑑𝑘

2𝜋2 𝑃
𝑠
ℓ (𝑘)𝑗ℓ (𝑘𝑠), (3.13)

where 𝑗ℓ (𝑥) is the spherical Bessel function of order ℓ .
Finally, we cans measure the correlation function (or the power spectrum) in

wedges, defined as a simple average over a range of 𝜇:

𝜉
𝑠,𝜇2
𝜇1 (𝑘) ≡ 1

𝜇2 − 𝜇1

∫ 𝜇2

𝜇1

𝑑𝜇 𝜉𝑠(𝑘, 𝜇). (3.14)

Throughout this Section, we have assumed the linear regime. However, this
model becomes very limited when we try to model the non-linear scales. It is
more common to try to model the behavior in these regions using perturbation
theory (Desjacques et al., 2018). Similarly as described in Section 2.2.5, Lagrangian
Perturbation Theory (LPT) models can also be used to most accurately describe
the behavior of galaxies in the nonlinear regime (Maus et al., 2024).
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3.2.2 BAO measurements from galaxy clustering

As we have seen before, the Baryon Acoustic Oscillations (BAO) signature im-
printed by the oscillations of the photon-baryon fluid remains present in the
matter distribution and therefore also in the distribution of galaxies. This scale
𝑟𝑑 is known to be frozen since the decoupling and therefore can be used as a
standard ruler to study the expansion of the universe at different epochs. It is even
possible to obtain its physical value using parameters derived solely from CMB
anisotropies, or from Bick Bang Nucleosynthesis (BBN) abundance measurements
alongside other cosmological parameters (Addison et al., 2013, 2018).

For objects at a similar redshift, we can measure the position of the BAO peak
in the angular correlation function:

𝜃BAO =
𝑟𝑑

(1 + 𝑧)𝐷𝐴(𝑧)
, (3.15)

allowing us to infer the angular diameter distance to these galaxies.
Similarly for the parallel direction, we can measure an excess correlation along

the line of sight Δ𝑧BAO, from which we can infer the expansion rate at the time,
𝐻(𝑧), through:

𝑟𝑑 =

∫ 𝑧+Δ𝑧BAO

𝑧

𝑐

𝐻(𝑧′) 𝑑𝑧
′ ≃ 𝑐Δ𝑧BAO

𝐻(𝑧) , (3.16)

where we have reintroduced the factor 𝑐.
BAO from galaxy clustering has been measured multiple times since the first

clear detection using Sloan Digital Sky Survey (SDSS) spectroscopic data (Eisen-
stein et al., 2005). The most recent by using the DESI Data Release 1 (DR1)
spectroscopic sample of galaxy and quasars (DESI Collaboration et al., 2024a) and
the Dark Energy Survey (DES) Y6 photometric galaxy sample (DES Collaboration
et al., 2024). As we will see in the next Section, BAO can also be measured using
another tracers, like the Lyman−𝛼 forest.

3.3 The Lyman−𝛼 forest

The Lyman−𝛼 forest is a pattern of absorption features caused by neutral hydrogen
in the Intergalactic Medium (IGM), typically observed in the spectra of distant
quasars (z>2), first detected in 1960 (Bahcall and Salpeter, 1965; Gunn and Peterson,
1965; Scheuer, 1965; Schmidt, 1965).

These features can be easily understood by considering the absorption of the
Lyman-𝛼 transition line 𝜆𝛼 = 1215.67 Å and the spectrum of a quasar that has
been redshifted due to the expansion of space during its journey.
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As the photons from the spectrum ofa quasar travel through space, they become
redshifted, meaning their wavelength increases over time. For wavelengths such
that𝜆rest ≤ 𝜆𝛼, at some point during their journey, their wavelength will be exactly
equal to 𝜆𝛼, and at that moment, they can be absorbed by neutral hydrogen if it is
present.

Depending on the amount of gas, the absorption will be more or less pro-
nounced, so that the observer on Earth will observe a reduction in the quasar flux
at a wavelength 𝜆obs = (1 + 𝑧)𝜆𝛼, where 𝑧 is the redshift of the gas cloud. The
effect of different gas clouds at different redshifts between the quasar and our
galaxy generates an absorption pattern in the quasar spectrum, which is what we
recognize as the Lyman−𝛼 forest.

The usefulness of the Lyman−𝛼 forest is that we can trace the dark matter field
by looking at the spectra of these quasars. However, the relationship between the
dark matter field and the received flux is not entirely trivial. The Lyman−𝛼 forest
absorption will directly depend on the optical depth through 𝐹 = exp(−𝜏), where:

𝜏 =

∫
𝑑𝑠𝑛H i(𝑧)𝜎(𝜈), (3.17)

where 𝑛H i the neutral hydrogen number density and 𝜎(𝜈) the Lyman−𝛼 forest
cross section at frequency 𝜈. This expression leads to the Gunn-Peterson optical
depth (Gunn and Peterson, 1965):

𝜏GP =
𝜋𝑒2

𝑚𝑒 𝑐
𝑓𝛼𝜆𝛼

𝑛H i
𝐻(𝑧) , (3.18)

where 𝑓𝛼 is the Lyman−𝛼 forest oscillator strength. We see how this relation
will relate the flux of the quasar to the density of neutral hydrogen, however
the peculiar velocities of the hydrogen gas is not taken into account. For a more
complete expression of the optical depth see McQuinn (2016).

Since the fluctuations of the flux fraction 𝐹 are not directly measurable, they
must be obtained through the observed flux in the telescope, 𝑓 :

𝛿𝐹(𝜆) =
𝑓 (𝜆)

𝐹(𝜆)𝐶(𝜆)
− 1, (3.19)

where 𝐹(𝜆) is the mean transmitted flux, and 𝐶(𝜆) the quasar continuum. This
relationship is quite complicated because in cases where the signal-to-noise ratio
is not particularly high (as in surveys where the observation of many targets is
prioritized over overexposure to each target) it is difficult to generate an estimate
for 𝐶(𝜆).
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We can derive the equations that describe the clustering of the Lyman−𝛼 forest
in a similar way to what we have done in Section 3.2. At the linear level, the power
spectrum of the Lyman-alpha transmitted flux fraction is given by (McDonald,
2003):

𝑃𝑠𝐹(𝑘, 𝜇) = (𝑏𝐹 + 𝑏𝜂,𝐹 𝑓 𝜇2)2𝑃(𝑘), (3.20)

where 𝑏𝜂,𝐹 appears as we work with transmitted flux, which has a non-linear
mapping to the distorted field of optical depth (Seljak, 2012; Arinyo-i-Prats et al.,
2015).

Usually, both the auto-correlation of Lyman-𝛼 fluctuations and the cross-
correlation of these fluctuations with quasars is computed. The auto-correlation
measurement is performed using a weighted covariance estimator (Slosar et al.,
2011):

𝜉𝐴 =

∑
𝑖 , 𝑗∈𝐴 𝑤𝑖𝑤 𝑗𝛿𝑖𝛿 𝑗∑

𝑖∈𝐴 𝑤𝑖𝑤 𝑗
, (3.21)

where A is the bin in (𝑟∥ , 𝑟⊥) where the correlation is computed and 𝑤𝑖 the
weights that take into account the noise in each pixel (see Section 6.4.1). For the
cross-correlation with quasars we use (Font-Ribera et al., 2012b):

𝜉𝐴 =

∑
𝑖 , 𝑗∈𝐴 𝑤𝑖𝑤 𝑗𝛿𝑖∑
𝑖∈𝐴 𝑤𝑖𝑤 𝑗

. (3.22)

Using data from the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et
al., 2013), the three-dimensional correlation function of absorption in the Lyman−𝛼
forest was measured for the first time in Slosar et al. (2011). Shortly after that, the
first measurement of the BAO peak in the Lyman−𝛼 forest was presented (Busca
et al., 2013; Kirkby et al., 2013; Slosar et al., 2013), using data from BOSS DR9 (Lee
et al., 2013). These were followed by other BAO analyses using increasingly larger
Lyman−𝛼 forest datasets from BOSS (Delubac et al., 2015; Bautista et al., 2017)
and from the Extended Baryon Oscillation Spectroscopic Survey (eBOSS Dawson
et al., 2016; de Sainte Agathe et al., 2019).

The precision of these BAO measurements was significantly improved with the
measurement of the cross-correlation of quasars and the Lyman−𝛼 forest (Font-
Ribera et al., 2014; du Mas des Bourboux et al., 2017; Blomqvist et al., 2019), and
the final Lyman-𝛼 BAO measurement combining BOSS and eBOSS was presented
in du Mas des Bourboux et al. (2020).

The last result from DESI Lyman-𝛼 is the measurement of BAO from the 3D
correlations using DR1 data (DESI Collaboration et al., 2024b). In the top panel of
Fig. 3.1, we show the Lyman-𝛼 auto-correlation from this dataset. The different
colors show different orientations with respect to the line of sight, and the BAO
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Figure 3.1: Top: Lyman-𝛼 auto-correlation along with the best fit model from the
DESI DR1 BAO analysis. The different colors correspond to different orientations
with respect to the line-of-sight, with blue correlations being close to the line-of-
sight 0.95 < 𝜇 < 1. Bottom: Measured Lyman-𝛼 cross-correlation with quasars
for the same survey. (DESI Collaboration et al., 2024b)
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feature is clear in all of them. Absorption by heavier elements causes bumps at
lower separations with high dependency on 𝜇 that need to be correctly modeled
in the analysis. In the bottom panel of the same Fig. 3.1, we show the Lyman-𝛼
cross-correlation with quasars from the same analysis. The correlation function is
inverted with respect to the y-axis given that the Lyman-𝛼 flux has negative bias,
and the BAO peak appears as a through.

In Chapter 6, we will present the first Lyman-𝛼 catalog using DESI Early
Data Release (EDR) data (Ramírez-Pérez et al., 2024), aimed to be used for 3D
correlation studies, where the flux of different quasars is correlated with the
aim of constraining the BAO scale (see Gordon et al. (2023) for details on the
measurement of Lyman-𝛼 3D correlations using DESI EDR data). There are other
alternative studies where only the 1D correlation is used, correlating fluxes of the
same quasar spectra at different wavelengths, better constraining the small scales
(Ravoux et al., 2023; Karaçaylı et al., 2024).

3.4 Weak Gravitational Lensing

Following the theory of General Relativity (GR), we know that particles propagate
following the shortest path in spacetime. For massless particles like photons, this
is defined as 𝑑𝑠2 = 0. Under the presence of mass the spacetime becomes distorted,
and the path ceases to be a straight line. As a consequence of this, the shape and
position of distant objects can be affected by the presence of matter between the
observer and these objects. Sometimes, multiple images of the same galaxy or
Einstein rings can even be generated.

In weak lensing, it is not these large effects that are of interest, but rather small
variations in the appearance of millions of galaxies, which help us test large scale
structure (LSS). These small variations come in the form of subtle differences in
the shapes of galaxies measured photometrically. The two most typical ways to
evaluate these effects are cosmic shear and galaxy-galaxy lensing:

• Cosmic shear: This effect occurs when the shape of distant galaxies is affected
by the presence of a gravitational field between them and the observer,
modifying their apparent shape and intensity. Studying the correlation
between these galaxy shapes allows us to generate maps of the distribution
of matter.

• Galaxy-galaxy lensing: In this case, the maps generated are correlated with
galaxies at lower redshift, which form part of the halos sourcing the lensing
effects.
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Figure 3.2: Effects of shear (𝜅) and convergence (with components 𝛾1,2) in the
shape of an originally circular galaxy. The convergence magnifies the image, while
the two shear components stretch the image in different directions (Bovy, 2024).

The effects of gravitational lensing on different cosmological observables are
encoded in the so-called “lensing potential”, defined as (Bartelmann and Schneider,
2001; Lewis and Challinor, 2006)

𝜓(n̂) ≡ −2
∫ 𝜒∗

0
𝑑𝜒

𝜒∗ − 𝜒
𝜒∗𝜒

𝜙𝑁 (𝑧(𝜒), 𝜒n̂), (3.23)

where 𝜒∗ the comoving distance to the source.
The trajectories of photons are deflected by an angle 𝜶 ≡ ∇n̂𝜓, and the shapes of

background objects are distorted via the lensing distortion tensorΓ ≡ −Hn̂𝜓, where
∇n̂ and Hn̂ are the gradient and Hessian operators on the sphere. The distortion
tensor Γ is commonly decomposed into its spin-0 and spin-2 components, the
convergence 𝜅 and shear (𝛾1, 𝛾2):

Γ ≡
(
𝜅 + 𝛾1 𝛾2

−𝛾2 𝜅 − 𝛾1

)
. (3.24)

In Fig. 3.2, we show the effects of the fields 𝜅 and 𝛾 in the shape of an originally
circular galaxy. The effect of the two effects combined transform a circular image
of with radius 𝑟 into an ellipse with semi-major and semi-minor axes (Bovy, 2024):

𝑎 =
𝑟

1 − 𝜅 − 𝛾
, 𝑏 =

𝑟

1 − 𝜅 − 𝛾
(3.25)

Weak lensing probes directly the gravitational potentially, and this is a powerful
tool, lensing measurements combined with galaxy clustering allow to break de-
generacies between cosmological parameters and biases, helping to constrain dark
energy. In the last years a number of photometric surveys have been conducted,
being the most recent results from the DES Y6 weak lensing sample.
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4

The Dark Energy Spectroscopic
Instrument

Dark Energy Spectroscopic Instrument (DESI) is the largest ongoing spectroscopic
survey, continuing the efforts started in the BOSS and eBOSS collaborations. It
operates on the Mayall 4-meter telescope at Kitt Peak National Observatory (DESI
Collaboration et al., 2022) and is being led by the Department of Energy and in
particular by the Lawrence Berkeley National Laboratory (LBNL).

The primary goal of this collaboration is to constrain Dark Energy (DE) models
using Baryon Acoustic Oscillations (BAO), and to achieve this, it will measure more
than 40 million objects over 14 000 square degrees, from nearby bright galaxies to
distant quasars.

The DESI telescope consists of 5 000 fibers placed in the focal plane and
distributed across 10 petals. Each fiber is controlled by a robotic positioner,
allowing for quick and automatic positioning. The Guiding, Focusing & Alignment
(GFA) cameras, the main contribution from IFAE and other Spanish institutions to
the instrument, ensure that the robotic positioners can collect the light from the
galaxies under optimum conditions.

The large number of fibers and the fast cadence provided by the automatic
positioners allows DESI to measure up to 5 000 spectra every 20 minutes over a
∼ 3◦ field (DESI Collaboration et al., 2016b; Miller et al., 2023; Silber et al., 2023).
Fibers carry light from the telescope into a separate room, where it is dispersed
by ten spectrographs. Each of them with three cameras each (B, R, Z), covering
different wavelength ranges.

Each of the three arms of the spectrograph covers a different wavelength region
with some overlap: the B arm covers [3600, 5800] Å, the R arm covers [5760, 7620]
Å and the Z arm covers [7520, 9824] Å. The Lyman−𝛼 forest is predominantly
observed in the blue arm (B arm) of the spectrograph, and only partially in the
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red arm (R arm). DESI follows a linear wavelength grid with 0.8 Å steps.
DESI target selection is based on the public Legacy Surveys (Zou et al., 2017;

Dey et al., 2019; Schlegel et al., 2023), with preliminary target selection details
published for the MWS (Allende Prieto et al., 2020), BGS (Ruiz-Macias et al., 2020),
LRGs (Zhou et al., 2020), ELGs (Raichoor et al., 2020) and quasars (Yèche et al.,
2020) samples. A series of five papers describe the target selection for these objects
(MWS, (Cooper et al., 2023); BGS, (Hahn et al., 2023); LRG, (Zhou et al., 2023);
ELG, (Raichoor et al., 2023); quasar, (Chaussidon et al., 2023)).

4.1 Spectroscopic pipeline

While most of the fibers are assigned to science targets, some are used for calibra-
tion. Fibers assigned to the sky are essential for sky subtraction, as they enable
the removal of the contribution to spectra caused by light from the background
sky, particularly emission lines. Other fibers are assigned to standard stars in
order to properly calibrate fluxes. This process is performed by comparing the
measured counts in the CCD and the expected fluxes from the standard stars,
allowing to estimate fluxes for all the other targets through a process called spec-
troperfectionism (described in Bolton and Schlegel (2010)). Spectroperfectionism
provides spectral fluxes and their variances. For the full description of the DESI
spectroscopic reduction pipeline see Guy et al. (2023).

Quasars at redshift higher than 2.1 are identified by the DESI pipeline as high
redshift quasars suitable for Lyman−𝛼 forest studies. These will be re-observed,
allowing for a better measurement of their spectra. Re-observations of the same
quasar are then coadded and stored in files grouped by healpix pixels (see Górski
et al. (2005)). The coaddition consists in a simple weighted average of fluxes for
each wavelength in the spectra, using as weights their inverse-variance. Coadded
files alongside the quasar catalog are used by our pipeline to build the Lyman−𝛼
forest catalog.

Each coadded file contains per-spectra information for the three arms (B, Z, R),
as well as various metadata, including fiber positions, instrument configuration
during observation and atmospheric conditions. The spectroscopic data include
fluxes, estimated inverse-variance and a mask identifying invalid pixels.
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4.2 Data Releases

DESI began the Survey Validation (SV) in December 2020, concluding it in April
2021. During this process, the performance of the instrument, the pipeline, and
the data quality were tested.

The first data release of the collaboration consisted of these SV data, along with
the commissioning data and some special observations (DESI Collaboration et al.,
2023a). This was the Early Data Release (EDR). Several articles were published in
the context of the Lyman−𝛼 forest analysis.

In the publication led by me (Ramírez-Pérez et al., 2024), we describe the
catalog of Lyman-𝛼 fluctuations. This publication will be discussed in Chapter 6.
The objective of Gordon et al. (2023) was to obtain the first Lyman-𝛼 correlation
measurements from DESI early data, testing the pipeline and data quality, and
compare its performance to previous eBOSS DR16 analyses. Herrera et al. (2023)
provided details on the status of the different procedures used to build mocks for
Lyman−𝛼 forest analyses. P1D analyses are performed in two different papers:
Ravoux et al. (2023) presented the 1 dimensional measurement using Fast Fourier
Transform (FFT), while Karaçaylı et al. (2024) made use of the Quadratic Maximum
Likelihood Estimator (QMLE).

The DESI Data Release 1 (DR1) data release will be released at the end of 2024,
BAO results from this dataset were published in April 2024, from galaxies and
quasars (DESI Collaboration et al., 2024a) and from the Lyman−𝛼 forest (DESI
Collaboration et al., 2024b). This sample covers data of the main survey starting
in May 2021 until June 2022, with 12.8 million galaxies and quasars. In Chapter 7
we will show part of the validation performed for the DR1Lyman−𝛼 forest BAO
analysis.
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5

Generating synthetic datasets
for cosmological probes with

CoLoRe

The use of synthetic datasets is of vital importance in modern cosmological surveys.
This is especially the case for the Lyman−𝛼 forest. With the current noise levels
in spectrographs that can capture millions of objects, the measurement of the
Lyman−𝛼 forest becomes highly complex, requiring precise validation of the tools
used in the analysis. The CoLoRe package provides the main synthetic data used
in the Lyman−𝛼 forest analysis for Dark Energy Spectroscopic Instrument (DESI).

In this Chapter, we present CoLoRe, a tool that efficiently generates synthetic
data for multiple cosmological surveys, including Lyman−𝛼 forest, galaxy posi-
tions, lensing, integrated Sachs-Wolfe effect (ISW), and line intensity mapping.
We also present the validation of the code and demonstrate its performance by
simulating multiple surveys, including galaxies and quasars from DESI, galaxies
and lensing from LSST, and SKA intensity mapping and radio galaxies.

The text from this Chapter is extracted from my publication Ramírez-Pérez
et al. (2022), published in the Journal of Cosmology and Astroparticle Physics in
May 2022.

This Chapter is organized as follows. In Section 5.1 we will provide more
context to software for synthetic realisations and introduce the code. In Section 5.2
we describe in detail CoLoRe, its code structure, the cosmological assumptions
made, and the list of tracers already available. The validation of CoLoRe to generate
reliable mocks for intensity mapping and for Lyman-𝛼 forest studies was already
presented in previous work (Alonso et al., 2014; Farr et al., 2020b). In Section 5.3
we validate its ability to simulate galaxy clustering and weak lensing statistics,
and discuss the computing and memory requirements to run large simulations.
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Finally, in Section 5.4 we draw some conclusions.

5.1 Introduction

Ongoing and future cosmological surveys will explore large volumes with multiple
tracers to study Dark Energy (DE), inflation and massive neutrinos. Spectroscopic
surveys such as the Dark Energy Spectroscopic Instrument (DESI; DESI Collabo-
ration et al., 2016a), Euclid (Laureĳs et al., 2011) and Roman (Spergel et al., 2015)
will collect tens of millions of precise galaxy redshifts. Meanwhile, the Legacy
Survey of Space and Time (LSST; LSST Science Collaboration et al., 2009) will
photometrically observe billions of galaxies and provide an exquisite weak lensing
map over a large fraction of the sky. Lensing maps will also be obtained from
future experiments observing the Cosmic Microwave Background (CMB), such as
the Simons Observatory (SO) (Ade et al., 2019) and CMB-S4 (Abazajian et al., 2016).
Finally, large catalogs of radio galaxies and 21cm intensity maps will be provided
by experiments such as the Square Kilometer Array (SKA; Square Kilometre Array
Cosmology Science Working Group et al., 2020) or HIRAX (Newburgh et al., 2016).

In order to obtain robust cosmological constraints from these large and com-
plex datasets, it is important to be able to efficiently generate mocks, synthetic
realisations of the data. For instance, mocks are often used to compare survey
strategies, to test the analysis pipeline, to study the impact of astrophysical or
instrumental contaminants, and to estimate the covariance of the measurements.

When generating mocks one needs to trade off realism for computing costs.
It is just not feasible to generate hundreds or thousands of N-body simulations
covering volumes of tens of cubic gigaparsecs, let alone hydrodynamic simulations
that could model baryonic effects. On the other side of the spectrum, lognormal
realisations (Coles and Jones, 1991) offer an efficient way of obtaining simplified
mock catalogs with the correct distribution only on large, linear scales (see for
instance Xavier et al. (2016), Agrawal et al. (2017), and Makiya et al. (2021)).
Lagrangian Perturbation Theory (LPT) (Bernardeau et al., 2002) has inspired
several approximated methods that can reproduce the distribution of matter on
intermediate, mildly non-linear scales. These include PTHalos (Scoccimarro and
Sheth, 2002; Manera et al., 2013, 2015), Pinocchio (Taffoni et al., 2002), COLA
(Tassev et al., 2013), QPM (White et al., 2014), PATCHY (Kitaura et al., 2014) ICE-COLA
(Izard et al., 2016), L-PICOLA (Howlett et al., 2015), HALOGEN (Avila et al., 2015) and
EZMocks (Chuang et al., 2015).
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The best cosmological inference will come from joint analyses of multiple cos-
mological probes, each providing independent and complementary information.
Two of the most important challenges in these joint analyses will be characterising
the effects of systematics affecting several experiments, and estimating the cross-
covariance between the different 2D and 3D datasets, with partially overlapping
area and redshift ranges. This present code addresses the need of simultaneously
simulating these surveys in a coherent and efficient framework.

In this Chapter we present CoLoRe (Cosmological Lofty Realization), a parallel
C code for generating fast mock realizations of multiple cosmological surveys1.
CoLoRe can simulate the growth of structure using either a lognormal model or
Lagrangian Perturbation Theory (LPT) (at 1st or 2nd order), and it can simulate
a plethora of cosmological tracers: photometric and spectroscopic galaxies, weak
lensing, intensity mapping, Integrated Sachs-Wolfe effect and CMB lensing, or
the Lyman-𝛼 forest in the spectra of high-redshift quasars. It has been designed
in a highly modular fashion, making it easy to add new tracers or more complex
models of growth of structure. It uses both OpenMP and MPI parallelisation, and
it is specially suited to run with multiple nodes in high performance computing
facilities.

5.2 Methods

5.2.1 Overall code structure

CoLoRe is written in a modular way that makes it relatively straightforward to
modify (e.g. to add a new non-linear structure formation model, or a new tracer of
the density fluctuations). In a standard run, CoLoRe goes through the steps listed
below, each of which is associated with a compartmentalised piece of code:

1. Initialisation. CoLoRe interprets the configuration file, allocates the re-
sources needed to carry out the requested simulation, and initialises a num-
ber of cosmological quantities (redshift-distance relation, growth history,
linear matter power spectrum, background densities of all source tracers).

2. Predictions:CoLoReproduces theoreticalpredictions for the three-dimensional
power spectrum of all biased matter tracers in the lognormal approximation.
This is mostly useful when using the lognormal structure formation model.

1The code is publicly available at https://github.com/damonge/CoLoRe.
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3. Gaussian random fields. Two three-dimensional Cartesian grids are gen-
erated containing the linear matter overdensity 𝛿𝐿

𝑀
( x) and the Newtonian

gravitational potential 𝜙𝑁 ( x) at redshift 𝑧 = 0. The grid is sufficiently large
to hold a sphere of comoving radius 𝜒(𝑧max), where 𝑧max is the maximum
redshift of the run. The spatial resolution of the simulation is set by𝑁grid, the
number of grid cells into which the box is divided in each dimension. The
grid cell size is therefore approximately Δ𝑥 = 𝐿box/𝑁grid ≃ 2𝜒(𝑧max)/𝑁grid.

4. Physical density field. The Gaussian overdensity 𝛿𝐿
𝑀
(x) is transformed into

a non-linear, physical overdensity field 𝛿𝑀( x) through one of the structure
formation models supported by CoLoRe. This is done in the lightcone (i.e.
the value of the field at comoving position x is 𝛿𝑀(𝑡(| x|), x), where 𝑡(𝜒) is
the cosmic time at comoving distance 𝜒), with the observer located at the
center of the Cartesian box. The physical density field is such that 𝛿 ≥ −1
everywhere. The gravitational potential is also evolved in the lightcone
assuming linear growth.

5. Density normalisation. CoLoRe uses non-linear transformations to generate
biased tracers of the matter overdensity. In general, these can be written as

1 + 𝛿𝑘 =
𝐵𝑘(𝛿𝑀)
⟨𝐵𝑘(𝛿𝑀)⟩ , (5.1)

where 𝐵𝑘 is the non-linear biasing relation for tracer 𝑘. Due to the non-
linearity of these relations, the ergodic average in the denominator of the
previous equation is not necessarily equal to 1 (even if ⟨𝛿𝑀⟩ = 0), and
therefore the normalising factor ensures that ⟨𝛿𝑘⟩ = 0 for all biased tracers.
Since densities are defined on the lightone, the normalisation factors are
computed at this stage independently for several redshift shells by averaging
over grid cells.

6. Get Cartesian information. At this stage the overdensity and Newtonian
potential grids are distributed across computer nodes as slabs of equal width
𝑁slab = 𝑁grid/𝑁nodes. Before proceeding further, CoLoRe collects all informa-
tion available in these slabs and needed by each of the tracers requested for
this simulation. This involves any data product not involving line-of-sight
integrals or interpolations, which are dealt with in later stages. For instance,
this is when source catalogs are generated by Poisson-sampling the biased
density field. All tracers are endowed with a methodtracer_set_cartesian
that collects this information.
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7. Redistribution into beams. In order to carry out line-of-sight integrals and
interpolations, CoLoRe redistributes tracer data so each node has access to all
the data in a set of sky regions, labelled “beams”, covering the full range of
redshifts 0 ≤ 𝑧 ≤ 𝑧max. Each beam is defined using the HEALPix pixellation
scheme (Górski et al., 2005), as the region of the celestial sphere covered by
a given low resolution pixel. The HEALPix 𝑁side resolution parameter used
to define these beams is chosen to be large enough that the full dataset is
approximately evenly split between computer nodes. All tracers have an
associated method tracer_distribute in charge of distributing the tracer
data in each node’s slab to all other nodes whose beams intersect with it. Note
that, although the tracer information is now distributed across nodes through
beams, the density and Newtonian potential grids are still distributed in
slabs.

8. Get beam information. Any calculation involving a line-of-sight integral
(e.g. gravitational lensing) or interpolation (e.g. Lyman-𝛼 skewers) is done
after the tracers have been redistributed into beams. The calculation is done
in three stages:

a) Preprocessing. Initialisation of any necessary quantities (e.g. setting
all variables that eventually hold a gravitational lensing calculation to
zero). Each tracer has an associated function tracer_beams_preproc
in charge of doing this.

b) Loop through slabs. All nodes send their current slab of the density and
Newtonian potential grids to the node on their right (assuming periodic
boundary conditions). Once the new slab is received, each node gathers
the necessary information from it (e.g. the contribution to a lensing
convergence integral from the Section of the Newtonian potential held in
that slab) and adds it to each tracer2. CoLoRe carries out this calculation
through a method tracer_get_beam_properties associated with each
tracer. This is repeated 𝑁nodes times, at which point all nodes have had
access to the full density and potential grids.

c) Post-processing. Each tracer finishes off any calculation still needed after
having gathered all information in the preceding step (e.g. multiplying
maps by an overall normalization factor). This is done by a method
tracer_beams_postproc associated with each tracer.

2Note that all quantities calculated at this stage (e.g. integrals and interpolations) are linear
and additive on 𝛿𝑀 and 𝜙𝑁 .
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9. Write output. Each tracer writes all its information (e.g. in the form of maps
or catalogs) to file through a method write_tracer. CoLoRe uses the FITS
standard in most cases, although it is also possible to save source catalog
data as ASCII or HDF5 files.

Modifying CoLoRe to support a new structure formation model would in-
volve implementing it as part of step 4 above, with no effect on the rest of the code.
Adding a new type of tracer would involve creating the corresponding tracer meth-
ods for it enumerated above (_set_cartesian, _distribute, _beams_preproc,
_get_beam_properties, _beams_postproc, and write_).

The assumptions made by CoLoRe to compute the background cosmologi-
cal quantities (step 1) are described in Section 5.2.2. Section 5.2.3 describes the
Gaussian density fields and the different non-linear structure formation models
supported by CoLoRe (steps 3 and 4). Section 5.2.4 describes in detail the calcu-
lations carried out for each of the tracers, including the bias models supported
(steps 5-8). Finally, the theory predictions computed by CoLoRe for lognormal
fields (step 2) are discussed in Section 5.2.5.

5.2.2 Cosmological assumptions

When generating simulated observations, CoLoRemakes a number of assumptions
about the underlying cosmological model. We describe these here.
CoLoRe assumes a flat 𝑤CDM cosmological background, characterised, at low

redshifts, by 3 cosmological parameters: the background matter density Ω𝑀 , the
current expansion rate 𝐻0, and a constant DE equation of state parameter 𝑤. The
expansion rate is thus given by

𝐻(𝑧) = 𝐻0

[
Ω𝑀(1 + 𝑧)3 + (1 −Ω𝑀)(1 + 𝑧)3(1+𝑤)

]
, (5.2)

in terms of which the comoving distance is3

𝜒(𝑧) =
∫ 𝑧

0

𝑑𝑧′

𝐻(𝑧′) . (5.3)

Matter density perturbations are governed by a linear matter power spectrum
at 𝑧 = 0, 𝑃0(𝑘), which must be provided to CoLoRe on input, and is then normalised
to the chosen value of 𝜎8. If the power spectrum is needed on scales larger than
those provided, it is extrapolated assuming a power-law behaviour 𝑃0(𝑘) ∝ 𝑘𝑛𝑠 on
small 𝑘, where 𝑛𝑠 is the scalar spectral index (also provided on input).

3Note that we use units with 𝑐 = 1 throughout.
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Finally, CoLoRe assumes a self-similar growth for the linear matter overdensity:
𝛿𝐿
𝑀
( x, 𝑧) = 𝛿𝐿

𝑀
( x, 0)𝐷(𝑧), where𝐷(𝑧) is the linear growth factor. 𝐷(𝑧) is calculated

from the cosmological parameters by solving the differential equation

𝑑

𝑑𝑎

(
𝑎3 𝐻(𝑎)𝑑𝐷

𝑑𝑎

)
=

3
2Ω𝑀(𝑎) 𝑎𝐻(𝑎)𝐷(𝑎), (5.4)

where 𝑎 = 1/(1 + 𝑧) is the scale factor.
Although internally CoLoRe uses “ℎ-inverse” units (i.e. distances are given in

units of Mpc ℎ−1), all simulation outputs involve observable quantities (redshift
and angles), and therefore are insensitive to this choice.

5.2.3 Matter box

The first step after initialising the cosmological model in a standard CoLoRe run is
the generation of a Gaussian realisation of the linear matter inhomogeneities 𝛿𝐿

𝑀

at 𝑧 = 0 on a Cartesian cubic grid. This is done by drawing the Fourier coefficients
of 𝛿𝐿

𝑀
as independent Gaussian random numbers from the input linear matter

power spectrum using the Box-Muller transform with variance:

𝜎2( k) = 𝑃0(𝑘)
(Δ𝑘)3 , (5.5)

where Δ𝑘 ≡ 2𝜋/𝐿box is the sampling rate in Fourier space. CoLoRe can alternatively
apply a Gaussian smoothing kernel with scale 𝑅𝐺 to the linear power spectrum
when generating the linear Fourier coefficients. This may be useful to control the
behaviour of the non-linear overdensity field (see discussion in Section 5.2.5).

At the same time, CoLoRe populates a similar cartesian grid with the values
of the Newtonian gravitational potential 𝜙𝑁 ( x), related to the matter inhomo-
geneities in Fourier space via:

𝜙𝑁 ( k) = −3
2𝐻

2
0 Ω𝑀

𝛿𝐿
𝑀
( k)
𝑘2 . (5.6)

The linearmatteroverdensity thus generated is then transformed into a physical
(i.e. positive-definite) non-linear matter overdensity in the lightcone using one of
the three structure formation models currently supported by CoLoRe, which we
describe below.

5.2.3.1 Lognormal fields

Lognormal fields were first proposed and analysed by Coles and Jones (1991) as a
possible way to describe the distribution of matter in the universe. A lognormal
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random field 𝑥LN is defined in terms of a Gaussian random field 𝑥G through the
local transformation

𝑥LN = exp 𝑥G. (5.7)

One of the nice properties of these fields is that, while the Gaussian variable 𝑥G

is allowed to take any values in (−∞,+∞), 𝑥LN can only take positive values by
construction. Furthermore, as discussed in Coles and Jones (1991), the density
field evolved along Lagrangian trajectories according to the linear velocity field
along can be well described by a lognormal distribution, which justifies the use
of lognormal fields from a physical point of view. In order to obtain a lognor-
mal overdensity field with zero mean from a Gaussian field, the transformation
(Eq. (5.7)) must be slightly varied as follows:

1 + 𝛿LN = exp

(
𝛿𝐺 −

𝜎2
𝐺

2

)
, (5.8)

where 𝜎𝐺 is the variance of the Gaussian overdensity field.
Lognormal density fields have been used in the past by different collaborations

in order to perform fast galaxy mock realisations (Cole et al., 2005; Beutler et
al., 2011; Blake et al., 2011; Le Goff et al., 2011; Font-Ribera et al., 2012a), and
are, therefore, a well established tool. Since the lognormal transformation is a
simple, local modification of the density field, it is by far the fastest and most
memory-efficient structure formation model implemented in CoLoRe.

However, the simplicity of the lognormal transformation implies that lognormal
fields cannot be expected to describe all higher-order correlators of the density
field (e.g. bispectra), to give rise to filamentary structure, or to reproduce the
small-scale properties of the density field correctly (Kitaura et al., 2010), and
therefore this kind of mock realisations have a limited applicability.

Within this framework, the non-linear overdensity is generated in CoLoRe by
applying Eq. (5.8) to the linear overdensity field evolved in the lightcone assuming
linear growth (which is applied to both 𝛿𝐺 and 𝜎𝐺 in this equation).

Caution must be exercised when making use of lognormal fields. Since the
lognormal transformation involves the exponentiation of a Gaussian field, large
(≫ 1) values of 𝛿𝐺 lead to much larger fluctuations in 𝛿LN. Thus, if the amplitude
of 𝛿𝐺, characterised by its standard deviation 𝜎𝐺, is large, the resulting lognormal
field will exhibit a large degree of inhomogeneity, with an enormous variance
dominated by extreme fluctuations in a small number of voxels. This behaviour
can be avoided through the use of the Gaussian smoothing kernel described above.
This modifies the linear and non-linear power spectra in an analytically predictable
manner.
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Note that other common implementations of the lognormal transformation to
generate mock cosmological realisations (e.g. Beutler et al. (2011)) have employed a
different method to avoid this problem. Instead of using the input power spectrum
to generate 𝛿𝐺 and then transform it into 𝛿LN, the input power spectrum is taken
to be that of the final 𝛿LN. The inverse lognormal transformation is thus applied to
the input power spectrum at the level of the two-point correlator (see Section 5.2.5),
to obtain the power spectrum with which the Gaussian field is generated. CoLoRe
does not explicitly support this method, since it runs contrary to the idea of
treating the lognormal transformation as a non-linear structure formation model.
It would be, however, possible to pass as input to CoLoRe the “Gaussianised” power
spectrum in order to obtain the desired matter power spectrum at 𝑧 = 0 in the
non-linear matter fluctuations.

5.2.3.2 Lagrangian perturbation theory

Lagrangian Perturbation Theory (LPT) (Bernardeau et al., 2002) provides an
alternative fast method to generate non-linear physical matter overdensities, which
has been used in the past to generate mock galaxy catalogs (Manera et al., 2013;
Chuang et al., 2015; Manera et al., 2015). CoLoRe supports the generation of
Lagrangian displacements at first and second order in perturbation theory. These
first and second-order displacements at 𝑧 = 0 are scaled with the corresponding
growth factors before interpolating the test particles onto a grid. We provide a
brief overview of LPT here, and direct the reader to (Bernardeau et al., 2002) for
further details.

Let x(𝑡) = 𝑎(𝑡) [ q +𝚿( q, 𝑡)] be the physical position of a particle starting at
comoving coordinates q. 𝚿( q, 𝑡) is the so-called Lagrangian displacement vector.
In the Newtonian approximation, the motion of these particles is governed by
Newton’s second law, which is sourced by the gravitational potential caused by the
particles themselves. This leads to two coupled equations that can be summarized
into a single equation for the divergence of 𝚿:

𝐽
(
J−1∇

)
· (𝚿′′ + 𝑎 𝐻𝚿′) = 3

2 𝑎
2𝐻2 Ω𝑀(𝐽 − 1), (5.9)

where all derivatives are taken with respect to conformal time 𝑑𝜏 ≡ 𝑑𝑡/𝑎, J𝑖 𝑗 ≡
𝛿𝑖 𝑗 + 𝜕𝑖Ψ𝑗 is the Jacobian of the Lagrangian flow, and 𝐽 ≡ det(J). Note that the
matter overdensity is given by 1 + 𝛿 = 𝐽−1.

At second order in the displacement field, and discarding all curl-like compo-
nents of 𝚿, the solution is given by

𝚿( q, 𝑎) = 𝐷(𝑎) ∇𝜑(1)
LPT( q) + 𝐷(2)(𝑎) ∇𝜑(2)

LPT( q). (5.10)
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Here 𝐷(𝑎) is the linear growth factor, satisfying Eq. (5.4), 𝐷(2) is the second-order
growth factor, satisfying

𝑑

𝑑𝑎

(
𝑎3 𝐻(𝑎)𝑑𝐷

(2)

𝑑𝑎

)
=

3
2Ω𝑀(𝑎) 𝑎𝐻(𝑎)

(
𝐷(2)(𝑎) − [𝐷(𝑎)]2

)
, (5.11)

and 𝜑(1,2)
LPT are the first- and second-order LPT potentials, given by

∇2𝜑(1)
LPT = −𝛿𝐿M, (5.12)

∇2𝜑(2)
LPT =

1
2

∑
𝑖 𝑗

[
𝜕2
𝑖 𝜑

(1)
LPT𝜕

2
𝑗 𝜑

(1)
LPT −

(
𝜕𝑖𝜕𝑗𝜑

(1)
LPT

)2
]
. (5.13)

CoLoRe solves the LPT Poisson equations (Eq. (5.12) and Eq. (5.13)) in Fourier space
using the Gaussian overdensity field as input, and computes the second-order
growth factor using the approximation (Bernardeau et al., 2002)

𝐷2(𝑎) = −3
7 [𝐷(𝑎)]2 [Ω𝑀(𝑎)]−1/143 . (5.14)

Once the displacement vector has been calculated and applied to a set of test
particles initially located at the centers of the Cartesian grid cells, the density field
is calculated by interpolating the displaced positions onto the grid4.

LPT is able to generate a more realistic non-linear density field than the log-
normal model at the cost of significantly higher memory requirements and longer
computation times. While generating the lognormal overdensity does not require
additional resources beyond those used to generate the 𝛿𝐿

𝑀
and 𝜙𝑁 grids, generat-

ing the first-order displacement requires three additional Cartesian grids to hold
the components of 𝚿, and second-order LPT demands an additional 5 grids to
store the Hessian of the first-order LPT potential (the array holding the Gaussian
density field can be reused to store one of the 6 independent components of the
Hessian). The number of fast Fourier transforms needed, which dominate the total
computation time, is also different in each case: none in the case of the lognormal
model, 4 in the case of first-order LPT, and 13 for second-order LPT.

5.2.4 Tracers

CoLoRe is able to generate simulated observations for a variety of cosmological
tracers of the same underlying matter fluctuations. The details of the calculations
involved in each of the supported tracer types, carried out in steps 5 to 8 of the
procedure outlined in Section 5.2.1, is discussed in detail here.

4To do this, CoLoRe supports three standard mass-assignment methods: nearest-grid-point
(NGP), cloud-in-cell (CIC), and triangular-shaped cloud (TSC) (Hockney and Eastwood, 1981).
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Figure 5.1: Bias models implemented in CoLoRe. The exponential model preserves
the “lognormality” of the field if using the lognormal structure formation model,
but it can lead to numerically unstable results in the presence of sufficiently large
fluctuations in the Gaussian field. The exp-truncated model can be used to curb
this behaviour.

5.2.4.1 Projected maps

The simplest tracer supported by CoLoRe is the so-called “custom projected tracer”.
The associated observable is the overdensity in a biased tracer of the matter
fluctuations projected onto the celestial sphere after integrating over an arbitrary
radial kernel:

Δ𝑊 (n̂) =
∫

𝑑𝑧𝑊(𝑧) 𝛿𝑊 (𝑧, 𝜒(𝑧)n̂), (5.15)

where the integral is over redshift 𝑧,𝑊(𝑧) is the tracer’s radial kernel, and 𝛿𝑊 are
the three-dimensional fluctuations in the tracer, related to the matter fluctuations
via Eq. (5.1).
CoLoRe supports the following three local bias models, although more can be

easily added to the code:

Exponential: 𝐵𝑘(𝛿𝑀) = (1 + 𝛿𝑀)𝑏𝑘 , (5.16)

Truncated: 𝐵𝑘(𝛿𝑀) = Max(1 + 𝑏𝑘𝛿𝑀 , 0), (5.17)

Exp-truncated: 𝐵𝑘(𝛿𝑀) =
{

exp [𝑏𝑘𝛿𝑀/(1 + 𝛿𝑀)] 𝛿𝑀 ≤ 0
1 + 𝑏𝑘𝛿𝑀 𝛿𝑀 > 0

. (5.18)

These three models are shown in Fig. 5.1 for 𝑏𝑘 = 2, and are designed to be positive
definite (𝐵𝑘(𝛿𝑀) > 0 for 𝛿𝑀 ∈ [−1,∞)), and to reduce to a linear biasing relation
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δΩGW(z < 0.4), (lognormal)
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δΩGW(z < 0.4), (1LPT)
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Figure 5.2: Simulated maps of the anisotropic stochastic gravitational wave back-
ground from astrophysical sources at redshifts 𝑧 < 0.4 using the models of (Cusin
et al., 2020). The top and bottom plots show simulations using the lognormal
and first-order LPT sructure formation models respectively. The former is charac-
terised by strong positive fluctuations on a few regions, while the latter displays
the more physical filamentary structure of the cosmic web.
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(𝐵𝑘(𝛿𝑀) ≃ 1 + 𝑏𝑘𝛿𝑀) for small fluctuations. Given the modular nature of CoLoRe,
different biasing models could be easily added by the user.

The integral in Eq. (5.15) is calculated as follows: for each sky pixel, an imagi-
nary line of sight connecting it with the observer at the box center is subdivided
into intervals of constant comoving distance Δ𝜒, commensurate with the Carte-
sian cell size Δ𝑥. The value of 𝛿𝑀 at the center of each interval is calculated from
the Cartesian grid using trilinear interpolation, and is then translated into the
corresponding 𝛿𝑊 . The integral is then calculated as a sum over all intervals along
the line of sight.

Custom projected tracers can be used in CoLoRe to make simulated maps
of a wide variety of two-dimensional cosmological anisotropic observables that
correlate with the large scale structure (LSS). As an example, Fig. 5.2 shows
simulated maps of the anisotropic stochastic gravitational wave background from
astrophysical sources at 𝑧 < 0.4 according to the models of Cusin et al. (2020). The
figure shows results for the lognormal and first-order LPT structure formation
models, showcasing the morphological differences between them.

5.2.4.2 Integrated Sachs-Wolfe effect

The time evolution in the gravitational potential at late times due to the accelerated
background expansion causes an energy loss or gain in a background of photons
which correlates with the LSS. This is the so-called integrated Sachs-Wolfe effect
(ISW; Sachs and Wolfe, 1967).

The fluctuation in the temperature of a background of photons with black-body
spectrum emitted at redshift 𝑧∗ is given by

Δ𝑇

𝑇

����
ISW

(n̂) = 2
∫ 𝑧∗

0
𝑑𝑧

¤𝜙𝑁 (𝑧, 𝜒(𝑧)n̂)
(1 + 𝑧)𝐻(𝑧) . (5.19)

Assuming linear growth, appropriate on the large scales on which the ISW is rele-
vant, one can approximate ¤𝜙𝑁 (𝑧) = 𝐻(𝑧)[ 𝑓 (𝑧)−1]𝜙𝑁 (𝑧), where 𝑓 ≡ 𝑑 log𝐷/𝑑 log 𝑎
is the growth rate.

The ISW tracer is therefore equivalent to the custom projected tracer described
in the previous Section with the Newtonian potential 𝜙𝑁 taking the role of 𝛿𝑊 ,
and with a kernel

𝑊ISW(𝑧) =
𝑓 (𝑧) − 1
1 + 𝑧 Θ(𝑧 < 𝑧∗), (5.20)

where Θ is the Heaviside function. Thus, the same numerical methods described
in Section 5.2.4.1 are used by CoLoRe to generate simulated ISW maps. The top
panel of Fig. 5.3 shows an example of a simulated map of the ISW effect for 𝑧∗ = 0.5,
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Figure 5.3: Top: simulated map of the low-redshift ISW effect for a source plane at
𝑧∗ = 0.5. Bottom: map of the lensing convergence for a source plane at 𝑧∗ = 1.4.

characterised by features on very large scales due to the 1/𝑘2 relation between
gravitational potential and matter overdensity.

5.2.4.3 Gravitational lensing

As we saw in Section 3.4, the fluctuations in the gravitational potential perturb
the trajectories of photons. Computing 𝜶 ≡ ∇n̂𝜓 and ` (defined in Eq. (3.24)) from
the lensing potential 𝜓 (Eq. (3.23)) would require first creating a map of 𝜓 to then
differentiate. This is not feasible when calculating the effects of lensing on a large
number of sources at different redshifts (see Section 5.2.4.4). Instead, we rewrite
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these quantities as

𝜶(n̂) = −2
∫ 𝜒∗

0
𝑑𝜒

𝜒∗ − 𝜒
𝜒∗

∇⊥𝜙𝑁 (𝑧, 𝜒n̂), `(n̂) = −2
∫ 𝜒∗

0
𝑑𝜒𝜒

𝜒∗ − 𝜒
𝜒∗

H⊥𝜙𝑁 (𝑧, 𝜒n̂),
(5.21)

where ∇⊥ and H⊥ are the gradient and Hessian operators projected onto the plane
perpendicular to n̂.

Explicitly, if n̂ ≡ (sin𝜃 cos 𝜑, sin𝜃 sin 𝜑, cos𝜃), defining the projector

Pn̂ ≡
(

cos𝜃 cos 𝜑 cos𝜃 sin 𝜑 − sin𝜃

− sin 𝜑 cos 𝜑 0

)
, (5.22)

the projected gradient and Hessian are

∇⊥𝜙𝑁 ≡ Pn̂∇𝜙𝑁 , H⊥𝜙 = Pn̂(H𝜙𝑁 )P𝑇n̂ , (5.23)

where ∇𝑖 ≡ 𝜕/𝜕𝑥 𝑖 and H𝑖 𝑗 ≡ 𝜕2/𝜕𝑥 𝑖𝜕𝑥 𝑗 .
The calculation of lensing-related quantities in CoLoRe is thus analogous to the

procedure outlined in Section 5.2.4.1: along a given line of sight n̂ (corresponding
to a map pixel or to the position of a given source), the values of the first or
second-order derivatives of 𝜙𝑁 are calculated and interpolated from the Cartesian
grid onto a set of equidistant points along n̂. The corresponding quantities are
then projected onto the plane perpendicular to n̂, and the integrals in Eq. (5.21)
are computed as direct sums over the evaluated points.

Besides providing lensing information associated with its source catalogs
(see Section 5.2.4.4), CoLoRe returns maps of the lensing convergence 𝜅(n̂) for an
arbitrary number of source planes at different redshifts. An example at 𝑧∗ = 1.4 is
shown in the bottom panel of Fig. 5.3.

5.2.4.4 Sources

CoLoRe can also generate catalogs of discrete sources as biased tracers of the matter
distribution. The source distribution is modelled as a Cox process: the number of
sources of type 𝑎 in a given Cartesian cell 𝑖, 𝑁 𝑎

𝑖
is a random Poisson variable with

a stochastic mean given by

𝑁̄ 𝑎
𝑖 = (Δ𝑥)3𝑛̄𝑎(𝜒)

𝐵𝑎(𝛿𝑀( x𝑖))
⟨𝐵𝑎(𝛿𝑀)⟩ , (5.24)

where x𝑖 are the coordinates of cell 𝑖, (Δ𝑥)3 is the cell volume, 𝑛̄𝑎(𝜒) is the redshift-
dependent mean density of sources, and 𝐵𝑎 is the biasing relation of type-𝑎 sources
(see Eqs. (5.16) to (5.18)).
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Figure 5.4: Maps of source-related quantities for a simulated CoLoRe catalog in
the redshift range 𝑧 < 0.3. Top left: source overdensity. Top right: mean redshift
distortion. Middle: mean lensing shear. Bottom: mean lensing displacement vector.
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Figure 5.5: Density (top) and radial velocity (bottom) skewers for two arbitrary
sources in a simulated CoLoRe catalog.
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Once 𝑁 𝑎
𝑖

has been determined for each cell, the corresponding number of
sources are generated with three-dimensional positions randomly located within
their cell. The three-dimensional comoving position is then translated into observ-
able angular and redshift coordinates. In addition to the cosmological redshift,
the contribution from the source’s peculiar velocity, necessary to simulate redshift-
space distortions, is calculated asΔ𝑧RSD = 𝑣𝑟 , where the radial velocity is calculated
from the gradient of the gravitational potential as

𝑣𝑟(𝑧, x) = − 2
3𝐻2

0Ω𝑀

𝑓 (𝑧) (n̂ · ∇)𝜙𝑁 (𝑧, x). (5.25)

Given this derivation of velocities they will only include linear effects.
If desired, the source catalogs can also contain gravitational lensing information

(𝛼𝜃, 𝛼𝜑, 𝜅, 𝛾1, 𝛾2) foreach source. This can be used to construct a weak lensing shear
catalog with ellipticities 𝑒𝑖 = 𝛾𝑖 , or to include the effects of lensing magnifications
by perturbing the source angular positions 𝜃 → 𝜃 + 𝛼𝜃, 𝜑 → 𝜑 + 𝛼𝜑, and its flux
by 𝐹 → 𝐹(1 + 2𝜅). In this case, all lensing quantities are calculated as described
in Section 5.2.4.3, by integrating the interpolated transverse derivatives of the
gravitational potential along each source’s line of sight.

Source catalogs can also be endowed with so-called “line-of-sight skewers”,
containing the matter overdensity and radial velocity interpolated from the Carte-
sian box onto each source’s line of sight. As in the case of gravitational lensing
calculations, trilinear interpolation is used, and both fields are sampled at radial
comoving intervals equal to CoLoRe’s Cartesian cell size. The use of skewers to
produce simulated observations of the Lyman-𝛼 forest was discussed in detail in
(Farr et al., 2020b).

It is worth noting that the computation of any quantity requiring full line-
of-sight information (lensing or skewers) requires redistributing sources from
“slabs” into “beams” across nodes, and for all nodes to loop through the full
Cartesian box to add the contribution of all slabs to their beams (i.e. points 7
and 8 in Section 5.2.1). This process requires significant communication between
MPI nodes and, depending on the particular case, can have a significant impact
on the total computing time. For this reason, if no line-of-sight information is
requested from CoLoRe (i.e. if only sources or intensity maps are requested, with
no associated lensing information or skewers), steps 7 and 8 are skipped, often
leading to a significant speed-up.

Furthermore, computing the lensing observables along each line-of-sight for
large catalogs containing billions of sources, as would be the case e.g. if simulating
the full LSST shear sample, is a computationally demanding task that can dominate
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by far all other steps in a CoLoRe run. To avoid this, an alternative approximate
scheme to compute these quantities can be used. In the “fast lensing” scheme, the
five lensing observables (displacement, convergence and shear) are precomputed
on a set of spherical HEALPix maps at constant radial comoving distance inter-
vals, using the same method outlined in Section 5.2.4.3. The angular resolution
parameter 𝑁side of each map is adaptively chosen so that the physical pixel size
is smaller than the Cartesian cell size, in order to avoid oversampling as well as
degrading the original three-dimensional resolution. The hierarchical nature of
the HEALPix scheme makes it possible to relate a pixel in a given map with pixels in
all lower-resolution maps with smaller radii. The lensing observables for a given
source are then calculated by interpolating between the values of that observable
along the line of pixels corresponding to the source’s angular coordinates.

Fig. 5.4 shows maps of the quantities described in this Section for a small source
catalog simulated with CoLoRe. The simulated sample had a redshift distribution

𝑑𝑁

𝑑𝑧
∝

(
𝑧

𝑧0

)2
exp

[
−

(
𝑧

𝑧0

)3/2
]
, (5.26)

with 𝑧0 = 0.07, extending up to 𝑧 ≲ 0.3. The simulation was run using the
first-order LPT structure formation model. The different panels show the source
overdensity and mean redshift distortion (top panels), the mean lensing shear
(middle panels) and the mean lensing deflection vector (bottom panels). Fig. 5.5
shows density and velocity skewers (top and bottom panels respectively) for two
arbitrary sources in the same catalog.

5.2.4.5 Line intensity mapping

Consider a species of gas emitting at a rest-frame frequency 𝜈0 due to some atomic
or molecular transition. The intensity (flux per unit frequency) measured in a
patch around n̂ with solid angle 𝛿Ω, and in a frequency interval 𝛿𝜈 around 𝜈 is
given by (Abdalla and Rawlings, 2005)

𝐼(𝜈, n̂) = ℏ𝐴21𝜈0𝑥2
2𝑚𝑎

𝑀em

(1 + 𝑧)2𝜒2𝛿Ω 𝛿𝜈
, (5.27)

where 𝐴21 is the Einstein coefficient for the transition, 𝑚𝑎 is the atomic mass of the
emitting gas, 𝑥2 is the fraction of the gas in the excited state, 𝑀em is the total mass
of the emitting gas in the voxel defined by (𝛿𝜈, 𝛿Ω). Associating this intensity with
a black-body temperature in the Rayleigh-Jeans regime (𝑇 = 𝑐2𝐼/(2𝑘𝐵𝜈2)), this can
be rewritten as:

𝑇(𝜈, n̂) = 𝑇̄(𝑧) [1 + 𝛿em(𝑧, n̂)] , (5.28)
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Figure 5.6: Slice through one of the 21cm intensity maps generated with CoLoRe.

where 𝛿em is the overdensity of the emitting gas in redshift space (i.e. accounting
for the effects of redshift-space distortion), 𝑧 = 𝜈0/𝜈−1, and the mean temperature
𝑇̄ is

𝑇̄(𝑧) ≡
3 ℏ𝐴21 𝑥2 𝑥em(𝑧)Ω𝑏,0 𝐻

2
0 𝑐

2 (1 + 𝑧)2

32𝜋𝐺 𝑘𝐵 𝑚𝑎 𝜈2
0 𝐻(𝑧)

. (5.29)

CoLoRe generates mock intensity mapping observations by modelling 𝛿em as
a biased tracer of 𝛿𝑀 using one of the bias relations described in Section 5.2.4.1.
The code estimates the mean brightness temperature in each Cartesian voxel in
terms of the value of the matter overdensity, and a redshift-dependent mean
temperature and bias. In order to interpolate from the Cartesian grid on to
temperature maps, while accounting for the effects of redshift space distortions,
each cell is first sub-divided into smaller sub-cells. The Cartesian coordinates of
each sub-cell are translated into angular coordinates (𝜃, 𝜑) and emission frequency
𝜈 = 𝜈0/(1 + 𝑧 + 𝑣𝑟), where 𝑧 is the redshift corresponding to the sub-cell’s radial
comoving distance, and 𝑣𝑟 is the value of the radial comoving peculiar velocity
field. Each sub-cell is then assigned to a given pixel and frequency band based
on (𝜃, 𝜑, 𝜈). The final intensity maps are then generated by averaging over the
temperature of all sub-cells thus assigned to each pixel.

The implementation used by CoLoRe is very similar to that used by CRIME
(Alonso et al., 2014). CoLoRe does not emulate any other secondary effects, such
as second-order gravitational lensing (Pourtsidou and Metcalf, 2015; Schaan et
al., 2018) or self-absorption. If desired, gravitational lensing could be simulated
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by perturbing the angular positions of the Cartesian sub-cells above with the
deflection field described in Section 5.2.4.3. Fig. 5.6 shows a slice through a set
of intensity maps corresponding to the 21cm line simulated using the model
described in Alonso et al. (2014) in the range 𝜈 ∈ [1015, 646] MHz (0.4 < 𝑧 < 1.2).

5.2.5 Lognormal predictions

Although, as discussed in Section 5.2.3.1, the log-normal transformation is not able
to recover the right properties of the non-linear density fluctuations at all orders,
one of its key advantages is the possibility to produce exact analytical predictions
for the two-point correlators of a lognormal field. This makes it possible to
compare the output of a CoLoRe simulation against precise predictions, making
it straightforward to, for example, quantify the impact of different observational
systematic effects added in post-processing on the main observables of a LSS
experiment.

The real-space two-point correlation function of a lognormal field is related to
that of its parent Gaussian field via:

1 + 𝜉LN(𝑟) = exp [𝜉G(𝑟)] , (5.30)

where 𝜉LN(𝑟) ≡ ⟨𝛿LN( x)𝛿LN( x + r)⟩ and 𝜉G(𝑟) ≡ ⟨𝛿G( x)𝛿G( x + r)⟩. Its cross-
correlation with the Gaussian field itself is simply

⟨𝛿G( x)𝛿LN( x + r)⟩ = 𝜉G(𝑟). (5.31)

Computing the power spectrum of the lognormal field 𝑃LN(𝑘) from that of the
parent Gaussian field 𝑃G(𝑘) is thus a simple three-step process:

1. Compute the Gaussian correlation function from 𝑃G(𝑘) via

𝜉G(𝑟) =
1

2𝜋2

∫ ∞

0
𝑑𝑘 𝑘2 𝑃G(𝑘)

sin(𝑘𝑟)
𝑘𝑟

. (5.32)

2. Compute 𝜉LN from 𝜉G through Eq. (5.30).

3. Compute the 𝑃LN(𝑘) from 𝜉LN(𝑟) via

𝑃LN(𝑘) = 4𝜋
∫ ∞

0
𝑑𝑟 𝑟2 𝜉LN(𝑟)

sin(𝑘𝑟)
𝑘𝑟

. (5.33)

CoLoRe automatically produces and outputs predictions for the power spec-
trum and correlation function of any lognormal biased tracers simulated. These
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predictions are valid as long as the simulation was run using the lognormal struc-
ture formation model, and the exponential bias model (see Section 5.2.4.1), which
retains the lognormal nature of the biased fields.

It is worth noting that, in order to produce truly accurate predictions, it
is necessary to account for all sources of smoothing produced by the different
operations carried out by CoLoRe:

• The chosen Gaussian smoothing scale.

• The finite resolution of the Cartesian grid.

• The effects of interpolating from the Cartesian grid onto beam-related quan-
tities (line-of-sight integrals, skewers etc.).

The latter two effects (finite grid resolution and interpolation), have an associated
Fourier-space window function given by

𝑊𝑛( k) =
[(

2sin(2𝑘𝑥Δ𝑥)
𝑘𝑥Δ𝑥

) (
2

sin(2𝑘𝑦Δ𝑥)
𝑘𝑦Δ𝑥

) (
2sin(2𝑘𝑧Δ𝑥)

𝑘𝑧Δ𝑥

)]𝑛
, (5.34)

where Δ𝑥 is the grid spacing, and 𝑛 = 1 and 2 for nearest-neighbour and trilinear
interpolation, respectively. For 𝑘 ≪ 1/Δ𝑥, we can approximate𝑊𝑛 as a Gaussian
filter via

𝑊𝑛( k) ≃
[
1 −

(𝑘2
𝑥 + 𝑘2

𝑦 + 𝑘2
𝑧)(Δ𝑥)2

24

]𝑛
≃ 𝑒−(𝑘𝑅𝐺)

2/2. (5.35)

where 𝑅2
𝐺

≡ 𝑛(Δ𝑥)2/12. Thus, the effective smoothing scale associated to the
appropriate numberof interpolation operations can be simply added in quadrature
to the chosen Gaussian smoothing scale to produce theoretical predictions.

5.3 Results

5.3.1 Validation

CoLoRe has been the basis of other analyses, and some of its functionality was
validated in previous work. The ability to produce large-scale intensity maps for
the 21cm neutral hydrogen line was presented, used, and validated in Alonso
et al. (2014) and Villaescusa-Navarro et al. (2017), and Witzemann et al. (2019)
used the code to explore cross-correlations with galaxy clustering data. Farr et al.
(2020b) used CoLoRe’s line-of-sight skewers to produce mock observations of the
Lyman-𝛼 forest; these mocks were extensively used to validate the final Lyman-𝛼
Baryon Acoustic Oscillations (BAO) analysis of the eBOSS collaboration (du Mas
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Figure 5.7: Redshift distribution of the two tomographic bins used in the analysis
of the validation simulations (red and blue lines), as well as the overall redshift
distribution (black dashed line). The bins are defined by a cut in photometric
redshift space at 𝑧photo = 0.7, where we assigned eachsource a random photometric
redshift error with standard deviation 𝜎𝑧 = 0.03 (1 + 𝑧).

des Bourboux et al., 2020). Our discussion here therefore focuses on presenting
and validating CoLoRe as a tool to produce fast simulations for wide galaxy surveys
targeting galaxy clustering (both spectroscopic and photometric), weak lensing
shear, and their cross-correlation with maps of the lensing convergence, and the
ISW effect.

To do so, we have run a set of 100 large CoLoRe realisations containing these
observables, and compared the relevant two-point correlations from different pairs
of tracers in the simulation with the corresponding theoretical predictions.

5.3.1.1 Simulations

We generate 100 realisations covering the volume up to redshift 𝑧 = 1.4, corre-
sponding to a box size 𝐿box = 5843 Mpc/ℎ. We use a grid of size 𝑁grid = 2048,
with cell size Δ𝑥 = 2.85 Mpc/ℎ. Each realisation is populated with a single galaxy
sample with the redshift distribution shown in Fig. 5.7, and a total number den-
sity 𝑛̄𝑔 = 2.9 arcmin−2. We used a lognormal structure formation model, and an
exponential bias model with bias 𝑏(𝑧) = 1+ 0.65𝑧 + 0.03𝑧3, compatible with a blue
galaxy sample (Gabasch et al., 2006). We also used CoLoRe to generate maps of the
lensing convergence and the ISW effect at 𝑧 = 1. We used cosmological parameters
Ω𝑚 = 0.3, Ω𝑏 = 0.05, ℎ = 0.7, 𝑛𝑠 = 0.96, 𝜎8 = 0.8. The Gaussian overdensity field
was smoothed with a Gaussian kernel with width 𝑅𝐺 = 2 Mpc/ℎ.
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Figure 5.8: Galaxy clustering, cosmic shear and lensing displacement power
spectra. The gray bands show the 68% scatter from the 100 validation realizations,
and the theoretical predictions, described in Section 5.2.5, are shown as black solid
lines. The lower-left corner shows all auto- and cross-correlations between the two
galaxy clustering and cosmic shear bins. The upper-right corner shows the auto-
and cross-correlations between the lensing displacement vectors in both redshift
bins.

In order to simulate the effects of redshift uncertainties in photometric redshift
surveys, we assigned a random Gaussian error to each galaxy redshift with
standard deviation 𝜎𝑧 = 0.03 (1 + 𝑧). We then divided all galaxies into two
redshift bins, corresponding to sources above and below redshift 𝑧thr = 0.7. The
redshift distributions of the resulting bins are shown in Fig. 5.7. For each redshift
bin, we created maps of the projected galaxy overdensity, as well as the shear and
lensing displacement vectors. We did not make use of the fast lensing scheme
described in Section 5.2.4.4 for these simulations. The latter quantities are provided
by CoLoRe at each source. Finally, we computed all auto- and cross-power spectra
between these maps, as well as the corresponding correlations with the lensing
convergence and ISW maps at 𝑧 = 1 produced by CoLoRe. In order to optimally
weight the shear and displacement fields by the local number of sources when
computing these power spectra (and in order to account for their spin-2 and spin-1
nature), we make use of NaMaster (Alonso et al., 2019).
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Figure 5.9: Cross-correlations between ISW (top row) and convergence maps
(bottom row) at 𝑧 = 1 and the two high-redshift clustering and shear samples in
the validation simulations. The gray bands show the 68% scatter from the 100
validation realizations, and the theoretical predictions, described in Section 5.2.5,
are shown as black solid lines.
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Figure 5.10: Shear power spectra for the first redshift bin in the validation simu-
lations. The blue and red points show the results (mean and standard deviation
of the 100 simulations) with no correction for the effects of source clustering. The
gray points show the result of applying this correction by simply subtracting
the 𝐵-mode power spectrum from the 𝐸-mode one. The black line shows the
theoretical prediction for the latter. The orange band shows the 1𝜎 uncertainties
one would find in the presence of realistic shape noise, which would make the
source clustering effect undetectable in practice.
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For the 3D clustering validation we used 10 out of the 100 realisations. Since the
aim in this case is simulating a spectroscopic survey, we do not add photometric
redshift uncertainties. We used the corrfunc (Sinha and Garrison, 2020) package
to obtain measurements of the monopole and the quadrupole correlation functions
for two different redshfit bins (0.5, 0.7) and (0.7, 0.9); probing separations between
𝑟 = 0.1 Mpc/ℎ and 𝑟 = 200 Mpc/ℎ in 41 linearly spaced bins.

5.3.1.2 Validation of 2D observables

Before presenting the results from this validation exercise, it is worth clarifying
a technical point about the theoretical predictions used to compare with the two-
point functions estimated from the simulation. As described in Section 5.2.5,
besides the effects of the lognormal transformation, one must account for the
additional smoothing associated with the finite grid and the different interpolation
operations. We do so by adding an extra smoothing scale in quadrature to the
Gaussian smoothing scale used in the simulation, with the form

Δ𝑅2
𝐺 = 𝑛eff

(Δ𝑥)2
12 , (5.36)

where the prefactor 𝑛eff depends on the finite-resolution effects that must be
taken into account. For instance, a single nearest-neighbour interpolation would
correspond to 𝑛eff ≃ 1, while linear interpolation would have 𝑛eff ≃ 2. Thus, since
galaxies are assigned to their nearest grid cell, and since two linear interpolations
are needed to assign lensing properties to sources, the galaxy clustering and
cosmic shear tracers produced by CoLoRe should take additional smoothing with
𝑛eff ≃ 1 and 4 respectively (not taking into account the additional interpolations
involved in the fast lensing scheme). Since this additional Gaussian smoothing
is not exact, we must adapt these prefactors slightly, in order to improve the
agreement between theory predictions and simulations on small scales (high ℓs).
For instance, we find that the galaxy-galaxy, galaxy-matter, and matter-matter
power spectra must be smoothed by additional factors 𝑛𝑔𝑔eff = 0.9, 𝑛𝑔𝑚eff = 4, and
𝑛𝑚𝑚eff = 3.8 to recover the galaxy clustering and cosmic shear power spectra from
the CoLoRe simulations. Therefore, care must be exercised when interpreting
the results of CoLoRe simulations, particularly on physical scales smaller than, or
comparable with, the grid resolution. The final users are encouraged to tune these
𝑛eff factors to their particular analysis, depending on their use case and required
level of accuracy.

The gray bands in Fig. 5.8 show the 1𝜎 scatter of the power spectra estimated
from the 100 validation simulations, together with the corresponding theoretical
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prediction in solid black. All auto- and cross-correlations between the projected
galaxy overdensity and the cosmic shear field in the two redshift bins described
above are shown in the lower-left panels in the figure. The upper-right panels show
the three auto- and cross-correlations between the 𝐸-mode fields corresponding to
the lensing displacement vectors in both redshift bins. Similar results are shown in
Fig. 5.9 for correlations involving the lensing convergence and ISW maps, and the
projected overdensity and cosmic shear fields in the second. A good agreement
between theory and simulations, at the 1𝜎 level, is found in all cases.

One further complication must be noted. Cosmic shear is measured at the
positions of clustered sources, and this clustering is correlated with the cosmic
shear signal itself. This induces an additional contribution to the observed cosmic
shear statistics which gives rise to shear 𝐵-modes, in addition to modifying the
𝐸-mode power spectrum. This effect is well known, and should be unobservable
in most cases (Schneider et al., 2002). However, in the absence of shape noise (i.e.
since we have access to the true weak lensing shear at each source), the effect can
be measured in the catalogs produced by CoLoRe. This is illustrated in Fig. 5.10,
which shows the 𝐸 and 𝐵-mode power spectra for the first redshift bin in the
validation simulations without any correction for source clustering (blue and red
respectively) in comparison with the theory prediction without source clustering
(black line) and the expected uncertainties in the presence of realistic shape noise
(orange band). We find that, in practice, the effects of source clustering in the
𝐸-mode power spectrum can be corrected by simply subtracting the 𝐵-mode power
spectrum from the 𝐸-mode power spectrum (gray points in the figure).

5.3.1.3 Validation of 3D clustering

We validated the 3D clustering of simulated galaxies both in real and in redshift
space. The top panel of Fig. 5.11 shows the real-space monopole for two spectro-
scopic redshift bins: (0.5-0.7) and (0.7-0.9). The measurement of the correlation
function was done separately in 48 different healpix pixels defining the CoLoRe
beams, and the error bands (estimated from the scatter of these measurements)
show the uncertainty for a single realization. Solid lines show the prediction
derived in Section 5.2.5 with the linear bias left as a free parameter. The best-fit
value of bias (using separations larger than 10 Mpc/h) agrees with the input value
at the 2% level.

The bottom panel in Fig. 5.11 shows the redshift-space monopole andquadrupole
for the same redshift bins and linear bias. We do not have a prediction for the clus-
tering of galaxies in redshift space that is valid on all scales, but we use a modified
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Figure 5.11: Measurements of the correlation function from the stack of 10 realiza-
tions used to validate the 3D clustering. The low-z samples take redshifts from
0.5 to 0.7, while high-z samples take redshifts from 0.7 to 0.9. The lines show the
model, solid in the regions where the bias was fitted, and the shaded bands show
the error for a single realization. Top: Measurements of the monopole in real space.
Bottom: Measurements of the monopole and quadrupole in redshift space.

version of the lognormal model that includes linear Redshift Space Distortions
(RSD) (Kaiser, 1987):

𝛿𝑠LN( k) = 𝛿LN( k) + 𝑓 𝜇2𝛿𝐺( k) (5.37)

where the Gaussian term stands due to the fact that velocities comes directly from
the gravitational potential (Eq. (5.25)). The redshift-space power spectrum is then:

𝑃𝑠LN(𝑘, 𝜇) = 𝑃LN(𝑘) + 𝑓 2𝜇4𝑃G(𝑘) + 2𝑏 𝑓 𝜇2𝑃G(𝑘) (5.38)

where we used Eq. (5.31) when computing the last term. Similarly to the 2D
clustering, we added a smoothing associated with the finite grid with 𝑛eff = 1.
We also added an extra smoothing to correct for the binning of the correlation
function measurement.

Differences on small scales between the measuredandthe predictedquadrupoles
are due to inaccuracies in our RSD modelling, in particular higher-order terms
ignored in Eq. (5.37). We discuss the role of these higher-order terms in Section 5.5,
and show that they are indeed the cause of this disagreement.
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Figure 5.12: Redshift distribution of the different tracers simulated in our two
flagship simulations. These include the LSST gold sample (black), the 4 DESI
samples (blue) and 4 different radio continuum samples observable by SKA (red).

5.3.2 Performance at scale

In the context of existing and next-generation cosmological experiments, CoLoRe
should be able to generate mock observations covering large volumes (𝑧 ≲ 3), with
reasonable resolution (Δ𝑥 = 𝒪(1)Mpc) for a wide range of observables (galaxy
positions, shear, CMB lensing5, intensity maps, etc.). This Section quantifies the
feasibility of these simulations.

Large-volume multi-tracer simulations

As an example of the type of mocks needed for Stage-IV surveys, we have used
CoLoRe to generate two simulations containing cosmological probes for three major
experiments:

• DESI. We simulate the Bright Galaxy Survey (BGS), Large Red Galaxies
(LRG), Emission Line Galaxies (ELG), and quasi-stellar object (quasar) targets
(including Ly-𝛼 skewers for the quasar sample) using the nominal 𝑁(𝑧), and
bias functions from the DESI white paper (DESI Collaboration et al., 2016a).
The resulting catalog contains ∼ 3.4 × 107 BGSs, ∼ 1.5 × 107 LRGs, ∼ 108

ELGs, and ∼ 6.5 × 106 quasars over the full celestial sphere.
5Note that CoLoRe can provide the contribution to the CMB lensing convergence up to the

highest redshift covered by the simulation box. Contributions from higher redshifts can then be
added as a correlated Gaussian random field.
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• LSST. We simulate a sample similar to the LSST "Gold" sample (𝑖 ≲ 25.3,
𝑛̄ ∼ 40 galaxies/arcmin2), resulting in ∼ 6 billion sources across the full
sky. We follow the redshift distribution of the DESC Science Requirements
Document (The LSST Dark Energy Science Collaboration et al., 2018), and
assume a linear bias with redshift dependence 𝑏(𝑧) = 0.95/𝐷(𝑧) (The LSST
Dark Energy Science Collaboration et al., 2018; Nicola et al., 2020). The
lensing shear, convergence and displacement is calculated for all sources
using the fast lensing scheme described in Section 5.2.4.4.

• SKA. We simulate a radio continuum catalog comprised of 4 different radio
galaxy samples: FRI radio-loud AGNs, radio-quiet AGNs (RQQs), normal
star-forming galaxies (SFGs), and starbursts (SBs). For this we follow the
models for the redshift distributions and linear bias described in (Wilman
et al., 2008). The resulting samples contain ∼ 4.5 × 107 FRIs, ∼ 1.3 × 108

RQQs, ∼ 8× 108 SFGs, and ∼ 8× 107 SBs over the full sky. In addition to this,
we generate simulated HI intensity mapping observations for 490 frequency
bands covering the range 473 MHz < 𝜈 < 947 MHz (corresponding to red-
shifts 0.5 < 𝑧 < 2). The maps were generated with an angular resolution
𝑁side = 256, corresponding to pixels about 4 times smaller than the SKA
primary beam in single-dish mode at the highest frequency (𝜃FWHM ∼ 1.2◦).

In addition to these, to showcase the ability of CoLoRe to generate CMB lensing
observations, we generate a convergence map at resolution 𝑁side = 1024 at 𝑧 = 3,
caused by the same matter density field that serves as seed for the tracers listed
above. The redshift distributions of the different galaxy samples simulated are
shown in Fig. 5.12. For illustrative purposes, Fig. 5.13 shows the 3-dimensional
representation of some of the quantities simulated by CoLoRe in one of the beams
used by the code.

The simulations were generated with a ΛCDM model compatible with the
best-fit Planck cosmological parameters (Planck Collaboration et al., 2020). The
boxes span the redshift range (0 < 𝑧 < 3), with 𝑁grid = 4096, resulting in a spatial
resolution of ≈ 2 Mpc/ℎ.

Run time, memory usage, and fast lensing

Both simulations were initialised with the same random seed, but using different
structure formation models, lognormal (LN) and first-order LPT (1LPT) respec-
tively. Both simulations were run at NERSC 6. The LN simulation was generated

6https://nersc.gov
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Figure 5.13: Visual description of the multi-tracer products that can be simulated
with CoLoRe. The upper plot shows one of the beams used internally by CoLoRe for
domain decomposition, with the redshift and angular coordinates of 3 different
DESI samples, and maps of the density, radial velocity, and lensing shear con-
structed from sources at two different redshifts. The lower plot shows the density
skewers calculated for three arbitrary DESI quasars contained in the same beam,
as a function of comoving distance.
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Figure 5.14: Fraction of the total run time taken up by different stages of a typical
CoLoRe simulation. The stages shown are, the generation of the initial Gaussian
random fields in Fourier space ("GRF"), their transformation to real space ("FFT"),
the structure formation model leading to a positive-definite matter overdensity
("LN" or "1LPT" for the lognormal and first-order LPT simulations), the generation
of source catalogs via Poisson sampling ("Poisson"), the redistribution of these
sources across different nodes before any line-of-sight calculations ("Source re-
dist."), the calculation of all relevant line-of-sight quantities ("line of sight tracing"),
and the output of all final products to disk ("Write"). Note that the line of sight
tracing stage is more sensitive to inter-node communication than other stages, and
thus it takes up the same fraction of the total compute time in both simulations in
spite of the additional time taken by the 1LPT stage, given the larger number of
MPI nodes needed for that simulation.

using 40 MPI tasks, distributed across 20 Cori-haswell nodes, using 16 OMP
threads per task. This simulation ran in 1.15 hours, using approximately 730
CPU-hours. The 1LPT simulation required a larger number of nodes, given the
additional memory needed to allocate the three more Cartesian grids mentioned
in Section 5.2.3.2. This simulation was run using 72 MPI tasks distributed across
36 Cori-haswell nodes, using 16 OMP threads per task. The simulation ran in 0.93
hours using a total of 1 075 CPU-hours. A suite of 1 000 such simulations could
therefore be run using ∼ 1 million CPU-hours.

Table 5.1 lists the memory and disk requirements associated with each of
these tracers7. Although the most memory-demanding task is the generation of
the 3D density and Newtonian potential fields, or the Lagrangian displacement
components if using LPT, the final data products also lead to a non-negligible

7Note that, naively, we have simulated all galaxy tracers as disjoint samples when, in reality,
there would be significant overlap between them (e.g. between SKA SFGs and the LSST sample).
A more realistic setting should therefore account for these overlaps when generating the different
galaxy catalogs.
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Tracer Δ𝑧RSD 𝜶 𝜸 𝜅 𝛿(𝑧), 𝑣𝑟(𝑧) Memory (GB) Disk (GB)
LSST ✓ ✓ ✓ ✓ ✗ 308 155
DESI-BGS ✓ ✗ ✗ ✗ ✗ 1.7 0.6
DESI-LRG ✓ ✗ ✗ ✗ ✗ 0.8 0.3
DESI-ELG ✓ ✗ ✗ ✗ ✗ 5.2 1.9
DESI-QSO ✓ ✗ ✗ ✗ ✓ 99 99
SKA-FRI ✓ ✗ ✗ ✗ ✗ 2.3 0.8
SKA-RQQ ✓ ✗ ✗ ✗ ✗ 6.8 2.5
SKA-SFG ✓ ✗ ✗ ✗ ✗ 39 15
SKA-SB ✓ ✗ ✗ ✗ ✗ 4.2 1.5
SKA-21cm ✓ N.A. N.A. N.A. N.A. 2.8 1.4
Convergence map N.A. N.A. N.A. ✓ N.A. 0.1 0.05
𝛿, 𝜙𝑁 grids N.A. N.A. N.A. N.A. N.A. 768 N.A.
𝚿1LPT grids N.A. N.A. N.A. N.A. N.A. 1229 N.A.

Table 5.1: Simulation products generated by CoLoRe. The first 11 rows show the
different tracers generated for the large-volume simulations described in the text.
For each tracer we show the physical quantities simulated (RSD, lensing displace-
ments, shear, convergence, and density/velocity skewers), as well as the memory
and disk space taken. The last two rows display the memory requirements for the
different Cartesian grids stored for lognormal and 1LPT simulations. Although
the memory requirements are dominated by these cartesian grids (particularly for
LPT simulations), the simulated tracers can take up a non-negligible fraction of
the available memory. This is patent for the LSST sample, given its size, and the
need to store lensing information, and for the DESI quasar sample, since we save
a full density/velocity skewer for each source.

memory requirement, particularly in the case of high-density samples such as LSST,
or for a large number of density/velocity skewers (∼ 27% and ∼ 4% respectively
in the case of the lognormal simulation).

Fig. 5.14 shows the time taken by the different stages in both runs. In both
cases the slowest stage is the collection of line-of-sight information, such as the
density and velocity skewers stored for all DESI quasars, or the lensing information
associated with the LSST sources. Given the large number of sources in the LSST
sample, this stage would completely dominate the run time if we had not used
the “fast lensing” method described in Section 5.2.4.4.

To quantify this, we ran two additional identical simulations with a total of 5.9
billion galaxies, emulating a blue galaxy population of LSST 10-year depth. Both
simulations were generated using 32 MPI tasks distributed across 16 Cori Haswell
nodes at NERSC. Each MPI task had 16 OMP threads. The simulation using the
fast lensing scheme took ∼ 35 minutes to run (a total of 173 CPU-hours), while the
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Figure 5.15: Relative difference between the shear power spectrum of a CoLoRe
simulation run using the "fast lensing" scheme, and a simulation run without this
approximation. The effects caused by the various interpolations carried out as
part of the fast scheme should be carefully modelled if an accurate theoretical
description of the CoLoRe output is required.

one integrating along each galaxy’s line of sight took ∼ 36.3 hours (i.e. ∼ 18, 600
CPU-hours), more than 60 times longer. The additional time was completely
taken by the line of sight calculations. The fast-lensing scheme thus allows for a
factor ∼ 60 speed-up and, in the current implementation of CoLoRe, is absolutely
necessary for simulations with billions of sources.

The price to pay for this speed-up is the additional complexity associated
with the interpolation operations involved in the fast scheme (interpolation from
the cartesian grid to the fixed pixel lines-of-sight, and from those to the galaxy
positions). Fig. 5.15 shows the relative difference between the cosmic shear power
spectrum computed from a simulation run with the fast lensing scheme, and one
run without this approximation. The effects of the fast lensing approximation are
a decrease in the final lensing amplitude, and a gradual loss of power at higher
multipoles, on scales comparable with the size of the adaptive pixels used in
this approximation. These effects would need to be accurately characterized if the
application of the CoLoRe realizations requires an accurate theoretical prediction of
two-point statistics involving weak lensing observables. The accuracy/speed-up
trade-off can be controlled by the user by changing the number of shells in which
to compute the lensing information, as well as the size of the adaptive pixels in
relation with the Cartesian cell size.
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5.4 Conclusions

In this Chapter we have introduced CoLoRe, a public code to efficiently generate
synthetic realisations of multiple cosmological surveys. We started in Section 2 by
describing the overall structure of the code, and the different methods to simulate
the density field. We have presented the available tracers in CoLoRe, and how
to add new ones using its highly modular structure. We concluded this Section
discussing the accurate predictions available when working with the lognormal
model of structure formation.

In Section 3 we presented the validation results of some of the key summary
statistics from the simulated maps, using a large set of CoLoRe boxes. We showed
that the measured angular power spectra from simulated photometric surveys
agree with the theoretical predictions up to ℓ = 1000. This is true for galaxy
correlations, galaxy-shear cross-correlations and several lensing statistics (shear,
convergence, displacements). The 3D clustering in simulated spectroscopic galaxy
surveys was also validated in the absence of redshift space distortions, where
the lognormal model can be accurately predicted on all scales. As discussed in
Section 5.5 we do not have a good model for the small-scales multipoles in redshift
space, but the agreement is very good on large, linear scales.

We have discussed the performance of CoLoRe at scale by presenting two joint
simulations of DESI, LSST and SKA. These large boxes cover the whole comoving
volume out to 𝑧 = 3, with a resolution of ≈ 2Mpc/ℎ, and include spectroscopic
and photometric galaxies, lensing, intensity mapping and radio galaxies. The
more realistic simulation, using Lagrangian Perturbation Theory (LPT), only used
about 1 000 CPU-hours. Simulating hundreds of these boxes is entirely feasible,
and can be used to characterise systematic effects in multi-experiment analyses,
or estimate cross-survey covariances.

Finally, we discussed the differences between the two options used in CoLoRe
to compute weak lensing variables from source galaxies. The fast lensing im-
plementation provides a factor of ∼60 speed-up for an LSST-like sample, while
maintaining an accuracy better than a 2-3% bias in the amplitude of the shear
power spectrum on large scales (ℓ < 1000).

There are several features that could be added to CoLoRewithout major changes
in the code structure:

• Better structure formation: Currently CoLoRe can simulate the growth
of structure using a lognormal model or LPT computed at first or second
order. Future versions of the code could add new modules to use more
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complex models of the growth of structure, such as COmoving Lagrangian
Acceleration (COLA) (Tassev et al., 2013) as in Izard et al. (2017), where it was
used to generate weak lensing maps and halo catalogues in the lightcone;
or Fast Particle-Mesh (FastPM; Feng et al., 2016)) algorithms. The potential
additional compute time and memory requirements associated with these
methods should be weighed against the need for more accurate clustering
statistics of a given application.

• Non-linear RSD: Minor modifications of the code could improve the level of
realism of the RSD, by sourcing the velocities from the computed LPT fields.
This change could have a significant impact on the 3D clustering of galaxies
intermediate scales. However, CoLoRe does not currently simulate virialized
objects, and therefore we are not able to properly capture non-linear peculiar
velocities or Fingers of God. Random virial motions (or redshift errors) can be
added in post-processing, by assigning random shifts to the galaxy redshifts,
but a more realistic approach of non-linear RSD is beyond the scope of this
work.

• Halos: The models currently used by CoLoRe to generate different tracer
observations directly connect the latter with the underlying smooth density
field. The complexity and fidelity of these simulations could be improved
if this density field was endowed with a halo catalog. This could be done
directly at the level of the linear density field using Press-Schechter-inspired
methods (as in e.g. Santos et al. (2010)), or from the LPT displacement
field using a modified friends-of-friends search (Manera et al., 2013), or
peak-patch methods (Stein et al., 2019, 2020). A halo catalog would allow
us to improve the fidelity of the resulting density field on small scales
by including the expected density profile of these halos, and would make
it possible to use the halo model to generate simulated observations of
additional tracers (e.g. thermal or kinematic Sunyaev-Zel’dovich effects,
halo-occupation distributions for better galaxy catalogs etc.).

• Small areas and flat-skies: The current version of CoLoRe simulates the
whole universe to a given redshift, with the observer placed in the center
of a large box. Users interested in simulating surveys with relatively small
areas might prefer to place the observer in one side of rectangular box and
simulate only a (literal) light-cone. For sufficiently small sky areas, these
simulations could be made faster making use of the flat-sky approximation.
Both of these features should be easy to implement in CoLoRe.
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The addition of these features should not significantly impact the performance
of CoLoRe reported here. By making our code public we want to encourage
the different collaborations preparing the next generation of large cosmological
surveys to use CoLoRe to efficiently generate realistic synthetic simulations of their
datasets to be used in multi-survey analyses.

5.5 Appendix: Higher-order terms in the modelling
of redshift-space distortions

The redshift-space galaxy overdensity, 𝛿𝑠LN = 𝛿LN(s), is related to its real-space
equivalent 𝛿LN(x) and the normalized gradient of line-of sight velocities 𝜂 =

−𝜕𝑧𝑣𝑧/𝐻(𝑧) via:
1 + 𝛿𝑠LN =

1 + 𝛿LN
1 − 𝜂

(5.39)

Assuming Gaussian RSDs are small, we can expand this in powers of 𝜂,

𝛿𝑠LN = 𝛿LN + 𝜂 + 𝜖 , (5.40)

where 𝜖(x) ≡ 𝛿LN(x) 𝜂(x). This term would be order-2 assuming 𝛿LN is small, but
we do not make this approximation here. Ignoring this term one would recover
Eq. (5.37), used for the theoretical predictions in Section 5.3.1.3. If we keep this
extra term, however, the model for the redshift-space galaxy power spectrum will
have new contributions with respect to the model described in Eq. (5.38):

𝑃𝑠LN(𝑘, 𝜇) = (Δ𝑘)3 ⟨|𝛿𝑠LN(k)|
2⟩

= 𝑃LN(𝑘) + 𝑓 2𝜇4𝑃G(𝑘) + 2𝑏 𝑓 𝜇2𝑃G(𝑘) (5.41)

+ (Δ𝑘)3 [2⟨𝛿LN(k) 𝜖(k)⟩ + 2⟨𝜂(k) 𝜖(k)⟩ + ⟨𝜖(k) 𝜖(k)⟩] .

Even though it is possible to compute analytical predictions for the correlation
function including these new 𝜖 terms (as convolutions of 𝛿LN and 𝜂 in Fourier
space), we leave this for future work. Here we only quantify each of the terms
by looking at cross-correlations of test galaxy samples from a custom CoLoRe
simulation designed for this study. This simulation was similar to those described
in Section 5.3.1.1 but with two spectroscopic galaxy samples: a first sample 𝛿𝐴
with an extremely low clustering amplitude (𝑏𝐴 = 0.001), and a second sample 𝛿𝐵
with a redshift-independent bias of 𝑏𝐵 = 2.

While the clustering of sample 𝐴 in real space is negligible, its redshift-space
power spectrum can be modeled as ⟨𝛿𝑠

𝐴
(k)𝛿𝑠

𝐴
(k)⟩ ∝ 𝑓 2𝜇4𝑃G(𝑘) (up to a normal-

isation factor (Δ𝑘)3). This can be clearly seen in the (a) panel of Figure Fig. 5.16,
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Figure 5.16: Measurements and predictions for the different cross-correlations
discussed in Section 5.5 for a single simulation with two special tracers (𝑏𝐴 = 0.001
and 𝑏𝐵 = 2). The predictions are from the simplermodeldiscussed in Section 5.3.1.3
and are missing those terms involving 𝜖(x) = 𝛿LN(x)𝜂(x). This explains the
disagreement seen on the small-scales quadrupole in panel (c), it also shows a
small disagreement in panels (e) and (f).

and validates the simulation of RSDs in CoLoRe. The clustering of sample 𝐵 in
real (redshift) space is shown in the (b) ((c)) panels of the same figure, and are
similar to Fig. Fig. 5.11 discussed in Section 5.3.1.3. While its real space clustering
is well described by the lognormal model ⟨𝛿𝐵(k)𝛿𝐵(k)⟩ ∝ 𝑃LN(𝑘), the small-scales
quadrupole of its redshift-space equivalent can not be described by the simple
model of Eq. (5.38). We are missing the contributions from the terms ⟨𝛿LN 𝜖⟩, ⟨𝜂 𝜖⟩
and ⟨𝜖 𝜖⟩ introduced in Eq. (5.41).

In panel (d) we show the cross-correlation of 𝛿𝑠
𝐴

and 𝛿𝐵, compared to its
prediction ⟨𝛿𝑠

𝐴
(k)𝛿𝐵(k)⟩ ∝ 𝑏𝐵 𝑓 𝜇2𝑃G(𝑘). Because there is no 𝜖 term involved in this

cross-correlation, the model describes the measurement very well on all scales. In
panel (e) we cross-correlate 𝛿𝑠

𝐴
with 𝛿𝑠

𝐵
instead, and compare it to a theoretical
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prediction that includes the two Kaiser terms (𝑏𝐵 𝑓 𝜇2𝑃G(𝑘) + 𝑓 2𝜇4𝑃G(𝑘)) but is
missing an extra term ⟨𝜂 𝜖⟩. The minor disagreement of the quadrupole on small
scales allows us to estimate the magnitude and sign of the missing term. Finally,
in (f) we show the cross-correlations of 𝛿𝐵 and 𝛿𝑠

𝐵
, i.e., the cross-correlation of

the same B sample in real and in redshift space. We plot its prediction from
the simpler model from Section 5.3.1.3, including the terms 𝑃LN(𝑘) + 𝑏𝐵 𝑓 𝜇2𝑃G(𝑘).
Again, following Eq. (5.41) this cross-correlation should include an extra term
⟨𝛿LN 𝜖⟩ that explains the small disagreement of the quadrupole on small scales.
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Figure 5.17: Contributions to the monopole (top panel/blue lines and bands)
and the quadrupole (bottom panel/red lines and bands) from the terms in Eqs.
Eq. (5.42)-Eq. (5.44) using the same simulation as in Figure Fig. 5.16. The shaded
bands show the error in the measurement of each term from the scatter between
48 healpixels of 𝑁side = 2. The dashed lines show the full model prediction as in
Section 5.3.1.3, where the extra terms are not included. Particularly the term ⟨𝜖 𝜖⟩
(right panel) has an important impact on the small-scales quadrupole.

Following Eq. (5.39) it is clear that 𝜖 = 𝛿𝑠
𝐵
− 𝛿𝐵 − 𝛿𝑠

𝐴
. Therefore, by combining

the different cross-correlations discussed above we can now isolate each of the
new terms in Eq. (5.41):

⟨𝛿LN 𝜖⟩ = ⟨𝛿𝐵 𝛿𝑠𝐵⟩ − ⟨𝛿𝐵 𝛿𝐵⟩ − ⟨𝛿𝐵 𝛿𝑠𝐴⟩ (5.42)

⟨𝜂 𝜖⟩ = ⟨𝛿𝑠𝐴 𝛿𝑠𝐵⟩ − ⟨𝛿𝑠𝐴 𝛿𝐵⟩ − ⟨𝛿𝑠𝐴 𝛿𝐵⟩ (5.43)

⟨𝜖 𝜖⟩ =⟨𝛿𝑠𝐵 𝛿𝑠𝐵⟩ + ⟨𝛿𝐵 𝛿𝐵⟩ + ⟨𝛿𝑠𝐴 𝛿𝑠𝐴⟩ + 2⟨𝛿𝑠𝐴 𝛿𝐵⟩ − 2⟨𝛿𝑠𝐴 𝛿𝑠𝐵⟩ − 2⟨𝛿𝐵 𝛿𝑠𝐵⟩ . (5.44)
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The multipoles corresponding to these three combinations of correlations are
shown in Figure Fig. 5.17, together with the model prediction from equation
Eq. (5.38). One can see that the largest correction to the model should come from
the ⟨𝜖 𝜖⟩ term, while the other two terms are small and partially cancel each other.
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6

The Lyman-𝛼 forest catalog
from the Dark Energy

Spectroscopic Instrument Early
Data Release

In the previous Chapter, we dealt with mock simulations, described in the context
of cosmological analyses as an aid of the analysis and understanding of real data.
In contrast, in the next Chapters we will focus on the Lyman−𝛼 forest analyses for
the Dark Energy Spectroscopic Instrument (DESI) survey.

In this Chapter, we will present and validate the catalog of Lyman−𝛼 forest
fluctuations for 3D analyses using the Early Data Release (EDR) from the DESI
survey. This catalog contains information from 88 511 quasars collected from
Survey Validation (SV) data and the first two months of the main survey (M2).

The text from this Chapter is extracted from my publication Ramírez-Pérez
et al. (2024), published in the Monthly Notices of the Royal Astronomical Society
in March 2024.

The structure of this Chapter will be as follows. In Section 6.1, we will provide
more context to the Lyman−𝛼 forest analyses, fitting them into current cosmolog-
ical research. In Section 6.2, we present the data used for this work, including
spectra and quasar catalogs. In Section 6.3, we explain how we obtain the flux-
transmission field from spectra through the estimation of the expected flux of
quasars in the continuum fitting process. This includes masking some wavelengths
and applying corrections to the flux calibration and the reported uncertainties by
the pipeline. In Section 6.4, we discuss aspects that require further clarification,
such as modified weights and wavelength grid choices. Finally, in Section 6.5, we
provide a summary.
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6.1 Introduction

Measurements of Lyman−𝛼 forest 1D correlations in a handful of high-resolution
quasar spectra emerged as a powerful tool to study the large-scale distribution of
matter (Croft et al., 1998; McDonald et al., 2000), opening a new field in the analysis
of the high redshift universe and helping to constrain cosmological parameters.

Using data from the Baryon Oscillation Spectroscopic Survey (BOSS; Dawson et
al., 2013), the three-dimensional correlation function of absorption in the Lyman−𝛼
forest was measured for the first time in Slosar et al. (2011). Shortly after that,
the first measurement of the Baryon Acoustic Oscillations (BAO) peak in the
Lyman−𝛼 forest was presented (Busca et al., 2013; Kirkby et al., 2013; Slosar
et al., 2013), using data from BOSS DR9 (Lee et al., 2013). These were followed
by other BAO analyses using increasingly larger Lyman−𝛼 forest datasets from
BOSS (Delubac et al., 2015; Bautista et al., 2017) and from the Extended Baryon
Oscillation Spectroscopic Survey (eBOSS; Dawson et al., 2016; de Sainte Agathe
et al., 2019). The precision of these BAO measurements was significantly improved
with the measurement of the cross-correlation of quasars and the Lyman−𝛼 forest
(Font-Ribera et al., 2014; du Mas des Bourboux et al., 2017; Blomqvist et al.,
2019), and the final Lyman-𝛼 BAO measurement combining BOSS and eBOSS was
presented in du Mas des Bourboux et al. (2020).

DESI is currently undergoing a five-year campaign to obtain close to a million
quasar spectra with 𝑧 > 2 (Chaussidon et al., 2023; DESI Collaboration et al.,
2023b). This dataset will be four times larger than the state-of-the-art (the eBOSS
DR16 quasar sample presented in Lyke et al. (2020)), and will enable sub-percent
BAO measurements with the Lyman−𝛼 forest (Levi et al., 2013; DESI Collaboration
et al., 2016a).

We present the first catalog of Lyman−𝛼 forest fluctuations in DESI, including
data from the Early Data Release (EDR; DESI Collaboration et al., 2023a) and from
the first two months of the main survey (M2). This dataset was used in Gordon
et al. (2023) for the first measurement of 3D correlations in the Lyman−𝛼 forest
from DESI. It was also used in Herrera et al. (2023) in a comparison with synthetic
datasets.

The methodology used here is similar to the one developed for eBOSS analyses,
especially the most recent analysis by du Mas des Bourboux et al. (2020). This
served as the basis for developing the data analysis pipeline of the DESI Lyman−𝛼
forest working group. In this work, we provide a detailed description of our new
pipeline, focusing on the changes with respect to the one used in eBOSS analyses.
Some of these changes are motivated by changes in the input data: for instance,
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while SDSS spectra had pixels equispaced in the logarithm of the wavelength,
DESI uses linearly spaced pixels. Other changes are motivated by studies that
appeared after du Mas des Bourboux et al. (2020). For instance, following Ennesser
et al. (2022) we now include in our analysis the spectra of Broad Absorption Line
(BAL) quasars, with the most contaminated regions properly masked. Finally, we
also revisit the weighting scheme used to compute correlations in the Lyman−𝛼
forest, resulting in an improvement of more than 20% in our precision.

All of the process followed here is executed using the publicly available code
picca 1 and can be reproduced by the user using public DESI data. The picca
package also includes modules for the computations of both auto- and cross-
correlation with quasars, cosmological fits, and multiple useful tools for Lyman−𝛼
forest studies.

The catalog is aimed at studies of 3D correlations in the Lyman−𝛼 forest. A
similar dataset is used by measurements of the 1D correlations with DESI data
(Ravoux et al., 2023; Karaçaylı et al., 2024). Although analogous estimations of the
unabsorbed quasar continuum are also needed in these studies, their methodology
is somewhat different and these publications focus on studies of systematics that
primarily affect the 1D correlations.

6.2 Data

Data used in this work comes from two different DESI datasets. On the one hand,
we have the Early Data Release (EDR), which includes all Commissioning, Survey
Validation (SV), and special survey data. On the other hand, we have EDR+M2,
which includes all data from EDR as well as the first two months of the main
survey.

Although this two samples are qualitatively similar, we are performing the
analysis separately for each of them to achieve two purposes:

• Describe the Lyman−𝛼 forest Value Added Catalog (VAC) in the context
of EDR+M2 (DESI Collaboration et al., 2023a): VACs for a wide variety of
tracers are being released using DESI early data. The present work provides
the Lyman−𝛼 forest fluctuations catalog.

• Describe the Lyman−𝛼 forest catalog used in the context of early DESI
data publications: Multiple related publications are being published in this
context within the Lyman-𝛼 working group. The objective of Gordon et

1https://github.com/igmhub/picca/
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al. (2023) is to obtain the first Lyman-𝛼 correlation measurements from
DESI early data, testing the current pipeline and data quality, and compare
its performance to previous eBOSS DR16 analyses. Herrera et al. (2023)
provides details on the current status of the different procedures used to
build mocks for Lyman−𝛼 forest analyses. Gontcho et al. (2023) characterizes
the systematics caused by the DESI instrument on the 3D correlations of
the Lyman−𝛼 forest. Bault et al. (2023) studies the impact of redshift
errors on the 3D cross-correlation of quasars with the Lyman−𝛼 forest. P1D
analyses are performed in two different papers: Ravoux et al. (2023) presents
the 1 dimensional measurement using Fast Fourier Transform (FFT), while
Karaçaylı et al. (2024) makes use of the Quadratic Maximum Likelihood
Estimator (QMLE).

Finally, the current work provides the Lyman-𝛼 fluctuations catalog, as well
as its validation. The decision to use EDR+M2 data for these analyses was
motivated by the need for a larger volume of data than the Early Data Release
plus the first two months of the main survey (EDR+M2) could offer, which
leads to better measurements of the correlation function, constraining power
and estimation of systematics.

EDR+M2 data, including Lyman−𝛼 forest fluctuations is available now, including
this VAC describing Lyman-𝛼 fluctuations. However, EDR+M2 will not be released
as a separate piece of data and M2 will be released alongside Data Release 1 (DR1)
data.

6.2.1 DESI spectroscopic data

Data from the DESI spectroscopic pipeline comes divided in files where the infor-
mation of multiple observations is coadded. Each coadded file contains per-spectra
information for the three arms (B, Z, R), as well as various metadata, including
fiber positions, instrument configuration during observation and atmospheric
conditions. The spectroscopic data include fluxes, estimated inverse-variance and
a mask identifying invalid pixels.

Each of the three arms of the spectrograph covers a different wavelength region:

• B arm: [3600, 5800] Å

• R arm: [5760, 7620] Å

• Z arm: [7520, 9824] Å
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Figure 6.1: Distribution of wavelength and pipeline-reported error on the flux
measurement for the larger EDR+M2 sample. This measurement is performed in
the C ii i region of the spectra, as defined in Table 6.2. The solid lines mark the
mean value of the error for a given wavelength, black for the EDR sample and
white for the EDR+M2. Apart from the clear distinction in these two lines, a subtle
division into two bands at larger wavelengths can also be observed. This is caused
by the better signal-to-noise in the EDR sample, thanks to multiple re-observations
of the same targets. We can also observe how the variance relatively increases in
the two ends of the spectrograph and in the area affected by the collimator mirror
reflectivity around 4400 Å.

with some overlap between eachof the arms. The Lyman−𝛼 forest is predominantly
observed in the blue arm (B arm) of the spectrograph, and only partially in the
red arm (R arm). DESI follows a linear wavelength grid with 0.8 Å steps, picca is
adapted to work with this resolution.

In Fig. 6.1, we show the distribution of wavelength and pipeline-reported er-
ror on the flux measurements for the EDR+M2 dataset, where 𝜎pip the variance
reported by the DESI pipeline based on photon statistics and readout noise. The im-
age highlights the main differences between EDR+M2 and M2 samples. EDR+M2
data corresponds to longer observations, with fewer quasars observed. M2 data, on
the other hand, includes a large number of objects, but with shorter observations,
leading to a larger value for 𝜎pip. The same panel shows an increase in variance
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around 4400 Å, caused by the collimator mirror reflectivity (Guy et al., 2023). For
reference, the distribution of fluxes is centered around 5 · 10−18erg s−1cm−2−1 in
the blue end of the spectra, and 5 · 10−19erg s−1cm−2−1 in the red end.

To match the accuracy of our most reliable mock data (Herrera et al., 2023) and
due to the limited amount of Lyman−𝛼 forest data available at longer wavelengths,
we have limited our analysis to fluctuations fulfilling 𝑧 < 3.79. Given that Lyman-
𝛼 fluctuations can be related to a specific location in the wavelength grid (𝑧 =

𝜆/𝜆Ly𝛼 − 1), this redshift cut corresponds to a maximum wavelength of 5772 Å
entering our analysis.

6.2.2 Description of the quasar catalog

Objects in the spectroscopic data are identified using the template-fitting code
Redrock (Bailey et al. (2023), and for the special case of quasars, Brodzeller et al.
(2023)). Redrock employs a set of templates as representatives of the main object
classes observed by DESI: quasars, galaxies and stars. For each observed spectrum,
Redrock determines the best-fitting redshift and template by comparing it to the
set of templates. This process allows Redrock to accurately identify the objects in
the DESI spectroscopic data.

However, Redrock sometimes misidentifies quasars as galaxies. To address
this issue, a set of independent quasar-identification approaches, referred to as
"afterburners" are also run. These afterburners can identify features missed by
Redrock and improve the accuracy of quasar identification. In our case, the most
relevant afterburners are QuasarNet (Busca and Balland, 2018; Farr et al., 2020a),
the Mg ii afterburner, and SQUEzE (Pérez-Ràfols et al., 2020). While only the first
two methods were used to build the final catalog, all of them were tested during
the SV phase (Alexander et al. (2023), also see Lan et al. (2023) for SV results on
galaxies).

For the case of QuasarNET, its main role is to correct for cases where Redrock
identifies an object as a low redshift galaxy when it is actually a high redshift
quasar. In these cases, QuasarNet is used to re-identify the object as a quasar
based on its spectral features using Machine Learning techniques and trained
using visually inspected datasets. If QuasarNet identifies an object as a high
redshift quasar, Redrock is run again with a high redshift prior. This will likely
change the object identification to a high redshift quasar, and if confirmed, the
object would be included in the final catalog.

The other relevant afterburner is the Mg ii afterburner. Its main role is to
correct for cases where Redrock misidentifies a quasar as a galaxy. For every object
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identified as a galaxy by Redrock, the Mg ii afterburner checks the width of the
Mg ii emission line. If the line is wide enough, the object is re-identified as a
quasar and included in the final catalog.

For this release, only objects targeted and confirmed as quasars are used. The
resulting catalogs include a total of 68 750 quasars for the EDR+M2 sample and
318 691 quasars for the EDR+M2 (see Table 6.1). This value includes all quasars in
the input sample, being the actual value of quasars used for each region detailed
in Table 6.2. The redshift and spatial distributions of the quasars is shown in
Fig. 6.2, compared to the larger catalog used in eBOSS DR16 analysis (du Mas des
Bourboux et al., 2020). The number of quasars in the EDR+M2 is clearly dominated
by the first two months of main survey (M2), containing almost half of the objects
in the eBOSS sample.

6.2.3 BAL and DLA information

Damped Lyman-𝛼 Absorption (DLA) systems caused by H i-rich galaxies affect
the Lyman−𝛼 forest by generating absorption features that can interfere with the
continuum fitting process. Damped Lyman-𝛼 Absorption (DLA) information is
provided using a DLA finder based on a convolutional neural network and a
gaussian process, for a full description of the DLA catalog see Zou et al. (2023).
We selected from the full sample the objects where both the convolutional neural
network and the gaussian process detected a DLA with a confidence larger than
50%.

Apart from DLAs, the Lyman−𝛼 forest can also be affected by broad absorption
lines believed to be caused by the existence of ionized plasma outflows from the
accretion disk. These BAL quasars can be added to the analysis, although they have
to be appropriately masked (see Section 6.3.1). The algorithm forBAL identification
was presented in Guo and Martini (2019), and the detailed description of the BAL
catalog for DESI data is presented in Filbert et al. (2023).

The number of DLAs and BALs for both EDR+M2 and EDR+M2 samples is
shown in Table 6.1. Given the better signal-to-noise in the EDR+M2 sample, the
identification of DLA and BAL objects in this sample is higher in this smaller
dataset.

6.3 Spectral reduction

The continuum fitting procedure estimates the expected flux for each of the quasars
in the catalog, this process is essential for computing Lyman-𝛼 fluctuations. The
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Figure 6.2: Distribution of objects in the two samples used in this publication,
compared with the final eBOSS DR16 sample presented in (du Mas des Bourboux
et al., 2020). Top: Redshift distribution of the three catalogs. Bottom: Sky
distribution of the same catalogs. We observe that M2 makes a significant portion
of the EDR+M2 sample. When compared to the eBOSS data, the EDR+M2 sample
is approximately halfway to matching the number of objects in the former.
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EDR EDR+M2
Quasars 68 750 318 691
DLAs 5 006 17 375
BALs 9 294 28 185

Table 6.1: Number of Lyman-𝛼 quasars in the two samples, number of quasars
showing BAL features and number of DLAs affecting forests from the Lyman-𝛼
quasars. The better signal-to-noise in the EDR sample allows for the detection of
a higher number of DLA and BAL features.

flux-transmission field can be defined as:

𝛿𝑞(𝜆) ≡
𝑓𝑞(𝜆)

𝐹(𝜆)𝐶𝑞(𝜆)
− 1 , (6.1)

where 𝐹 is the mean transmitted flux at a specific wavelength, 𝐶𝑞 the unknown
unabsorbed quasar continuum for quasar 𝑞 and 𝑓𝑞 its observed flux. The combi-
nation 𝐹𝐶𝑞(𝜆) is the mean expected flux of the quasars, and is the quantity that
we fit for the spectra.

Continuum fitting is the procedure to compute the flux-transmission field. It
can be split in an initial clean-up phase and a second phase where the quasar con-
tinuum is actually fitted. The clean-up phase involves two sequential procedures:
masking multiple unmodelled features and re-calibrating the spectra to eliminate
residuals from the DESI calibration procedure.

In this Section we first explain these two procedures, and then provide details
on the core of the continuum fitting process. We will end by describing the
differences between our analysis and previous SDSS methods.

6.3.1 Masks (sky lines, galactic absorption, DLA, BAL)

There are multiple features in the spectra that are not caused by Lyman-𝛼 fluctua-
tions but are still present in our spectra due to contamination. In order to simplify
the cosmological modeling when using Lyman-𝛼 fluctuations for correlation mea-
surements, we mask these features and remove them from our analysis.

The three type of masks applied in our analysis are: DESI pipeline; BAL and
DLA, applied to absorption features in the forest2 region; and galactic absorption
and sky emission lines that appear in the spectrograph when observing Lyman-𝛼
quasars. We note that the DESI pipeline mask is applied before the individual
observations are co-added (see Section 6.2.1). The other masks are applied after
the coaddition.

2We will refer to each individual line-of-sight as forest, following the convention from previous
Lyman-𝛼 publications.
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6.3.1.1 DESI pipeline masking

A masking process is applied within the DESI pipeline to identify bad pixels in
the spectra. These are typically caused by CCD defects or cosmic rays hitting the
spectrograph CCD. This mask is found to only affect about 0.1% of the DESI pixels
used for the Lyman-𝛼 analysis. Given the small fraction of pixels discarded, we
decided to remove these pixels from the analysis.

6.3.1.2 DLA and BAL masking

DLA absorption affects our spectra by imprinting itself in the spectra of quasars,
resulting in zero flux around the true redshift of the DLA and damping wings
further away. A secondary effect of this is the reduction in the mean flux of the
affected spectra, affecting the overall mean absorption. This biases our estimate of
𝐹𝐶𝑞 , potentially affecting all the quasars in the sample (see Section 6.3.3).

Although it is possible to include the absorption features from DLAs into our
models for the correlation functions, for simplicity, and following the prescription
in previous analyses (du Mas des Bourboux et al., 2020), we mask the regions of
the Lyman−𝛼 forest that are affected by identified DLAs when the DLA reduces
the transmission by more than 20%. We then correct the absorption in the wings
using a Voigt profile as suggested by Noterdaeme et al. (2012), being able to
include the pixels affected by these wings without affecting the mean absorption.

The top panel of Fig. 6.3, shows the fraction of pixels that have been masked
due to DLAs as a function of observed wavelength. Although there is an increase
in the number of detected DLAs with redshift, the number of masked pixels is
always smaller than 5%.

Regarding BALs, in previous analyses quasars exhibiting BAL features were
directly excluded from the analysis, although they were later used as tracers for
cross-correlations between quasars and the Lyman−𝛼 forest. However, Ennesser
et al. (2022) showed that quasars with BAL features could be safely included in the
analysis if all expected locations of these absorption features are masked. Here,
we follow their proposed approach.

In the bottom panel of Fig. 6.3, we observe the fraction of pixels masked due to
BALs as a function of rest-frame wavelength. In this case, we can see a pattern of
absorption that matches the expected absorption features described in Ennesser
et al. (2022). Since not all the BAL quasars suffer from the same absorption
profile, we expect the BAL-masked pixel fraction to be maximal around the central
absorption and decrease as we go away from it. It is worth noting that for the
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Figure 6.3: Fraction of pixels masked due to DLAs (top) and BAL (bottom) features.
As expected, the number of detected DLAs increase with redshift (and therefore
with 𝜆), yielding a fraction of masked pixels always below the 5%. For the BAL
case, we show the masked fraction as a function of 𝜆RF, which allow us to observe
the strong wavelength dependence of the masking, associated with emission lines
for different elements. This Figure used the full EDR+M2 dataset.

quasars used in the Lyman-𝛼 region continuum fitting, the percentage of BAL
quasars is 16% for the EDR+M2 sample and 23% for the EDR+M2 sample.

6.3.1.3 Galactic absorption and sky emission masking

There are certain absorption and emission features in our spectra that differ from
Lyman-𝛼 fluctuations or other absorbers in the Intergalactic Medium (IGM). These
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absorption and emission features can be easily identified because they affect spe-
cific wavelengths, resulting in sharp features when the spectra of multiple quasars
is combined. We can remove them by simply masking out the corresponding
wavelengths from our analysis.

The two most significant features in this regard are galactic absorption and sky
emission. Galactic absorption is caused by material in the Interstellar Medium
(ISM) absorbing at specific wavelengths. The ISM absorption for some of these
lines cannot be easily separated from the intrinsic absorption in the atmospheres
of the stars used for flux calibration, and thus they are not properly accounted
for. Here, we are affected by the Ca K and H transitions, and we mask the
corresponding wavelengths (see Fig. 6.4).

Sky emission comprises emission lines generated by atmospheric effects and
are mostly corrected in the modelling of sky lines. However, inaccuracies in this
modelling result in spurious features in our spectra. Here, we also mask the
affected wavelengths (see Fig. 6.4).

In Fig. 6.4, we present the measurement of the estimated 1 + 𝛿𝑞(𝜆) in the C ii i
region (see Table 6.2). Two kind of features can be observed in this plot: first, we
observe the sharp features corresponding to the mentioned galactic absorption
and sky emission; then we observe smooth features caused by inaccuracies in
the DESI calibration process. To correct for the former, we mask the pixels in
the wavelength intervals shown in the plot. The later can be corrected through
re-calibration (see Section 6.3.2).

Here we use the C ii i region to build our masks as it lacks the Lyman-𝛼
absorption features. This makes it easier to estimate absorption and emission
effects.

6.3.2 Re-calibration

DESI calibrates fluxes using standard stars (Guy et al., 2023). However, inaccuracies
in the modelling of these calibration stars introduce features in the measured
spectra when fluxes are predicted for other objects (such as quasars). These
features can be observed by examining the mean 𝛿𝑞(𝜆) in any region of the spectra,
particularly in the regions without Lyman-𝛼 absorption, where the variance of the
measured flux is expected to be lower. This is possible because the features caused
by calibration defects are function of observed wavelength, while the continuum
estimate is a function of rest-frame wavelength. Looking again at Fig. 6.4, we
can observe smooth features in the stack of fluctuations (1 + 𝛿𝑞(𝜆)) alongside the
masked sharp features.
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Figure 6.4: Weighted average of the flux-transmission field measured in the C ii i
region. This measurement has been performed without masking sharp features,
and they can be clearly observed at different positions in the spectrograph. The
three masked regions are specified in the plot, showing the wavelength range
affected by the mask. Smooth features in this measurement can also be observed.
Their impact can be corrected through the flux re-calibration (see Section 6.3.2).
For this Figure we used the full EDR+M2 dataset.

These features are correlated between different forests, and could therefore
bias the measurement of the correlation function. To avoid this, on top of the DESI
pipeline calibration, we re-calibrate our spectra. As stated above, these features
affect the same region of observed wavelength regardless of the rest-frame position
where they act. Therefore, one could in principle use the entire quasar spectra for
calibration purposes. However, the larger spectral diversity near quasar emission
lines can unnecessarily complicate this. In consequence, we search for a featureless
region redwards of the Lyman-𝛼 emission line. We will refer to all the candidate
regions as re-calibration regions.

In the absence of Lyman-𝛼 fluctuations, flux fluctuations are ideally only caused
by noise. In any of the re-calibration regions, the measurement of 1 + 𝛿𝑞(𝜆) is
expected to be consistent with 1; and its measurement can be considered a null
test that is not fulfilled in general given the issues described above.
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Region 𝜆RF, min 𝜆RF, max # forests EDR # forests EDR+M2
Å Å

C ii i 1600 1850 49 810 233 310
C iv 1410 1520 41 445 189 984
Mg ii-R 2900 3120 7 290 33 936
Mg ii 2600 2760 13 373 62 628
S iv 1260 1375 34 044 152 979
Lyman-𝛼 1040 1205 20 281 88 511

Table 6.2: Statistics for the regions considered during the analysis, the region
span is defined in the quasar rest-frame wavelength (𝜆RF). The number of forests
corresponds to the number of quasars whose spectra can be observed in the
spectrograph. A minor number of forests are rejected due to low signal-to-noise
ratio (SNR) or due to them being too short.

In the bottom panel of Fig. 6.5, we show the measurement of 1 + 𝛿𝑞(𝜆) for
multiple different candidate re-calibration regions. The fact that all of them show
similar features, in spite of being at different regions of the spectra, suggests
that all fluxes can be corrected consistently. Furthermore, we see comparable
features in the White Dwarf average residuals in the top panel of the same Figure.
This similarity can be seen in some of the regions of the spectrum, especially for
𝜆 ∈ [3600, 4200] Å, and it further justifies the re-calibration process.

In previous analyses, a region to the right of the Mg ii emission line (Mg ii-
R) was selected to re-calibrate fluxes, partly because it is located further to the
right of the spectra, reducing potential contamination from other absorption lines.
However, in this work we selected the C ii i region (𝜆 ∈ [1600, 1850] Å) due to the
larger number of pixels available and given the similar behavior compared to the
other regions. Fig. 6.6 shows the number of pixels at each wavelength bin of size
Δ𝜆 = 55.58 Å for the different regions, and the number of forests available for each
region can be found in Table 6.2. In both cases, we see that C ii i has the largest
number of pixels available for the analysis.

The choice of a re-calibration region at a larger wavelength than the Lyman−𝛼
forest also leads to an increase in the number of quasars that can be used for this
process. The Lyman−𝛼 forest analysis includes quasars with redshifts in the range
𝑧 ∈ (2.1, 3.7), while for the C ii i region, quasars in the range 𝑧 ∈ (0.9, 2.6) are
included. By looking at the quasar distribution (Fig. 6.2), we see that the number
of objects in the second range will be larger, and hence a larger number of pixels
available in the re-calibration region.

We use a similar procedure as du Mas des Bourboux et al. (2020) for this
re-calibration, correcting all the fluxes by using the mean flux in the re-calibration
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Figure 6.5: Bottom: Weighted average of the flux-transmission field measured at
different regions of the spectra. Its value has been shifted to better distinguish the
different regions. As opposed to the results shown in Fig. 6.4, sharp features are
not present here because these samples have already been masked. The smooth
features in the spectra are similar for all the measured regions, being the Mg ii-R
an outlier in this tendency, likely to be caused due to the reduced number of pixels
available for this region at low wavelengths (see Fig. 6.6). Results are computed
from the full EDR+M2 sample. Top: Average residuals to White Dwarf (WD)
spectra in the blue arm of the DESI spectra, as seen in Guy et al. (2023). A similar
trend can also be observed here between these residuals and our measured average
of the flux-transmission field, especially at smaller wavelengths, further justifying
our re-calibration process.
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Figure 6.6: Number of pixels available for the different regions measured in bins
of Δ𝜆 = 55.58 Å. Given the location of the different regions at different positions
in the quasar spectra, the number of available pixels is different for each of them.
This is because our spectral coverage lies in the range (3600, 5772) Å. Thanks to
the larger number of pixels available for the C ii i region, it was selected as the
region to be used for the re-calibration process. This Figure used the full EDR+M2
sample.

region:
𝑓new(𝜆𝑖) = 𝑓orig(𝜆𝑖)/ 𝑓calib, orig(𝜆𝑖) . (6.2)

The error reported by the pipeline for these fluxes also needs to be corrected
through:

𝜎pip, new(𝜆𝑖) = 𝜎pip, orig(𝜆𝑖)/ 𝑓calib, orig. (6.3)

After this correction, smooth features in the spectra will be alleviated, which
prevents biased results. In previous analyses, a second correction was applied
to correct the estimation of the flux variance provided by the pipeline (see Sec-
tion 6.3.4). However, the better performance of DESI in this aspect allows us to
skip this step. Evidence in this direction is the better behavior of the estimated
correction to the pipeline error (see Fig. 6.7).
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6.3.3 Continuum fitting

The core of the continuum fitting process consists of obtaining the expected
flux 𝐹𝐶𝑞 for each quasar in the sample. This allows for the determination of
the flux-transmission field (Eq. (6.1)). The process is performed iteratively, with
several quantities fitted simultaneously, and performed on each of the quasar
regions independently: in the case of a re-calibrated Lyman-𝛼 analysis, it is firstly
performed in the re-calibration region (C ii i in this case), and afterwards in the
Lyman-𝛼 region.

In order to simplify the process, the expected flux 𝐹(𝜆)𝐶𝑞(𝜆) is assumed to be
a universal function of rest-frame wavelength, 𝐶̄(𝜆RF), corrected by a first degree
polynomial in log 𝜆.:

𝐹(𝜆)𝐶𝑞(𝜆) = 𝐶(𝜆RF)
(
𝑎𝑞 + 𝑏𝑞

Λ −Λmin
Λmax −Λmin

)
, (6.4)

where Λ ≡ log𝜆 and Λmin, max identify its minimum and maximum values inside
the region to be fitted. That is, the spectra of quasars in our sample are assumed
to have the same underlying shape or continuum for all objects, allowing for
variations in the amplitude and tilt. In the analysis, the transmitted flux 𝐹 and
the quasar continuum 𝐶𝑞 cannot be fitted independently, although they are not
needed separately in our analysis. For this reason, we choose to directly estimate
the expected flux of quasars.

The parameters (𝑎𝑞 , 𝑏𝑞) are fitted by maximizing the likelihood function

2 ln 𝐿 = −
∑
𝑖

[
𝑓𝑖 − 𝐹𝐶𝑞(𝜆𝑖 , 𝑎𝑞 , 𝑏𝑞)

]2

𝜎2
𝑞(𝜆𝑖)

−
∑
𝑖

ln
[
𝜎2
𝑞(𝜆𝑖)

]
, (6.5)

where 𝜎2
𝑞(𝜆) is the variance of the flux 𝑓𝑖 . This value has to be estimated, and since

it depends on (𝑎𝑞 , 𝑏𝑞), we include this dependence in the likelihood function.
The full variance of the flux, 𝜎2

𝑞(𝜆), includes not only the obvious contribution
from the noise estimated by the DESI pipeline but also the intrinsic variance of
the Lyman−𝛼 forest3. We account for the intrinsic variance in the following way:

𝜎2
𝑞(𝜆)(

𝐹𝐶𝑞(𝜆)
)2 = 𝜂(𝜆)𝜎̃2

pip, q(𝜆) + 𝜎2
LSS(𝜆). (6.6)

where 𝜎2
LSS is the mentioned intrinsic variance of the Lyman−𝛼 forest, and 𝜎̃pip, q =

𝜎pip, q(𝜆)/𝐹𝐶𝑞(𝜆) where 𝜎pip,q is flux variance as estimated by the DESI pipeline.
3This quantity is expected to be very small outside the Lyman−𝛼 forest region.
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In this expression we also include a correction 𝜂(𝜆) to account for inaccuracies in
the pipeline noise estimation. We discard here an extra term in this expression
accounting for quasar variability at high SNR, which was previously used in du
Mas des Bourboux et al. (2020) (see Section 6.3.4.2 for details). It is worth noting
that 𝜎2

𝑞 here is the variance of the flux and therefore has flux units, whether all
quantities at the right hand side are dimensionless.

In the iterative continuum fitting process, we estimate the quantities 𝜂, 𝜎2
LSS,

𝑎𝑞 , 𝑏𝑞 , 𝐶(𝜆RF). The sequential steps of the process are:

1. Assume wavelength-independent values for unknown quantities: A flat
assumption is assumed for all the quantities to be fitted and measured. In
practice, this means setting 𝐶(𝜆RF) = 1, 𝜂(𝜆) = 1 and 𝜎2

LSS(𝜆) = 0.1.

2. Fit the per-quasar parameters (𝑎𝑞 , 𝑏𝑞): Using the current values of 𝐶(𝜆RF),
𝜂(𝜆) and 𝜎2

LSS(𝜆), the pair of values (𝑎𝑞 , 𝑏𝑞) is estimated for each individual
forest through the minimization of the likelihood defined in Eq. (6.5).

3. Estimate the flux-transmission field 𝛿𝑞(𝜆): Using the current value 𝐶(𝜆RF)
and the best-fit parameters for (𝑎𝑞 , 𝑏𝑞), we compute the expected flux for
each quasar following Eq. (6.4). This allows for the computation of the
fluctuations around the expected flux (𝛿𝑞(𝜆)) as defined in Eq. (6.1).

4. Fit the variance functions: The functions𝜂(𝜆) and𝜎2
LSS(𝜆), defined in Eq. (6.6),

are now fitted using the estimated 𝛿𝑞(𝜆) from the previous step. In order
to do so, different values of the flux-transmission field are grouped by
wavelength and 𝜎̃pip. We take 20 bins for the wavelength split and 100 for
the split on 𝜎̃pip, generating a grid of 2000 points. We compute the variance
𝜎2(𝜆, 𝜎̃pip) = 𝛿2

𝑞(𝜆, 𝜎̃pip) for each point in the grid4. The functions 𝜂(𝜆)
and 𝜎2

LSS are fitted for each of the 20 wavelengths independently using the
following likelihood function:

2 ln 𝐿 = −
∑̃
𝜎pip

[
𝛿2
𝑞(𝜆, 𝜎̃pip) − 𝜂(𝜆)𝜎̃2

pip − 𝜎2
LSS(𝜆)

]2

𝛿4
𝑞(𝜆, 𝜎̃pip)

, (6.7)

where the sum in 𝜎̃pip include all the valid bins in 𝜎̃pip (at most 100). The
points in the grid computed using less than 100 pixels are considered un-
reliable and discarded from the fits. We note that in those cases where the
fit does not converge (for example, if there are too few quasars), then the
default values from step Item 2 are kept.

4Here we assume 𝛿𝑞(𝜆, 𝜎̃pip) = 0 as an approximation. Fluctuations around this assumption
are small (see Fig. 6.8)
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5. Recompute the mean expected flux: At this stage we update the value of
𝐶(𝜆RF). This is performed by computing the weighted average of all quasars
expected flux sharing the same 𝜆RF value. Here, we use the optimal weights
as defined in Eq. (6.10) (see Section 6.4.1).

6. Compute and save relevant statistics: Relevant statistics are computed at
each iteration and stored in delta_attributes_iteration{i}.fits.gzfiles
(where 𝑖 is the iteration number). The saved statistics include the stack of
fluctuations (1 + 𝛿𝑞(𝜆)), the fitted variance functions (𝜂, 𝜎2

LSS), the mean
continuum (𝐶(𝜆RF)) and fit metadata including the tilt and slope values (𝑎𝑞 ,
𝑏𝑞), the number of pixels used for the fit and the 𝜒2 of the fit.

7. Continue next iteration starting in step Item 2: The next iteration starts
using the updated values of 𝐶(𝜆RF), 𝜂 and 𝜎2

LSS.

This process is performed 5 times, resulting in stable estimates of all the defined
quantities.

In Fig. 6.7, we show the final estimates for the two fitted function 𝜂 and 𝜎2
LSS for

the two regions considered in this analysis (Lyman-𝛼 and C ii i) and for the two
different samples (EDR and EDR+M2). The correction to the pipeline estimated
variance, 𝜂, shows a∼2% deviation from the ideal value of 1 in the case of EDR+M2
and up to ∼7.5% deviation in the case of EDR. This difference is due to the worse
estimation of the pipeline-reported variance for the first part of the SV program
(see Ravoux et al. (2023) for details). For 𝜎2

LSS, its estimation is similar for both
samples, showing a clear dependence on wavelength (and hence redshift) for the
Lyman-𝛼 region and an expected (due to the lack of Lyman-𝛼 fluctuations) nearly
zero value for the C ii i region. The fit fails at the higher wavelength values in
the case of the EDR sample due to the small number of pixels available at these
wavelengths, and then the initial value is kept.

Fig. 6.8 shows the mean flux-transmitted field for the same two regions and
samples. In this case, differences between the two samples are smaller, only
showing a higher variance in the case of the smaller (EDR) sample. The variances
are particularly worse at the largest wavelengths in the Lyman-𝛼 region due
to the reduced number of pixels available. The C ii i region, for which no re-
calibration has been performed, still shows the smooth features already discussed
in Section 6.3.2. They do not appear in the already re-calibrated Lyman-𝛼 region,
although there is a higher variance caused by the less number of pixels (as shown
in Fig. 6.6).
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Figure 6.7: Wavelength evolution of the fitted parameters 𝜂 and 𝜎2
LSS, measured

in both the C ii i and Lyman-𝛼 regions for the EDR (dashed) and EDR+M2 (solid)
samples. Top: The pipeline error correction 𝜂 is found to be larger for the EDR
sample, caused by the worse estimation of the pipeline-reported variance for the
first part of the SV program. Bottom: 𝜎2

LSS, in this case it is consistent between
the two samples. As expected the C ii i region shows a value close to 0 for all
wavelengths, while for the Lyman-𝛼 region follows the expected increase in its
intrinsic variance with redshift. In both 𝜂 and 𝜎2

LSS, measurements for the EDR
sample, the fitted parameters could not be obtained for the larger wavelength
value due to the reduced number of pixels available, falling to the default values
𝜂 = 0.1 and 𝜎2

LSS = 0.1.
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Figure 6.8: Measurement of the weighted mean of the flux-transmission field for
both the Lyman-𝛼 and C ii i regions. The Lyman-𝛼 region shows an expected
higher variance at all wavelengths compared to the C ii i region, although it lacks
smooth features thanks to the re-calibration process. Similarly, the EDR sample
shows a higher variance than EDR+M2. In both cases, this is caused by the
decrease in number of pixels available. Given the low number of pixels available
at larger wavelengths for the EDR sample for the Lyman-𝛼 region, it departs from
the expected unity behavior.
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Figure 6.9: Example of a high signal-to-noise quasar spectrum. The mean expected
flux 𝐶(𝜆RF) as in Eq. (6.4) is shown for the Lyman-𝛼, S iv, C iv and C ii i regions.
The quasar has a redshift 𝑧𝑞 = 2.495 and is identified as a DESI object with
TARGETID=39628443918272474. As in this example, we occasionally observe
metal absorption in the calibration regions.

6.3.3.1 Example of quasar fit

An example of a high SNR quasar spectrum is shown in Fig. 6.9. We can see the
Lyman−𝛼 forest at the left side of the Lyman-𝛼 emission line (𝜆RF = 1215.7 Å), with
the characteristic absorption features. The solid lines show the mean expected flux
for that particular forest at different spectral regions. Metal absorption features
can be observed in this example for the S iv and C iv re-calibration regions.

6.3.4 Changes with respect to previous analyses

In this work, we include1 some changes compared to the last Lyman−𝛼 forest
analysis conducted using SDSS data (du Mas des Bourboux et al., 2020). These
changes were necessary due to the differences in the way data is structured in
DESI as compared to SDSS. One of the most significant is the linear pixelization
of the wavelength grid.

There are three relevant changes in the way the analysis is performed. First,
the re-calibration has been updated to account for the improvements offered by
the new instrument. Second, the variance estimation process has been simplified.
Third, the re-calibration region has been switched to C ii i. We have already
discussed the third change in Section 6.3.2, now we will describe the first two
changes in detail.

6.3.4.1 Re-calibration of spectra in SDSS

The improved estimation of pipeline noise (𝜎pip) in DESI has eliminated the need
for multiple re-calibration steps as it was performed in the SDSS analysis.
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For SDSS analyses, re-calibration was performed in two steps, both of which
were conducted in the same re-calibration region. The first step was equivalent
to the one used in this analysis (Section 6.3.2). After the first step, a second re-
calibration step was added to further correct the reported variance of the pipeline.
In this second step, the continuum fitting process was run again to obtain a new
estimation of 𝜂.

Then, this new value of 𝜂 is applied in the main Lyman-𝛼 fluctuations run to
correct for the values of 𝜎pip:

𝜎
2 (Ly𝛼)
pip (𝜆) = 𝜂(calib2)(𝜆) 𝜎2 (calib2)

pip (𝜆). (6.8)

The extra re-calibration step in SDSS aimed to make the final estimation of 𝜂
closer to 1, but it also added an unnecessary layer of complexity to the process
with the sole purpose of doing so. However, it did not modify the product 𝜂 ·𝜎2

pip,q,
and as a result, the overall variance assigned to pipeline noise was unchanged.

6.3.4.2 Variance estimator

In Eq. (6.6), we have defined the model for our variance of the flux 𝜎2
𝑞(𝜆). Its

expression has been simplified from previous SDSS analysis, where this variance
was modeled as:

𝜎2
𝑞(𝜆)(

𝐹𝐶𝑞(𝜆)
)2 = 𝜂(𝜆)𝜎̃2

pip, q(𝜆) + 𝜎2
LSS(𝜆) +

𝜖(𝜆)
𝜎̃2

pip,q(𝜆)
. (6.9)

The additional term was added to account for the observed increase in variance
at high SNR, which is likely caused by the diversity of quasar spectra.

In Fig. 6.10, we present the weight of each term in Eq. (6.9) contributing to the
total variance, selecting only the highest SNR quasars. This shows that the effect
of this added term is small, and for simplicity we decided to not include it in our
analysis. The plot displays only the top 5 % higher SNR quasars since this subset
is expected to have the largest contribution (the third term in Eq. (6.9) becomes
larger). It is worth noting that the contribution is too small to be discernible when
all the objects in the sample are considered.

However, it is important to take into account quasar diversity in future analyses.
We plan to incorporate a term in Eq. (6.6) that considers the variance in the quasar’s
continuum. This term will be dependent on rest-frame wavelength, 𝜎2

𝐶
(𝜆RF), and

will also help us select the region of the quasar suitable for Lyman-𝛼 analyses,
showing us how close the emission lines we can get.
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Figure 6.10: Contribution of each term in Eq. (6.9) to the full variance, for multiple
wavelength bins. For this measurement we only used the 5% of quasars with the
highest SNR in the EDR+M2 sample. This analysis reveals that the effect of the 𝜖
term in Eq. (6.9) is minimal, even for the data subset where it is supposed to be
most significant.

Nevertheless, for this DESI EDR analysis, we decided to omit this modification
since its inclusion lacked sufficient justification, and its influence on the analysis
is negligible.

6.4 Discussion

The main science driver of the Lyman-𝛼 catalog presented here is the measurement
of 3D correlations that allows us to constraint the BAO scale (Gordon et al., 2023).
In this Section, we discuss two methodological novelties in the construction of the
Lyman-𝛼 catalog with respect to previous eBOSS analyses (du Mas des Bourboux
et al., 2020), and we do this by looking at the impact of these changes to the
precision with which we will be able to measure the 3D correlations. In particular,
in Section 6.4.1 we discuss the optimization of the weights assigned to each Lyman-
𝛼 fluctuation, while in Section 6.4.2 we will chosse the rest-frame wavelength range
based on the precision of the correlation function measurements.
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We conclude this Section in Section 6.4.3 with a discussion on the distribution
of per-quasar parameters that capture the diversity of quasar continua in the
dataset.

6.4.1 Optimal weights

Correlations in the Lyman−𝛼 forest are estimated as weighted averages of products
of fluctuations 𝛿𝑞(𝜆) in pixel pairs at a given separation. An optimal quadratic
estimator would use the inverse of the pixel covariance as the weight matrix, but
the large number of pixels in current Lyman-𝛼 datasets makes this inversion not
feasible.

Ignoring the small correlation between pixels in different quasar spectra,
one can approximate the covariance as block-diagonal, and make the inversion
tractable. This approximation has been used in several measurements of the 1D
power spectrum (McDonald et al., 2006; Karaçaylı et al., 2020, 2022, 2024), it has
been proposed to measure the 3D power spectrum (Font-Ribera et al., 2018) and
it was used in one of the first BAO measurements with the Lyman-𝛼 forest (Slosar
et al., 2013).

Recent measurements of 3D correlations in the Lyman−𝛼 forest (Delubac et al.,
2015; Bautista et al., 2017; de Sainte Agathe et al., 2019; du Mas des Bourboux
et al., 2020), on the other hand, have ignored all correlations between pixels and
have used instead a diagonal weight matrix. These studies weighted each pixel
with the inverse of its variance, including the instrumental noise and the intrinsic
fluctuations (see Eq. (6.6)), effectively approximating the inverse covariance matrix
with the inverse of its diagonal elements. This approximation is simple and easy
to implement, but it is not the optimal diagonal weight matrix.

In this Section we study a simple modification of our diagonal weight matrix,
where we add an extra free parameter 𝜎2

mod that modulates the contribution of the
intrinsic fluctuations 𝜎LSS to the weights:

𝑤𝑞(𝜆) =
1

𝜂(𝜆)𝜎̃2
pip, q(𝜆) + 𝜎2

mod𝜎
2
LSS(𝜆)

. (6.10)

A small value of 𝜎2
mod is equivalent to weighting the pixels based solely on the

noise variance, while a large value gives the same weight to all pixels at a given
redshift, regardless of instrumental noise.

In Fig. 6.11 we show that a value of 𝜎2
mod around 7-8 can improve the precision

of the auto-correlation measurement by 25%, at no additional cost. As expected,
the gain in precision in the cross-correlation is roughly half of that, and we find a
10% improvement for values of 𝜎2

mod around 6-7.
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Figure 6.11: Measurement of the Lyman-𝛼 auto- (solid) and cross- (dashed) corre-
lation errorbars for different choices of the 𝜎2

mod parameter, scaled to a reference
value at 𝜎2

mod = 1. The value of the errorbars was averaged over all scales, given
the small scale dependency. The 𝜎2

mod parameter modified the inverse-variance
weighting scheme as defined in Eq. (6.10), the use of a 𝜎2

mod ≠ 1 allows us for the
optimization of the weighting scheme. In both auto- and cross-correlations, we ob-
serve a reduction in the size of the errorbars when we approach the optimal value
of the 𝜎2

mod parameter. This optimal value is slightly different, but in both cases
is found around 7-8. In the optimal value, the improvement in the measurement
of the auto-correlation is about 20%, and 10% for the case of the cross-correlation.
Both measurements have been performed with the full EDR+M2 dataset.
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It is important to note that the actual gain will depend on the properties of the
dataset. For instance, 𝜎pip and 𝜎LSS change differently with the width of the pixels
used, and we have tested that when using pixels of 2.4Å (similar to the ones used
in the BAO measurement of du Mas des Bourboux et al. (2020)) the optimal value
is smaller, 𝜎2

mod = 3.1, and the gain in the auto-correlation is only 8%.
For this work and the associated Value Added Catalog, we decide to use a value

of 𝜎2
mod = 7.5, and we leave for future work the implementation of a block-diagonal

weighting.

6.4.2 Selection of rest-frame wavelength range

Due to diversity in quasar spectra near the emission lines, the rest-frame wave-
length range that can be used for analyzing the Lyman−𝛼 forest is limited. This hap-
pens at the red end of the spectra due to the Lyman-𝛼 emission line (𝜆RF = 1215.67
Å) and at the blue end limited due to the Lyman-𝛽 line (𝜆RF = 1025.72 Å).

Extending the analysis towards longer wavelengths closer to the Lyman-𝛼
emission line allows for the incorporation of more data. By including these extra
pixels in ouranalysis, we can improve ourmeasurements of the correlation function
if the improvement due to the large number of pixels is not counterbalanced by of
the larger pixel variance.

In Fig. 6.12, the blue points show the size of the errorbars in the auto-correlation
measurement when we extend the analysis to higher 𝜆RF, max. The value at
𝜆RF, max = 1205 Å yields the smallest errorbars. To separate the two effects of
increased number of pixels and increased pixel variance, we also plot 𝜎2

𝜉𝑁 , where
𝑁 is the number of pairs in the correlation measurement, since we expect 𝜎2 ∝ 1/𝑁 .
This will show how valuable the added points are when extending the wavelength
range. Its evolution in Fig. 6.12 shows that extending 𝜆RF, max to higher wave-
lengths adds less valuable information, and therefore the decrease in the size of
the errorbars is only driven by the increase in the sample size.

Given this result, we decided to set𝜆RF = 1205 Å because we found that further
increasing the limit did not add constraining power. The increased variance near
the emission line is likely the reason behind this, as it is not accounted for in our
calculations and could potentially affect our measurements if we approached it
too closely. A more detailed study of quasar continuum variance, using a larger
dataset than the one presented here, is necessary to fully understand its effects.
We leave this for future releases of DESI data.

The same exercise was performed for the blue side of the quasar spectrum, and
the results are shown in Fig. 6.13. When compared to the prescription of previous
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Figure 6.12: Comparison of the size of the errorbars in the Lyman-𝛼 auto-
correlation for different choices of𝜆RF, max. The blue points show the errorbars size
after averaging over all scales (given the small scale dependence of this quantity),
and scaled to a reference value at 𝜆RF, max = 1205 Å. The orange points show the
equivalent measurement but in this case for the product of errorbar sizes times
the number of pixel pairs, removing the dependence on the number of pairs used
in the measurement. Following the blue points, we observe an improvement in
the precision of our auto-correlation measurements when increasing the 𝜆RF, max
parameter, having the optimal value at 1205 Å. The orange points show that the
quality of these added points actually decrease for higher wavelengths, revealing
that the improved performance is only driven by the inclusion of more information
in our sample. We selected 1205 Å as our default value as a compromise between
these two features. We used data from the whole EDR+M2 dataset for these
measurements.

analyses (𝜆RF, min = 1040 Å in du Mas des Bourboux et al. (2020)), we observe a
degradation of the errorbars either going to smaller 𝜆RF, min due to the decrease
of pixel count; or to larger 𝜆RF, min approaching the emission line. For this reason
we retain this prescription of 𝜆RF, min = 1040 Å.
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Figure 6.13: Identical measurements as the ones displayed in Fig. 6.12, in this
case for values of 𝜆RF, min. The optimal wavelength is found at 𝜆RF, min = 1040 Å,
while having similar features for the orange points: a decrease in the quality of the
points added when approaching the emission line. Following the same arguments
as in the case of 𝜆RF, max, we decided to keep the limit at 1040 Å. Again, these
measurements were performed using the EDR+M2 sample.

6.4.3 Per-quasar parameters (a,b)

As mentioned in Section 6.3.3, the quasar continua is assumed to follow a universal
function of rest-frame wavelength, with a correction by a first degree polynomial
parametrized by 𝑎𝑞 and 𝑏𝑞 . Quasar variability can be larger at both ends of the
Lyman-𝛼 forest, due to the Lyman-𝛽 and Lyman-𝛼 emission lines, but variability
in the weak quasar emission lines at 1017 Å and 1123 Å (Suzuki, 2006) could also
impact the results.

In Fig. 6.14, we examine the distribution of these two parameters to test this
assumption. The plot does not show special features apart from the long tail at
large values of |𝑏𝑞/𝑎𝑞 |. This feature is caused by spectra where only a small part of
the forest appears in the spectrograph. In these cases, fitting the real continuum
of the quasar is difficult, leading to poor fits. For this reason, we require forests to
have a minimum length of 150 pixels of 0.8 pixels.
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Figure 6.14: Distribution of 𝑎𝑞 and 𝑏𝑞/𝑎𝑞 parameters defined in Eq. (6.4) for
the EDR+M2 sample. The 𝑎𝑞 parameter modifies the amplitude of the mean
continuum 𝐶(𝜆RF), while the 𝑏𝑞/𝑎𝑞 term introduces a modification that tilts it as
a function of rest-frame wavelength. This last parameter relates to the intrinsic
width of the spectral index. The faint long tail at large values of |𝑏𝑞/𝑎𝑞 | is caused
by short forests in the sample, where the continuum fit can be problematic.
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6.5 Summary and conclusions

In this work, we present the first measurement of Lyman-𝛼 fluctuations using
DESI data. We use two data samples: EDR, which mainly consists of SV data;
and EDR+M2, which also includes the first two months of the main survey (M2)
data. The EDR sample contains 68 750 quasars, of which 20 281 have valid forests
for Lyman-𝛼 studies, i.e., with the Lyman-𝛼 region visible and identifiable. The
EDR+M2 sample contains 318 691 quasars, of which 88 511 have valid forests. We
release the Lyman-𝛼 fluctuations catalog for the EDR+M2 sample as part of the
first DESI data release.

To achieve this measurement, we adapted the methodology proposed in pre-
vious analyses, especially the one outlined in du Mas des Bourboux et al. (2020),
to suit the unique characteristics of the DESI early data sample. We discussed and
applied several important modifications.

• We adjusted our pipeline to work with linear-spaced bins in wavelength to
match the DESI scheme, preserving its format and precision.

• We adapted the re-calibration process by simplifying it, removing unneeded
steps that did not improve the performance of the whole re-calibration. We
also switched the re-calibration region to allow for more pixels to be used in
this process.

• We simplified the weighting scheme by removing terms that added unneces-
sary complexity and did not contribute to the accuracy of the results, specially
for this small data release.

• By optimizing our diagonal weight matrix, we improved measurements of
the auto-correlation by about 20%, and of the cross-correlation by about 10%

The presented flux-transmission field catalog could be used for other studies
apart from the standard BAO analysis. As in Font-Ribera et al. (2012b) and Pérez-
Ràfols et al. (2018a,b), its cross-correlation with DLAs can be measured. A similar
analysis could be performed with Strong Blended Lyman-𝛼 (SBLA) absorption
systems, as in Pérez-Ràfols et al. (2023). The full-shape analysis of the Lyman−𝛼
forest three-dimensional correlation function would allow for the measurement
of the Alcock-Paczyński effect, as performed in Cuceu et al. (2023a) using eBOSS
DR16 data. Furthermore, IGM tomography is also possible with this sample.

As datasets get larger and larger, we will need to be more careful with the
analysis. Weights used to measure clustering could be improved in two ways.
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As discussed in Section 6.4.1, the implementation of a block-diagonal weighting
scheme will account for correlations between pixels within the same forest. Al-
ternatively, taking into account that quasar diversity makes the estimation of the
continua more difficult, one possible way of improving the weights is adding to
the weighting scheme proposed in Eq. (6.6) an extra term accounting for errors
in the estimation in the continuum. This term would be dependent on 𝜆RF and
would be larger around the emission lines, where quasar diversity is expected to
be higher. Finally, the analysis could be extended into the Lyman-𝛽 region.

This study can serve as a solid foundation for future research using DESI
data. We are excited about the potential for further investigations in this area,
as more comprehensive analyses become possible with the availability of future
DESI releases.
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7

Robustness tests for the DESI
DR1 Lyman-𝛼 forest BAO

analysis

In Chapter 6, we showed how the Lyman-𝛼 catalog for the Early Data Release
(EDR) was designed and built. In April 2024, the Dark Energy Spectroscopic
Instrument (DESI) collaboration released the Baryon Acoustic Oscillations (BAO)
results from the Data Release 1 (DR1), containing data from the first year of
main survey. This included measurements from galaxies and quasars (DESI
Collaboration et al., 2024a) and from the Lyman−𝛼 forest (DESI Collaboration
et al., 2024b). Cosmological constraints using these measurements were released
in DESI Collaboration et al. (2024c).

The Lyman-𝛼 dataset contained information from more than 700 000 quasars,
twice the number of previous BOSS+eBOSS analyses (du Mas des Bourboux et al.,
2020). This release provided a measure of the expansion at 𝑧eff = 2.33 with 2%
precision and a 2.4% measurement of the transverse comoving distance. Similar
methods as the ones in the EDR were used, specifically, the Lyman−𝛼 forest
catalog was generated using the procedures detailed in Chapter 6.

In this Chapter, we will describe part of the validation necessary to perform
the DR1 analysis. Specifically, the tests conducted to ensure the robustness of
the analysis, consisting of variations around the main analysis and some data
splits. The goal was to ensure that the measurement of the BAO position did not
depend on specific configurations of the analysis. These analyses were published
alongside the Lyman−𝛼 forest measurements in (DESI Collaboration et al., 2024b).

BAO measurements are particularly robust because they are based on the
measurement of a well-defined three-dimensional feature, while the spurious
correlations caused by instrumental systematics or contaminants tend to be smooth
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and featureless1.
Despite this, the complexity of the analysis and its multiple contaminants

mean that the BAO measurement could be affected by decisions made during the
analysis setting, such as the selection of the wavelength range, or the masking
discussed in Section 6.3.1. Therefore, we must ensure that all these decisions do
not impact the final results.

The DESI Collaboration requires all the working groups working on BAO
analyses to work with blinded data, aiming to avoid confirmation biases. The
blinding strategy chosen for Lyman−𝛼 forest analyses was one where the BAO
peak was shifted by an unknown additive term (for more details on the blinding
strategy, see Appendix C of DESI Collaboration et al. (2024b)).

The blinding strategy included conditions that must be met before unblinding.
Ideally, after the unblind, no further modifications should be made without heavily
justifying them beforehand. In our case, the unblinding condition was that a series
of tests conducted on both mocks and real data did not yield results significantly
different from the main analysis. The relevant statistic chosen for this was the
position of the BAO peak using the scale parameters 𝛼∥ and 𝛼⊥, defining the
position in the direction parallel and perpendicular to the line of sight respectively,
defined as:

𝛼∥ =
𝐷𝐻(𝑧)/𝑟𝑑

(𝐷𝐻(𝑧)/𝑟𝑑)fid
, 𝛼⊥ =

𝐷𝑀(𝑧)/𝑟𝑑
(𝐷𝑀(𝑧)/𝑟𝑑)fid

, (7.1)

where the fid subscript indicates the values for the fiducial cosmology used in the
analysis to compute comoving separations from angles and redshifts.

The validation in synthetic data is extensively discussed in the companion paper
focused on mock data for DR1. This synthetic datasets included both datasets
coming from CoLoRe realisations (software that we presented in Chapter 5) and
an independent software developed independently and presented in Etourneau
et al. (2024), the Saclaymocks.

The validation with real data for BAO measurements can be divided into two
parts: data splits, where the data are divided into qualitatively different parts; and
alternative analyses, where analyses are conducted with different configurations.
In both cases, we seek to ensure that the BAO results are consistent.

1One exception is the case of contamination by absorption by elements other than H . The
correlation between these absorptions will cause peaks in the correlation function that need to be
properly modelled (see Gordon et al. (2023) for details)

112



7.1. DATA SPLITS

0.90 0.95 1.00 1.05 1.10

0.90

0.95

1.00

1.05

1.10

||

DESI DR1 BAO results at zeff = 2.33
Ly × Ly
Ly × QSO
Combined

Figure 7.1: Measurements of the BAO parameters along the line of sight (𝛼∥) and
across the line of sight (𝛼⊥) with contours corresponding to the 68% and 95%
confidence regions. The auto-correlation results (filled blue contours) are the
combined measurement of the Ly𝛼 forest auto-correlations in the Lyman-𝛼 and
Lyman-𝛽 regions. The cross-correlation results (dashed black) are the correlations
of the forest in these two regions with quasars. The combined results (solid red)
simultaneously fit all four correlations taking into account their cross-covariance
(DESI Collaboration et al., 2024b).

7.1 Data splits

In the data splits, we divide the real data into two qualitatively different parts
and measure the impact on BAO by comparing it with the main analysis. It is
important to note that when performing a data split, one ends up with two smaller
subsets of data, and we should expect a larger statistical uncertainty.

The first data split performed corresponds to the results shown in Fig. 7.1,
where we compare the consistency of BAO measurements by comparing the
Lyman-𝛼 auto-correlation and the cross-correlation with quasars. Fig. 7.1 shows
the contours (68% and 95% confidence regions) in the (𝛼∥ , 𝛼⊥) space for the
auto-correlation, the cross-correlation, and the combined result.

The rest of the data splits can be seen in Fig. 7.2. In the top left panel, we see a
split based on the mean Signal-to-noise ratio (SNR) of the spectrum. The chosen
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Figure 7.2: BAO constraints from the main analysis (grey) and from data splits. Top
left: low (green) vs high (blue) SNR in the quasar spectrum. Top right: low (green)
vs high(blue) C iv equivalent with (EW) in the quasar spectrum. Bottom left: South
(green) vs North (blue) imaging used in the quasar target selection. Bottom right:
correlations from the Lyman-𝛼 region (green) and Lyman-𝛽 region (blue); the
Lyman-𝛼 region shows the combined measurement from the auto-correlations of
the forest measured in the Lyman-𝛼 region and the cross-correlations of this region
with quasars. The contours labeled Lyman-𝛽 show the combined measurement
of the forest auto-correlations measured in the Lyman-𝛽 region and the cross-
correlation of this region with quasars.

value of 2.25 is selected so that the two parts of the split have roughly the same
weight in the auto-correlation measurement. The SNR value is the average in the
Lyman-𝛼 region. The two resulting catalogs have 321 767 quasars for the low SNR
split and 106 636 for the high SNR split. The sum of both values does not reach the
total number of quasars in the general sample (709 565) because it is not possible
to detect the forest continuum for 𝑧 < 2 and therefore to obtain an estimate for
SNR.

In the top right panel of the same Fig. 7.2, we show a split where we divide the
quasar sample based on the width of the C iv emission line (EW). This division is
motivated by the expectation of a dependence between the EW and the continuum
luminosity, a phenomenon known as the Broad Absorption Line (BAL)dwin Effect
(Baldwin, 1977). The width measurement gives an average value of 37.3 Å, with
a mean of 41.6 Å for 3𝜎 measurements of the emission line. Based on this data,
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the sample is split at 39 Å, resulting in 371 751 quasars for the low EW sample
and 337 814 for the high EW sample. It has also been observed that the low EW
sample has a slightly higher luminosity than the high EW sample (as predicted
by the BALdwin Effect).

The next split, shown in the bottom left panel of Fig. 7.2, shows the results for
a split in the footprint. This split is based on differences in the imaging survey
used for target selection. A small part of the footprint is based on observations
from the BASS and MzLS surveys (Silva et al., 2016; Zou et al., 2017) in the North
Galactic Cap, for 𝛿 > 32.375◦ (where 𝛿 the declination), we have considered this
part as the “North” split. On the other hand, most of the DESI footprint comes
from target selection performed by the DECam camera on the Blanco telescope in
Chile, including the entire South Galactic Cap and the southern part of the North
Galactic Cap. We have considered this other part of the split as “South”. The
“South” sample is considerably larger than the north, containing 579,166 quasars
compared to 130,399 in the north split.

Finally, shown in the bottom right of the same Fig. 7.2, we have the split
considering different regions of the Lyman−𝛼 forest. In the main Lyman−𝛼 forest
analysis, we consider two regions to calculate the correlations of the fluctuations.
The first region, called Lyman-𝛼, comprises wavelengths between 1040 Å and
1215 Å in the quasar rest-frame wavelength, immediately to the left of the Lyman-
𝛼 emission line. This region obtains the "purest" measurements as there is no
contamination from other hydrogen emission lines. On the other hand, we have
the Lyman-𝛽 region, which comprises wavelengths between 920 Å and 1020 Å,
this is to the left of the Lyman-𝛽 emission line.

In this data split, we use Lyman-𝛼 absorption in the Lyman-𝛼 region and
Lyman-𝛼 absorption in the Lyman-𝛽 region. Because the wavelengths in the
Lyman-𝛽 region are shorter, this region only appears in higher redshift quasars.
This implies that we have fewer data for this second region, contributing to a larger
variance in the result of the measurement in the Lyman-𝛽 region.

With the exception of the splits separating the North from the South, the others
share the same footprint and redshift range. Despite this, the cosmic variance is a
very small contribution to the covariance matrix, so we can approximate the splits
as independent. Observing the contours in Fig. 7.1, Fig. 7.2, we can conclude that
the different tests are compatible with statistical fluctuations.
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Figure 7.3: Shifts in the BAO parameters from alternative analyses. These include
variations in the method to estimate the fluctuations (purple); variations in the
dataset used (red); variations in the measurement of correlations and covariances
(green); variations in th rang of separations used (orange); and variations in the
modelling (blue). The red shaded region show the one 𝜎 uncertainty from the
main analysis, and the smaller gray region shows the threshold set for these tests
(𝜎/3).
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7.2 Alternative analyses

Now we will discuss the validation tests focused on the robustness of the BAO
measurement. In this type of test, we modify some configurations of the main
pipeline to check if there is any shift in the BAO parameters. Before unblinding, we
set a value of one-third of the uncertainty ni the main analysis as a threshold to test
the robustness. This corresponds in absolute terms to 𝛼∥ ∼ 0.005 and 𝛼⊥ ∼ 0.007.

However, some of the variations used affect the sample size. In this type of
variation, we expect a larger statistical uncertainty, and it is possible that some of
the tests may fail to meet the parameters stipulated in the previous paragraph.

There are three types of variations depending on the step in the pipeline
where the change is introduced: variations in the estimation of the fluctuations,
variations in the measurement of the correlations, and variations in the estimation
of cosmological and astrophysical parameters.

7.2.1 Variations in the estimation of fluctuations

These variations affect the estimation of fluctuations from the quasar spectra
provided by the DESI pipeline.

First we have variations where the methodology used in the estimation of
fluctuations is changed, these are shown in purple in Fig. 7.3.

• no calibration: In this variation, we do not perform the calibration step in
the C ii i region as described in Section 6.3.2.

• 𝜂pip = 1: We do not add the correction to the pipeline noise, as described in
Section 6.3.3.

• 𝜖 free: We recover the 𝜖 term described in Section 6.3.4.2, used in previ-
ous Extended Baryon Oscillation Spectroscopic Survey (eBOSS) analyses to
capture quasar diversity.

• 𝜎2
mod = 3.5: We reduce the contribution of the intrinsic Lyman−𝛼 forest

variance to the weights of each fluctuation value, as defined in Section 6.4.1.

• Δ𝜆 = 2.4 Å: We coadd the spectra in bins 3 times larger than the original, as
was done in previous eBOSS analyses. In this case, we use 𝜎2

mod = 3.1, the
suggested value in Section 6.4.1.

We also have variations where we choose different cuts in the quasar spectra,
shown in Fig. 7.3 in red. In this type of variation, the dataset size is smaller, and
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therefore we expect slightly larger statistical fluctuations compared to the cases
described earlier:

• 𝜆obs < 5500 Å: We use only wavelength pixels below this value in observed
wavelength (default is 5577 Å).

• 𝜆obs > 3650 Å: We use only wavelength pixels above this value in observed
wavelength (default is 3600 Å).

• 𝜆RF < 1200 Å: We use only wavelength pixels below this value in rest-frame
wavelength (default is 1205 Å).

• 𝑧QSO < 3.78: We use only quasars with redshift values up to this maximum
(matching the maximum value available in the mocks).2

• > 50 pixels in forest: We only use quasars whose spectrum has more than 50
valid pixels in the interest regions, compared to the value of 150 in the main
analysis.

• original redshift estimates: We use the original redshift values of the quasars
provided by Redrock. It was shown in Brodzeller et al. (2023) that these
values are slightly biased.

• mask-Lyman-𝛼 redshift estimates: Similar to the eBOSS analysis, we mask
regions below the Lyman-𝛼 emission line when determining the quasar
redshift.

• only quasar targets: We use a quasar catalog where only objects targeted as
quasars are included.

• Damped Lyman-𝛼 Absorption (DLA)s SNR > 1: In the main analysis, we
mask and correct for DLAs found in spectra with SNR > 3. For this varia-
tion, we lower the threshold to 1. The masking process was described in
Section 6.3.1.2.

• weak BALs: We exclude quasars from the analysis that exhibit strong BAL
features (𝐴I > 840, 50th percentile of strongest BALs in eBOSS Ennesser et al.
(2022)). BAL masking was described in Section 6.3.1.2.

• no sharp lines mask: We do not mask the sharp lines defined in Section 6.3.1.
2A small difference from the EDR analysis is that in DR1there was no redshift limit imposed

on quasars.
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7.2.2 Variations in the measurement of correlations

In the previous Section we saw variations involving features mostly discussed
in Chapter 6. In the next two Sections, we will see variations involving the mea-
surement of correlations and in the estimation of cosmological and astrophysical
parameters. These two types of variations involve features not heavily discussed
in this Thesis, we point to Gordon et al. (2023) for a better understanding of the
correlation measurement process and to DESI Collaboration et al. (2024b) for the
estimation of the cosmological and astrophysical parameters.

The variations where the configuration used to measure correlations is modi-
fied are shown in Fig. 7.3 in green color and are the following ones:

• dmat 𝑟∥ < 200 Mpc/h: We model the distortion matrix only up to 𝑟∥ = 200
Mpc/h, compared to the default value of 300 Mpc/h. This lower value was
used in the eBOSS analysis.3

• dmat 2%: We use 2% of the pixels to calculate the distortion matrix (1% in
the main analysis).

• dmat model 4 Mpc/h: We model the distortion matrix using the same
binning as the correlation function (using the finer binning of 2 Mpc/h in
the main analysis).

• Δ𝜆 = 3.2 Å: We rebin the fluctuations in groups of 4 pixels before calculating
correlations (3 in the main analysis).

• Δ𝜆 = 1.6 Å: We rebin the fluctuations in groups of 2 pixels before calculating
correlations (3 in the main analysis).

• nside = 32: The correlation function is calculated in different Healpix pixels
to compute covariances. In this case, we generate pixels with nside=32
instead of the main analysis’s nside=16.

• Δ𝑟 = 5 Mpc/h: We use a thicker bin for the correlation function compared
to the 4 Mpc/h bin used in the main analysis.

• no cross-covariance: There exists a covariance between auto-correlations
and cross-correlations used4. In this variation, we do not include it in the
analysis.

3The distortion matrix accounts for the distortion that occurs in measurements of Lyman-𝛼
fluctuations when estimating the quasar continuum. See Gordon et al. (2023) for more details.

4See DESI Collaboration et al. (2024b) or Cuceu et al. (2024) for more details on this cross-
covariance.
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In all these variations, there is no significant difference compared to the main
analysis in the position of the BAO parameter.

7.2.3 Variations in the estimation of cosmological and
astrophysical parameters

In this Section, we address the impact of variations in parameter estimation.
On the one side, we have variations where the range of separations is changed,
corresponding to the orange color in Fig. 7.3:

• r < 200 Mpc/h: We fit separations only between 10 and 200 Mpc/h (compared
to 180 Mpc/h in the main analysis).

• r < 160 Mpc/h: We fit separations only between 10 and 160 Mpc/h (compared
to 180 Mpc/h in the main analysis).

• r > 20 Mpc/h: We fit separations between 20 and 180 Mpc/h (compared to
10 Mpc/h in the main analysis).

• r > 40 Mpc/h with priors: We fit separations between 40 and 180 Mpc/h
(compared to 10 Mpc/h in the main analysis). Since we are cutting off smaller
scales, it is challenging to constrain several nuisance parameters. To alleviate
this, we use priors on the more difficult to estimate parameters5.

On the other hand we have variations where different decisions have been
made regarding the model, shown in blue color in Fig. 7.3:

• eBOSS metals: Heavier elements absorptions need to be properly modelled
to account for their effects on the correlation function. In this variation,
we use the eBOSS method instead of the new method described in DESI
Collaboration et al. (2024b).

• vary 𝐿HCD: In this variation, we leave the parameter 𝐿HCD free in the analysis,
which was fixed at 6.51 Mpc/h in the main analysis. Even though DLAs
are masked in the analysis, there are some systems that we miss, and we
can model their effect (du Mas des Bourboux et al., 2020). This parameter
controls the characteristic width of DLA systems.

• 𝐿HCD = 10 Mpc/h: We fix this parameter to a higher value than in the main
analysis (6.51 Mpc/h).

5See DESI Collaboration et al. (2024b) for details on the parameters where priors were applied
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• 𝐿HCD = 3 Mpc/h: We fix this parameter to a smaller value than in the main
analysis (6.51 Mpc/h).

• Gaussian redshift errors: The errors in the estimation of quasar redshift are
assumed to follow a Gaussian distribution. In the main analysis, a Lorentzian
distribution is used.

• weak C iv bias prior: We use a more relaxed prior for the C iv bias parameter6,
using −0.03 < 𝑏C iv < 0 instead of −0.0243 ± 0.0015 in the main analysis.

• no small-scales correction: We ignore the small-scales multiplicative correc-
tions from Arinyo-i-Prats et al. (2015) in the Lyman-𝛼 auto-correlation.

• UV fluctuations: Following the analysis in Bautista et al. (2017), we model
the impact of fluctuations in the UV background on the Lyman−𝛼 forest
auto-correlation. We did not detect this effect in our analysis.

• no sky residuals: We ignore the contamination from correlated sky residuals
in the Lyman-𝛼 auto-correlation, effect discussed in DESI Collaboration et al.
(2024b).

• no proximity effect: We ignore the impact of quasar radiation in the cross-
correlation, effect discussed in DESI Collaboration et al. (2024b).

Finally, we performed one last variation where we included broadband polyno-
mial corrections. These corrections involve adding a smooth additive component
to all correlations. We used Legendre polynomials 𝐿 𝑗(𝜇) up to order 𝑗 = 0, 2, 4,
and 6 to describe the angular dependence, while the dependence on separation
was modeled with powers of 𝑟 𝑖 with 𝑖 = 0, 1, 2. The total number of broadband
parameters being 48 (12 for each correlation).

Due to the large number of free parameters in this fit, we constrained the
separation values to the range 40 Mpc/h < 𝑟 < 180 Mpc/h and applied extra priors
to some of the nuisance parameters. The shift in the BAO parameters for this
variation is 𝛼∥ ∼ 0.001 and 𝛼⊥ ∼ −0.001, with a change in uncertainties that is
negligible.

Similar to the variations in the correlation measurement, we did not detect any
significant shift in the BAO parameters.

6C iv is the main contributor to the contamination produced by absorption from non-hydrogen
lines. Its bias impacts the amplitude of the contamination.
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Conclusion

Modern cosmology is increasingly acquiring more and better observational data
with the evolution of instrumental apparatus. In this context, the use of synthetic
data or mock data has become a fundamental tool for any survey that wants to
harness the full potential of its measurement devices.

In Chapter 5, we have presented CoLoRe, a parallelizable code that allows for
the rapid generation of synthetic data with multiple tracers simultaneously in
a coherent manner. Tools like this are crucial for testing pipelines, estimating
covariances, and generating forecasts for future surveys. With the generation of
more extensive and precise maps in a wide range of probes, the assistance of tools
capable of generating multiple such probes simultaneously is highly valuable.

Nevertheless, it is vital to emphasize the limitations of CoLoRe. The execution
speed is counterbalanced by the simplicity of the described fields, typically limited
to Gaussian fields that rely on lognormal transformations to generate a physical
non-linear density field.

One key advantage of CoLoRe is its modularity, offering a relatively straight-
forward way to improve its performance. We also improved quasar clustering for
Lyman−𝛼 forest using Lagrangian Perturbation Theory (LPT). This progress is
motivated by better clustering at small scales compared to the lognormal model,
as well as properties such as the non-linear broadening of the Baryon Acoustic
Oscillations (BAO) peak (Kirkby et al., 2013), which would help validate pipelines
in a more realistic context. The working group is already working on generat-
ing Lyman−𝛼 forest mocks with LPT fields for the Dark Energy Spectroscopic
Instrument (DESI) DR2 analysis, expecting to capitalize on these advantages.

Improvements in the synthetic data generated with CoLoRe would be greatly
beneficial for future cosmological analyses. Specifically, for Lyman−𝛼 forest,
having mocks with better clustering at small scales would enable analyses that
use these smaller scales. This would allow to go beyond BAO and better constrain
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the expansion of the universe (Cuceu et al., 2023b).
However, the core of my thesis work has been within the DESI Collaboration,

focusing on Lyman-𝛼 science. My contribution to the collaboration has been
comprehensive, involving both the generation of synthetic data with CoLoRe
and the use of real data. The scientific outcome includes the publication of the
Lyman−𝛼 forest fluctuation catalog for DESI Early Data Release (EDR), as well as
the validation work for the Data Release 1 (DR1) BAO analysis.

The Lyman−𝛼 forest fluctuation catalog presented in Chapter 6, along with
associated publications, has solidified Lyman-𝛼 as a stable measure of BAO at high
redshift. The work on these publications helped adapt previously used methods,
understand the new instrument and its peculiarities, untangle issues associated
with synthetic data, and rectify minor errors in the data pipeline.

In this publication, we employed a weighting system to optimize correlation
measurement, including an additional term in the weight expression (Eq. (6.10)).
This improved the precision of auto-correlation measurements by 25%. However,
there is still room for improvement, and the use of optimal weighting, where
each pair of pixels is associated with a realistic covariance based on separations,
is seen as the ideal scenario. This has already been correctly implemented for
1D (Karaçaylı et al., 2024), and could also be implemented in the future for 3D
analyses.

The scale of modern surveys and the amount of data involved in their analyses
require the development of complex pipelines that necessitate thorough validation
to ensure the quality of the results. In Chapter 7, we described the validation with
real data of the Lyman−𝛼 forest BAO analysis for the DESI DR1. The Lyman-𝛼
results from this analysis were an essential key in the BAO analysis for the survey
DR1, significantly extending the redshift range that galaxy clustering can cover.

BAO has proven to be a powerful tool for constraining the clustering of galaxies.
DESI, with just one year of observations, has been able to improve upon the
measurements taken by the previous Baryon Oscillation Spectroscopic Survey
(BOSS) and Extended Baryon Oscillation Spectroscopic Survey (eBOSS) surveys
combined. The measurement of Lyman−𝛼 forest has extended this to a 𝑧eff = 2.33,
helping to obtain better cosmological constraints.

Although we have not yet been able to discover exactly what dark energy is,
DESI has helped bring us closer to that moment by providing better constraints on
cosmological parameters and indicating that its behavior might not exactly match
that of a cosmological constant.
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