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Abstract

This thesis studies how the complex radiative transfer processes that Lyman-α photons
suffer within atomic hydrogen clouds shape the observability of galaxy samples selected
by their Lyman-α flux.

First, we make a theoretical introduction to Lyman-α radiative transfer processes.
The quantum description of the hydrogen atom predicts that the hydrogen atom
exhibits a discrete structure of energy levels, which explains the different emission lines
found in the hydrogen spectrum, and in particular Lyman-α. Quantum mechanics also
predict that the probability of interaction between a Lyman-α photon and a hydrogen
atom is very high. This causes that photons entering into a cloud of atomic hydrogen
are absorbed and reemitted constantly, changing their frequency and direction in each
scattering event. In this way, the length of the trajectory of Lyman-α photons is
increased, which makes them very sensitive to destruction mechanisms, such as dust.

The properties of the Lyman-α radiation that emerges from neutral hydrogen clouds
depend greatly on the properties of the gas. By making use of a galaxy formation model
run over a large N-body simulation, we find that the gas geometry, its macroscopic
velocity with respect to the Lyman-α source, the atomic hydrogen density and the
dust content are critical. The fraction of photons that escape from the gas is found
to be heavily determined by its metallicity, although other properties also play a
significant role. The line profile, i.e., the frequency distribution of photons, is also
influenced by all these properties. The reprocessing of the line profile is such that
initially monochromatic Lyman-α radiation might emerge exhibiting several emission
peaks. In general, the higher is the number of interactions with neutral hydrogen, the
more Doppler shifted are the Lyman-α line profiles.

Lyman-α radiative transfer processes have a direct impact in the selection function
of galaxy samples detected by their Lyman-α flux. Inside galaxies, this radiation is
generated in the hot surroundings of very young stars. Then, the Lyman-α photons
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enter into the cold and dusty interstellar medium partially composed by hydrogen.
There, Lyman-α radiation gets easily attenuated by dust grains. This causes that
Lyman-α selected samples are mainly constituted by metal poor star forming galaxies
of intermediate mass.

After escaping the original galaxy, the remaining Lyman-α photons enter into
the cold intergalactic medium, mainly populated by atomic hydrogen. There, the
radiative transfer processes continue. We find that the selection function of Lyman-α
selected samples depends on the large scale properties of the intergalactic medium. In
particular, environments with lower content of neutral hydrogen are predicted to be
more transparent to this radiation. Additionally, if the emitting galaxy and the gas
along the line of sight are moving away from each other, the Lyman-α photons received
by the atomic hydrogen are Doppler shifted to reader wavelengths. This decreases the
number of scattering events and enhance the transmission. In this way, galaxies in our
models with Lyman-α radiation detected tend to lie in low dense environments in which
it is more probable that the galaxy is distancing from the surrounding intergalactic
medium. This has a direct impact in the measured clustering of this galaxy population.
This is of crucial importance for future surveys targeting this population of galaxies to
study cosmology.

At some point during the evolution of the Universe, the first stars and galaxies were
born surrounded by a neutral and cold intergalactic medium. The energetic radiation
escaping from galaxies is expected to create small bubbles of ionized gas around them.
The size of these bubbles grows until they overlap and cover the whole Universe. This
is known as the epoch of reionization of the Universe. During this time window, the
coupling between the intergalactic medium and its transmission to Lyman-α radiation
is predicted to be very strong. At first order, while Lyman-α radiation could not escape
form neutral regions, ionized regions were transparent. In this way, the distribution of
galaxies measured with Lyman-α emission is predicted to track the topology of neutral
and ionized hydrogen in the Universe. As a consequence, the clustering of galaxies
selected by their Lyman-α flux at this epoch is a great tool to constrain the history of
reionization of the Universe.

Finally, we present the first results of HiRULE (High Redshift Universe Lyman-α
survEy). The main goal of this survey is to study the cross-correlation between galaxies
which Lyman-α emission comes from star formation episodes and quasars. For this,
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we scan the sky looking for galaxies at redshift ∼ 2.2 with Lyman-α emission. For
this goal, we make use of narrow and broad photometric bands. The broad bands are
used to detect the continuum of distant galaxies while the narrow bands allow us to
measure the Lyman-α flux of our targets. Despite HIRULE being in an early phase of
development, the results we find are promising. In particular, the abundance of LAEs
in our survey matches the one observed by other scientific teams.
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Resumen de la tesis

Esta tesis estudia cómo los complejos procesos de transferencia radiativa que sufren
los fotones Lyman-α dentro de nubes de hidrogeno neutro determinan la function de
selección de muestras de galaxies detectadas por su flujo en Lyman-α.

Primero, hacemos una introducción teórica a los procesos radiativos de Lyman-α. Es
de gran importancia la descripción cuántica del átomo de hidrogeno. Este formalismo
predice que el átomo de hidrogeno presenta una estructura discreta de nivele de energía,
el cual explica las diferentes lineas de emisión encontradas en el espectro del hidrógeno,
y en particular Lyman-α. La mecánica cuántica también predice que la probabilidad
de interacción entre un fotón Lyman-α y un átomo de hidrógeno es muy elevada. Esto
causa que cuando uno de estos fotones entra en una nube de hidrogeno neutro, este es
absorbido y reemitido constantemente, cambiando su frecuencia y dirección en cada
interacción. De esta manera, la longitud de la trayectoria de los fotones Lyman-α se
incrementa, lo cual hace esta radiación muy sensible a mecanismos de destrucción,
como el polvo.

Las propiedades de la radiación Lyman-α que emerge de nubes de hidrógeno neutro
dependen en gran medida de las propiedades del gas. En particular, la geometría
del gas, su velocidad macroscópica con respecto a la fuente de Lyman-α, la densidad
de hidrógeno neutro y el contenido de polvo son críticos. La fracción de fotones que
escapan del gas esta altamente determinado por su metalicidad, aunque las otras
propiedades también tienen su papel. Adicionalmente, el perfil de linea, es decir,
la distribución de frecuencias de los fotones, esta muy influenciada por todas estas
propiedades. El reprocesamiento del perfil de linea es tal que, radiación Lyman-α
inicialmente monocromática puede emerger con varios picos de emisión. En general,
cuanto mayor es el numero de interacciones con hidrógeno neutro, más desplazadas
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están las lineas de Lyman-α por efecto Doppler.

La transferencia radiativa de fotones Lyman-α tiene un impacto directo en la función
de selección de muestras de galaxias detectadas por su flujo en Lyman-α. Dentro de
las galaxias, esta radiación es generada in los calientes alrededores de estrellas jóvenes.
Inmediatamente después, los fotones Lyman-α entran en el frío medio interestelar
rico en polvo, parcialmente compuesto de hidrogeno, donde la radiación Lyman-α es
fácilmente atenuada por granos de polvo. Esto causa que muestras seleccionadas por
Lyman-α están principalmente formadas por galaxias con baja metalicidad y de masa
intermedia.

Después de escapar de su galaxia original, los fotones Lyman-α que quedan entran
en el frío medio intergaláctico, poblado principalmente por hidrógeno atómico, donde
los procesos de transferencia radiativa continuan. Esto causa que la función de selección
de muestras basadas en la detección de Lyman-α dependa de las propiedades a gran
escala del medio intergaláctico. En particular, los entornos con menor densidad de
hidrógeno neutro son más transparentes a esta radiación. Adicionalmente, si la galaxia
emisora y el gas a lo largo de la linea de visión se distancian el uno del otro, los fotones
Lyman-α son recibidos por los átomos de hidrógeno neutro corridos a longitudes de
onda mas rojas. Esto baja el numero interacciones y aumenta la transmisión. De esta
manera, galaxias en las que se detecta radiación Lyman-α tienden a habitar en entornos
de baja densidad en las que es mas probable que la galaxia se este alejando del medio
intergaláctico que las rodea. Esto tiene un impacto directo in la distribución espacial de
esta población de galaxias. Esto es de crucial importancia para futuros cartografiados
astronómicos que usaran este tipo de galaxias para estudiar la cosmología del Universo.

En algún momento durante la evolución del Universo, las primeras estrellas y
galaxias nacieron rodeadas de un frío y neutro medio intergaláctico. La radiación
energética que escapaba de las galaxias creo pequeñas burbujas de gas ionizado al
rededor de estas. Poco a poco el tamaño de estas burbujas fue creciendo, hasta que
estas se empezando a solapar y cubrieron todo el Universo. Este lapso de tiempo
es conocido como la época de reionización del Universo. Durante este periodo, el
acoplamiento entre el medio intergaláctico y su transmisión a radiación Lyman-α se
vuelve muy fuerte. En primera aproximación, mientras que la radiación Lyman-α no
puede escapar de las regiones neutras, las regiones ionizadas son transparentes. De
esta manera, la distribución de galaxias detectadas con emisión Lyman-α se asemeja
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a la topología del hidrógeno neutro e ionizado en el Universo. Como consecuencia,
la disposición en el cielo de galaxias seleccionadas por su flujo en Lyman-α durante
esta época es una gran herramienta para determinar la historia de reionización del
Universo.

Finalmente presentamos los primeros resultados de HiRULE (High Redshift Universe
Lyman-α survEy). El principal objetivo de este cartografiado es estudiar la correlación
cruzada entre galaxias que emiten Lyman-α debido a su formación estelar y cuasares.
Para ello, escaneamos el cielo en busca de galaxias con un desplazamiento al rojo ∼ 2.2
con emisión en Lyman-α. Con este objetivo, hacemos uso de bandas fotométricas anchas
y estrechas. Las bandas anchas se usan para detectar el continuo de galaxias lejanas,
mientras que las bandas estrechas nos permiten medir el flujo en Lyman-α de nuestros
candidatos. HiRULE se encuentra en una fase muy temprana de desarrollo, pero hasta
ahora hemos obtenido resultados prometedores. En particular, la abundancia de este
tipo de galaxia en nuestro cartografiado concuerda con la observada en otros estudios
científicos.
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Chapter 1

Introduction

This thesis verses about Lyman-α emission, the physical processes affecting this radi-
ation and the galaxy population known as Lyman-α emitters (LAEs). We dedicate
this chapter to give a brief description of the current standard cosmological model, a
theoretical overview to the complex Lyα radiative transfer processes and a historical
introduction to this interesting galaxy population.

1.1 Current cosmological paradigm

In this section we give a compact introduction to the current standard cosmological
model. Most of the material of this section comes from Mo et al. (2010), Lyth and
Liddle (2009) and Amendola and Tsujikawa (2010).

The current standard cosmological model is ΛCDM. One of the main pillars of
ΛCDM is the cosmological principle, which states that the Universe is homogeneous
and isotropic on scales large enough. The cosmological principle allows the diversity
of small structures that we observe in the Universe, such as planets, stars, galaxies,
filaments and voids among others. However, it provides a physical scenario where,
statistically, the properties of these small structures in a large enough Universe volume
is the same independently of the piece of the Universe that was observed.

ΛCDM gives a description for the evolution of the Universe after its birth, the Big
Bang. We summarize the evolution of the Universe in Fig. 1.1. The standard cosmo-
logical model starts the narrative of the life of the Universe when all its energy was
encapsulated in a single point. The time window when the Universe was younger than
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Fig. 1.1 Timeline of the history of the Universe. The blue arrow indicates the time
flow. We indicate an approximate redshift and age of the Universe for each event. The
age was computed assuming Planck Collaboration et al. (2016) cosmology. The purple
arrows indicate the moments when the Universe becomes ionized or neutral. We also
show the time window of HiRULE, a galaxy survey that we describe in Chapter 6.

the Plank time (∼ 10−44s) is known as the Plank epoch. During this time our current
knowledge about physics is not enough to understand the physical processes taking
place. This era remain, up to date, one of the most mysterious physical environments
that humankind has ever conceived.

At some point after the Plank era and before the formation of the first protons
and electrons, inflation took place. Inflation suggested in first place by Guth (1981).
One of motivations behind inflation is that the Big Bang theory predicts that the
Universe was causally connected shortly after the Big Bang and in thermal equilibrium.
Therefore everything was smooth and homogeneous. However, today we observed that
the Universe exhibits a large scale structure with high density contrasts. Another of
the motivation was the extreme flatness of the Universe. In short, inflation predicts
that in a very early epoch of the Universe (∼ 10−36 s) there were quantum density
perturbation in the Universe. Then, for a short period of time, the expansion of the
Universe became accelerated in such a way that the size of the quantum perturbations
became comparable with the size of the causally connected Universe. In this way, after
inflation, there are different cosmic regions with high density contrast. This contrast
does not vanish after inflation as the regions are causally disconnected. Additionally,
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inflation also solves the flatness problem.

In the Big Bang theoretical framework, the Universe has been expanding since
its birth. As the Universe expands it gets progressively colder. Eventually, when the
Universe was close to be one second old, it reached the temperature low enough to
form baryons such us protons and neutrons. Shortly after this, when the Universe
becomes slight colder, leptons such as electrons and neutrinos are formed.

At this stage, neutrinos, electrons, protons, neutrons and photons were at thermal
equilibrium. In other words, the mean free path of these particles was significantly
smaller than the size of the causally connected Universe. However, when the temper-
ature drops below ∼ 1 MeV , the interaction rate for neutrinos falls and the mean
free path becomes larger than the observable Universe. This is known as neutrino
decoupling. Indeed, when neutrino decoupled and were able to travel freely, they still
had a relativistic temperature. This causes the neutrino background.

Shortly after this, when the Universe was ∼ 100 s old, protons and neutrons started
to bind together to form light nuclei. This is known as nucleosynthesis. The relative
abundance of the synthesized nuclei. ΛCDM predicts that ∼ 74% of the protons
remain by their own and constituted the nuclei of the hydrogen atoms formed later
(1H). About a 25% of the formed nuclei were 4He, as it is the light nuclei with the
biggest binding energy. The rest of the synthesized nuclei were 2H, 3He and 7Li.

Until this point, photons frequently interact with free electrons through Thomson
scattering. In this way, photons and matter were coupled and in thermal equilibrium.
However, as the Universe keeps expanding, the temperature drops lower, allowing
nuclei and electrons to bind together. This is known as recombination. After recombi-
nation, the number of free electrons decreased dramatically and matter and photons
became decoupled. The frequency distribution of the decoupled photons was as of a
black body with temperature equal to the temperature of the thermal equilibrium just
before decoupling. This radiation is known as the cosmic microwave background (CMB).

Let us define now the geometric redshift zg. In general, any two points, between
which the Universe is expanding, are distancing. Thus, if we consider two sources
without proper motion lying, each of them, in one of those points, each of the particles
sees the other moving radially away from them. Therefore, the radiation received
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by each source is Doppler shifted towards redder wavelengths, i.e., redshifted. In
astrophysics and cosmology the geometric redshift is defined as the Doppler shift due
to the expansion of the Universe measured at Earth in radiation emitted at a certain
epoch, i.e.,

zg = λg,obs

λemi
− 1, (1.1)

where λemi is the wavelength of the photons emitted in the source frame and λobs is
the wavelength measured by the observer due to the expansion of the Universe.

In practice, the measured redshift z of galaxies and other objects is not purely the
geometric redshifts. Indeed, there are additional components, such us the peculiar
motion of the sources, that modifies the observed redshift. These other contributions
are typically smaller than 10−2. Although small, they have an impact in the apparent
distribution of galaxies in the sky (Kaiser, 1987).

ΛCDM predicts that the energy of the Universe is divided into four components:
radiation, matter, the expansion of the Universe and its curvature. The weight of each
of each components determines the expansion rate of the Universe, in particular,

H2(z) = H2
0

[
Ωr(1 + zg)4 + Ωm(1 + zg)3 + Ωk(1 + zg)2 + ΩΛ

]
, (1.2)

where Ωr, Ωm, Ωk and ΩΛ are the energy density of radiation, matter, curvature and ex-
pansion of the Universe respectively. Meanwhile, H0 is the Hubble parameter at redshift
0. The Plank experiment (Planck Collaboration et al., 2016) and other experiments
such as WMAP (Wilkinson Microwave Anisotropy Probe, Bennett et al. (2013)) have
estimated the value of the different energy densities by measuring the CMB spectrum.
In particular, Plank computed that our Universe has Ωr ∼ 5 × 10−5, Ωm = 0.305,
ΩΛ = 0.691. Additionally they also found that our Universe extremely flat, thus Ωk ∼ 0.

The other two pillars of ΛCDM a part from the cosmological principle and inflation
are i) the presence of cold dark matter in addition the regular matter and ii) the
assumption that ΩΛ is constant in time. On one hand, the first assumption predicts
that a part from the ordinary matter composed by neutrinos, electrons, protons and so
on, there is a matter component that a) with negligible interaction with itself, light
or any other thing (dark) and b) has negligible random motion (cold). On the other
hand, the assumption that ΩΛ does not evolve is also known as dark energy. These two
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pillars are still to be confirmed or excluded by the scientific community. For example,
it has not been found yet a particle with the characteristics of the dark matter. Neither
the scientific community has been able to measure with enough precision ΩΛ through
cosmic time. However, the number of observables that ΛCDM is able to reproduce,
such us the accelerate expansion of the Universe and the velocity radial profile of
galaxies, is overwhelming Mo et al. (2010).

After decoupling the Universe was in a neutral state. At this epoch the Universe was
still quite smooth in comparison with nowadays. This epoch is known as the dark ages.
During this time gravity becomes dominating and the formation of structures begin.
This is known as the hierarchical growth of structures. The regions with the highest
density contrast accrete more material and become denser little by little. In the regions
with the highest density contrast the first dark matter halos start to form and to be
virialized. Inside the dark matter halos, the baryonic gas (mostly atomic hydrogen and
helium) colds through several mechanisms, such us radiative cooling, Bremsstrahlungn
cooling and Compton cooling. Eventually, the atomic hydrogen is cold enough to for
molecular hydrogen and consecutively form the first stars and galaxies.

The birth of the first stars and galaxies put and end dark ages and marked the
begging of a Universe flooded with bright sources. Inside galaxies there are episodes
of star formation, where cold gas collapses, fragmented, keeps collapsing and form
stars with different masses. The spectrum of the radiation emitted by stars is strongly
linked to their mass. The heavier a star is the more energetic are the photons emitted.
Indeed, the so called O-type and B-type stars started injecting photons capable of
ionizing atomic hydrogen intro the Universe. In this way, the regions surrounding
galaxies became ionized forming bubbles. Eventually, the bubbles around each galaxy
started to overlap with each other until the Universe was completely ionized. This
time window is known as the epoch of reionization (Barkana and Loeb, 2001).

As the reader might have noticed by now, there is a lot of darkness in the current
standard cosmological model, but, fortunately, there is also a lot of light. Nowadays,
one of the most spread methodologies to study cosmology is to scan the sky looking
for galaxies. Galaxies are formed in the regions with the highest density and therefore,
they trace the underlying density field of dark matter and baryons. This is very useful,
as the properties of the density fluctuations are a direct prediction of ΛCDM.
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One of the main observational evidences of the dark energy is the baryon acoustic
oscillation (BAO), which corresponds to a clear imprint in the clustering of galaxies on
large scales. The BAO were created early in the Universe, when baryons and photon
were tightly coupled, before recombination. During this epoch, the oscillation produced
by sound waves modifies the density field, which translates into a modification in the
spatial distribution of galaxies. In practice, the BAO creates a peak in the 2-point
correlation function of galaxies around ∼ 100 cMpc/h.

The scientific community is making a huge effort to unveil the nature of dark
energy. With this goal in mind, the BOSS galaxy survey (Alam et al., 2017) has
already measured the BAO. Additionally, many galaxy surveys, such us J-PAS (Benitez
et al., 2014a), HETDEX (Hill et al., 2008a), EUCLID (Moresco et al., 2018), DESI
(DESI Collaboration et al., 2016) are planning to measure the BAO in larges redshift
windows and with better precision. From these surveys, J-PAS and HETDEX are
of special importance for this thesis, as they plan to trace the density field using a
galaxy population known as Lyman-α emitters. This galaxy population is observed by
their strong emission of Lyα photons. However, Lyα is a resonant line that undergoes
important radiative transfer processes inside clouds of atomic hydrogen. Some authors,
such us Zheng et al. (2011), have explore the impact of the Lyα radiative transfer
on the selection function of Lyα emitters and how this might affect their measured
clustering. Any clustering modifications might translate into systematic errors if the
upcoming data in not well analyzed. Therefore, it becomes crucial to understand
properly this galaxy population.

1.2 The hydrogen atom

In this section we introduce the hydrogen atom and its classical and quantum de-
scriptions. We study closely the mechanisms of Lyman α photon emission and their
cross-section with neutral hydrogen atoms. Most of the material used in this section
comes from Griffiths (1982) and Dijkstra (2017).

1.2.1 Classical description

Hydrogen is the lightest element of the periodic table and it is composed by a proton
and an electron. In classic mechanics the proton is static while the electron orbits
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around it (see left panel of Fig.1.2 ). In particular, the centrifugal force experienced by
the electron is compensated by the Coulomb attraction to the proton, i.e.,

me
v2

e

r
− 1

4πϵ0

q2

r2 = 0 (1.3)

where me is the electron mass, ve is its velocity, r is the distance to the proton, ϵ0

is the vacuum permittivity and and q is the absolute value of the electron charge.
Additionally, the total energy of the electron is simply the sum of kinetic and potential
energy

ET = 1
2mev

2
e − 1

4πϵ0

q2

r
= − 1

4πϵ0

q2

2r . (1.4)

This system is unstable due to the fact that accelerated charged particles emit
radiation. In particular, the power (energy per unit of time) radiated by the electron
is given by the Larmor formula:

P = 2
3
q2a2

e

4πϵ0c3 (1.5)

where ae is the modulus of the acceleration experienced by the electron and c is the
speed of light in vacuum. Combining Eq.1.3 and 1.5, the necessary time for the electron
to radiate all its energy is

t = ET

P
= (4πϵ0me)2 3r3c3

4q4 (1.6)

where if r is substituted by the Bohr radius1 (5.3 10−11m), the typical decay time is
∼ 10−11s. In this way, the classical version of the hydrogen atom is clearly unfeasible,
since, in reality, we find hydrogen in nature. In fact hydrogen nuclei constituted the
74% of the total number of nuclei formed during the Big Bang nucleosynthesis.

1.2.2 Quantum description

The short life time of the hydrogen atom in its classic version and other, by the time
inexplicable, physical phenomena such us the black body radiation (discovered by
Kirchhoff in 1860) lead to the development of quantum mechanics. In the quantum
interpretation of the hydrogen atom (see right panel of Fig.1.2) the electron inhabits
discrete states with discrete energy levels. Despite the classic picture where the electron

1The Bohr radius is defined as rB = ϵ0 h2/meq2π .
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p+

e�

Hydrogen atom

Classical description Quantum description

p+

e�

r ve

Fig. 1.2 Artistic sketch of the classic (left) and quantum (right) descriptions of the
hydrogen atom. While in the classical version the electron is a particle with a well
define trajectory, in the quantum version it inhabits a cloud of probability.

follows a well defined trajectory, in quantum mechanics the electron lies in a probability
cloud, free of acceleration.

The hydrogen atom constitutes one of the few systems with analytic solution for the
Schrödinger equation. The time independent Schrödinger equation for a non-relativistic
particle with potential energy V (r) is written as

EΨ(r) =
[

−ℏ
2µ∇2 + V (r)

]
Ψ(r) (1.7)

where Ψ(r) is the wave function describing the stationary state of a particle giving the
probability of finding it in the location r, E is the energy of the particle in the state
Ψ(r), ℏ is the reduced Plank constant, µ is the reduced mass of the particle and ∇2 is
the Laplace operator. In particular, in the hydrogen atom, the potential energy of the
electron is

V (r) = − 1
4πϵ0

q2

r
. (1.8)



1.2 The hydrogen atom 9

It can be demonstrated (Griffiths, 1982) that in the hydrogen atom, the electron
wave function Ψ(r) can be described by four quantum numbers. These are:

1. The principal quantum number n (n ≥ 1), which determines the total energy of
the electron

En = E1

n2 , (1.9)

where E1 = −13.6eV is the energy of the ground level.

2. The orbital quantum number ℓ, which gives the angular momentum

L = ℏ
√
ℓ(ℓ+ 1), (1.10)

where ℓ is integer from 0 to n− 1 and ℏ is the reduced Plank constant.

3. The magnetic quantum number mℓ, which provides the direction of the electron
angular momentum

Lz = mℓℏ, (1.11)

where mℓ takes integer values between −l and l.

4. The spin projection quantum number ms, which escribes the intrinsic angular
momentum of the electron within an orbital along one axis

Sz = msℏ, (1.12)

where ms = −s,−s+1, ..., s−1, s with s the intrinsic spin of the particle (s = 1/2
for electrons).

Historically, a state with quantum numbers {n,ℓ} is called by the value of the its
principle quantum number and the letters "s", "p", "d", "f",... when ℓ = 0, 1, 2, 3, .... In
this way, the state {n = 1, ℓ = 0} is called "1s", the state {n = 2, ℓ = 0} is called "2s",
the state {n = 2, ℓ = 1} is called "2p", an so on.

It is important to notice that the lowest energy level possible is n = 1. This implies
that the electron is not able to move to lower energy states. In this way, the state 1s
(also called fundamental state) is stable and explains the presence of hydrogen in the
Universe. Moreover, the 1s state exhibits spherical symmetry since the wave function is

Ψn=0,ℓ=0,mℓ=0 = 1√
πr3

0

e
− r

r0 , (1.13)
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Fig. 1.3 Sketch of the quantum energy levels of the hydrogen atom. The orbitals for
the two lowest energy levels are shown.

where r0 is a scale parameter that determines the extension of the region where it is
most likely to find the electron (orbital). In this state the wave function of the electron
decreases monotonically when distancing from the proton.

The complexity of the wave functions augments with the quantum numbers n
and ℓ (see Fig.1.3). For example, the orbital 2s still exhibits spherical symmetry,
but the wave function does not depend monotonically on the distance to the proton
anymore. Instead, the orbital has a maximum in r = 0, then the wave function falls,
rises up to a hill and decreases monotonically until r = ∞. Additionally, the family of
orbitals 2p (ℓ = 1, mℓ = −1, 0, 1) no longer presents spherical symmetry and the or-
bitals are divided in two elongated lobes along a direction determined by the value of mℓ.

Roughly speaking, n determine size of the orbital. In states with higher n the
electron is less binded and the orbitals are wider. Meanwhile, the quantum number ℓ
is a proxy for the eccentricity of the orbital. States with higher ℓ are more elongated
along a given direction set by the magnetic quantum number mℓ.
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Fig. 1.4 Possible cascades in the hydrogen atoms after recombination assuming the
dipolar approximation. In dotted red arrows we show the cascades that does not
produce Lyα photons. Meanwhile, blue arrows indicate cascades in which the last
transition is from the level 2p to 1s, thus Lyα is produced. Figure taken from Dijkstra
(2017).

1.2.3 Transition between quantum states

In quantum mechanics a bounded electron can change its state by absorbing or emitting
photons to gain or lose energy, respectively. Additionally, the only stable state in
the hydrogen atom is the fundamental. Thus, after a short time, an electron at the
state {n, ℓ} transits to another state of lower energy {n′, ℓ′} emitting a photon with
energy Eγ = En′ − En. The photons generated when electrons fall from the first
excited energy level (n = 2) to the fundamental (n = 1) are called Lyman-α (from now
on Lyα) in honor of their discoverer, Theodore Lyman in 1906. The corresponding
wavelength to this transition is ∼ 1215.67Å, which belongs to the ultraviolet part of
the electro-magnetic spectrum.

In general, not all the possible transitions between different states are permitted.
The selection rules of the allowed transitions are based on the conservation of linear
momentum, energy and angular momentum. These depend on the physical regime
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considered. For example, in the dipole approximation it is assumed that the typical
wavelength of the photon emitted during the transition is much larger than the size of
the atom. In this case, there are two restrictions

1. The parity, P = (−1)ℓ (even when P = 1 and odd when P = −1), of the final
state must be different of the parity of the initial state. This translates into
∆ℓ = odd.

2. The angular momentum of the electron might change up to one unit (ℏ). This
implies ∆ℓ = 0,±1.

Therefore, allowed transitions in the dipole approximation must fulfill ∆ℓ = ±1. The
other transitions are called forbidden. The quantum states that can only decay to the
fundamental level through forbidden transitions, such as 2s, are called meta-stables.
In fact, the forbidden transitions occur, but with much lower probability. For example,
if an electron in the state 2s emits 2 photons it is allowed to transits to the state 1s.

Since the fundamental level is the only stable state, every electron in any different
state {n, ℓ} will migrate to a lower energy state {n′, ℓ′} radiating photons. This process
is repeated until the electron reaches the fundamental level. These events are called
cascades. In Fig.1.4 we show the allowed cascades by the dipole approximation in the
hydrogen atom. On one hand, most of the cascades end up in the fundamental state.
From these, a fraction comes directly from the state 2p, thus producing Lyα. On the
other hand, some of the cascades get stuck at the state 2s, which has a very small
probability of decaying to the ground level.

1.2.4 Relativistic corrections to the hydrogen atom

In the quantum description of the hydrogen atom presented in §1.2.2 we introduced the
discrete energy levels as a solution of the time independent Schrödinger equation for a
non-relativistic particle. In this formalism the energy of a given state only depends on
the principal quantum number n, thus all the orbitals are degenerated (have the same
energy). However, when some corrections are included in the anlysis the energy levels
split. These corrections are:

• The kinetic energy of electrons given by special relativity

EK = mec
2
(

1 − 1√
1 − β2

)
, (1.14)
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where me is the rest frame electron mass, c is the speed of light in vacuum and
β = ve/c where ve is the electron velocity. For small velocities (ve ≪ c) this
equation reproduces the classical description for the kinetic energy 1

2mev
2
e .

• Spin-orbit coupling caused by the electromagnetic interaction between the
Coulomb field generated by the proton and the magnetic dipole of the elec-
tron generated by its intrinsic angular momentum.

• The Darwin term that takes into account the rapid quantum fluctuations that the
electron undergoes within the electric potential (Zitterbewegung effect). Due to
the quantum oscillations of the electron around its mean position, the Coulomb
potential is smoothed around the origin. This only affects to the ℓ = 0 states
and corrects that their wave functions vanish at r = 0.

When all these effect are combined the energy correction to the non-relativistic
hydrogen atom is

∆En,ℓ,j = Enα
2

n

(
1

j + 1/2 − 3
4n

)
, (1.15)

where α is the fine structure constant and j = |ℓ± 1/2| is the total angular momentum
quantum number. From now on, we will use the notation ’nℓj’ for referring to fine
structure levels. In this way, 2S1/2 denotes the quantum state {n,ℓ,j} = 2,0,1/2. Then,
each {n,ℓ,j} state is divided in 2j + 1 degenerated quantum states. Theses are referred
with the projection of the total angular momentum quantum number

mj = −j , −j + 1
2 , ... , j − 1

2 , j (1.16)

In this way, the states P1/2 are split in two degenerated states, while the states P3/2

into four.

The corrections presented in this section change the shape of the wave functions of
the electrons with respect to the non-relativistic case. It will be of most interest later
on that the shape of the 2p orbitals change (as illustrated in Fig. 1.5). In particular,
the probability density Pθ is (White, 1934)

2P 1
2

{
mj = ±1

2 → Pθ = 1 and 2P 3
2

 mj = ±3
2 → Pθ = 3

2 sin2 θ

mj = ±1
2 → Pθ = 1

2(3 cos2 θ + 1)
,

(1.17)
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Fig. 1.5 Energy levels of the hydrogen atom fine structure up to n = 2. The orbitals
of the states with j = 1/2 are spherical. Meanwhile, the orbitals of j = 3/2 exhibits
revolution symmetry.

where θ is the subtended angle between a point and the projection axis of mj. The
states 2P are axially symmetric. However, the states 2P1/2 are spherically symmetric
while the 2P3/2 orbitals exhibit the characteristic double lobe shape. This is shown in
Fig.1.5.

1.3 Lyman-α physics

1.3.1 Lyman-α emission by a hydrogen cloud

Lyα photons are emitted when electrons in the n = 2 energy level decay to the fun-
damental level. However, electrons in higher energy levels might also produce Lyα
photons through the cascades. In particular, the cascades in which the final transition
is 2p→1s contribute to the Lyα production. There are two ways in which an electron
can populate an excited energy level (n > 1) in a hydrogen cloud containing also free
electrons.

First, the interactions between free electrons and hydrogen atoms. In this case a
free electron transfer part of its kinetic energy to an electron bounded to a proton. In
this way, the binded electron moves to a higher energy level and produces a cascade of
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photons. In practice, the kinetic energy of the electrons is transformed in radiation,
which lowers the temperature of the gas. This physical process is also known as
’radiative cooling’ and for hydrogen it is most efficient at temperatures close to 104K.
Radiative cooling plays an important role in the early stages of galaxy formation, as it
helps to lower the gas temperature from 105K to 104K.

The second and most interesting for the topics covered in this thesis is recombination.
Recombination is the physical process by which a proton captures a free electron with
kinetic energy Ek and a photon with energy Eγ = EK − En is emitted, where En is
the energy of the state in which the electron is binded. This constitutes the main
mechanism by which a star forming galaxy produces Lyα photons (as seen later).

In general, the probability of a recombination event resulting in Lyα emission
depends on:

1. The probability that a recombined electron get binded in the state {n,ℓ}. This is
given by

Pn,ℓ(T ) = αn,ℓ(T )
∞∑

n′=nmin

n′−1∑
ℓ′=0

αn′,ℓ′(T )
= αn,ℓ(T )
αtot(T ) , (1.18)

where αn,ℓ(T ) is the recombination coefficient of the quantum state {n,ℓ} defined
as the number of recombinations in the state {n,ℓ} per unit of time, volume,
number density of free electrons and protons. Meanwhile, αtot(T ) is the total
recombination coefficient, which measures the specific number of recombinations
per volume and time. A full calculation of these can be found in Burgess (1965).

2. The probability P ({n, ℓ} → ... → 2p → 1s) that a cascade starting at the state
{n,ℓ} ends in a 2p → 1s transition. This is given by

P ({n, ℓ} → Lyα) =
∑
n′,ℓ′

P ({n, ℓ} → {n′, ℓ′}) × P ({n′, ℓ′} → Lyα), (1.19)

where P ({n, ℓ} → {n′, ℓ′}) is the probability of the state {n,ℓ} decaying in {n′, ℓ′},
where {n′, ℓ′} is a intermediate states between {n,ℓ} and 2p. This is defined as

P ({n, ℓ} → {n′, ℓ′}) = A{n,ℓ},{n′,ℓ′}∑
n′′,ℓ′′

A{n′,ℓ′},{n′′,ℓ′′}
, (1.20)
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where A{n,ℓ},{n′,ℓ′} is the Einstein coefficient for spontaneous emission in the
transition {n, ℓ} → {n′, ℓ′}, which is defined as the probability per unit of time of
that decay to happen. The A{n,ℓ},{n′,ℓ′} values depend on the regime considered.
For example, in the dipole approximation P (2s → 1s) = 0 and P (2p → 1s) = 1
since only ∆ℓ = ±1 transitions are allowed.

All together, the probability that a recombination event produce a Lyα photon is

P (Lyα) =
∞∑

n=nmin

n−1∑
ℓ=0

Pn,ℓ(T ) × P ({n, ℓ} → Lyα). (1.21)

The Lyα rate production by recombination depends on the physical properties of the
neutral hydrogen cloud through the recombination coefficients αn,ℓ(T ). In particular,
usually there are two different scenarios contemplated:

• Case-A recombination : The medium is optically thin to all frequencies. In
this case the lowest energy level where a photon can be directly binded is the
fundamental (nmin = 1).

• Case-B recombination : The medium is optically thick to ionizing photons,
i.e., photons able to dissociate the hydrogen atom when the electron is at any
quantum state. Thus, ionizing photons have energy Eγ ≥ |En=1|. In general,
an ionizing photon is emitted every time a proton captures an electron to the
ground state, since Eγ = Ek − En=1 is strictly greater than |En=1|. Then, this
ionizing photon photoionize another hydrogen atom, creating a new pair of free
proton and electron, where the new electron kinetic energy E ′

k is the same as the
kinetic energy of the photon that was recombined Ek. In case-B recombination
this process take a very short amount of time since the medium is optically thick
to this radiation. Therefore, in this frame, all the recombination events to the
ground level are considered cancelled out, i.e., α1s is null and nmin = 2.

The probability of emitting a Lyα photon after a recombination event is approxi-
mately

PA(Lyα) = 0.41 − 0.165 log
(
T

104

)
− 0.015

(
T

104

)−0.44
(1.22)

in the case-A recombination (Dijkstra, 2014) and

PB(Lyα) = 0.686 − 0.106 log
(
T

104

)
− 0.009

(
T

104

)−0.44
(1.23)
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Fig. 1.6 Probability of emitting a Lyα photon after recombination in case-A (purple)
and case-B (blue) as a function of the gas temperature. Figure taken from Dijkstra
(2017).

in case-B recombination (Cantalupo et al., 2008). In Fig.1.6 it is displayed the proba-
bility of emitting a Lyα photon after a recombination. At a given temperature, the
probability of emitting Lyα photons after a recombination is higher in case-B, since
the total recombination specific ratio αtot is lower. Additionally, case-A varies more
quickly with temperature compared to case B.

1.3.2 Lyman-α - hydrogen cross-section

Lyα photons have a high chance to interact with neutral hydrogen atoms. In particular,
the cross-section close to the Lyα wavelength λLyα between a Lyα photon and a single
HI atom for a given frequency ν (Peebles, 1993) is

σLyα×HI(ν) =
3λ2

Lyα

8π
A2

Lyα(ν/νLyα)4

(2π)−2(ν − νLyα)2 + (ALyα/2)2(ν/νLyα)6 (1.24)

where νLyα is the Lyα frequency and ALyα ≡ A{2p},{1s} = 6.25 108s−1 is the Einstein
coefficient for the Lyα transition. This cross-section (shown in Fig.1.7) exhibits a promi-
nent peak at the Lyα wavelength, where it reaches a value as high as ∼ 3 10−12cm−2.
When the wavelength is shifted a little bit from Lyα, σLyα×HI decreases 7 orders of mag-
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Fig. 1.7 Cross-section between a Lyα photon and i) single HI atom (purple) ii) an HI
could at T = 103K (blue), T = 104K (yellow) and T = 105K (red).

nitude in roughly 0.25Å. Then it progressively keeps getting smaller, but at a slower rate.

In astrophysical environments, hydrogen atoms are not alone, instead they form big
HI clouds. Therefore, it is also interesting to study the cross-section of Lyα photons
and macroscopic HI gas, σLyα. In fact, σLyα depends on the HI region temperature due
to three main reasons :

• The cross-section of a single hydrogen atom and Lyα photons depends on the
frequency.

• Particles constituting a gas at a given temperature T have kinetic energy. If we
assume an ideal gas behaviour, then the velocity modulus v of the individual
atoms distributes as a Maxwell–Boltzmann distribution, i.e,

FMB(v) = 4π
(

mH

2πkBT

)3/2
v2e

− mH v2
2kBT , (1.25)

where kB is the Boltzmann constant and mH is the rest frame mass of the hydrogen
atom. In this approximation, the orthogonal components of the velocity, vi, are
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independent and distributed as

fMB(vi) =
(

mH

2πkBT

)1/2
e

−
mH v2

i
2kBT . (1.26)

• Due to the relativistic Doppler effect, in the rest frame of a particle, photons
emitted at a given frequency ν are received at the frequency ν ′, such as

ν ′

ν
= 1 −

v∥

c
(1.27)

where v∥ is the relative velocity between the particle and the source of photons
along the direction joining them (line of sight) and c is the speed of light.
Therefore, photons emitted by a source approaching the particle are received at
a higher frequency (blueshifted) than the frequency at which they were originally
emitted. Meanwhile, if the source and the particle are distancing the photons
are received at a lower frequency (redshifted).

The combination of these effects causes that individual HI atoms in a cloud have
different probabilities of interacting with Lyα depending on their own velocity when
they receive the photon. Thus, the cross-section between Lyα photons and HI clouds
is the convolution of the 3D velocity v⃗ distribution of HI atoms and the cross-section
of single HI atoms with Lyα, i.e,

σLyα(ν, T ) =
∫
σLyα×HI(ν|v⃗)FMB(v⃗) d3v⃗ (1.28)

where σLyα×HI(ν|v⃗) is the cross-section between single HI atoms with velocity v⃗ and Lyα
photons at a given frequency. It is useful to decompose v⃗ in orthogonal components
parallel (v∥) and perpendicular (v⊥,1, v⊥,2) to the line of sight. Thus,

σLyα(ν, T ) =
∫ ∞

−∞
fMB(v⊥,1) dv⊥,1

∫ ∞

−∞
fMB(v⊥,2) dv⊥,2

∫ ∞

−∞
σLyα×HI(ν|v∥)fMB(v∥) dv∥

(1.29)
where the integrals of v⊥,1 and v⊥,2 are 1 since σLyα×HI only depends on the motion
along the line of sight (Doppler effect). Now, if we substitute Eq.1.24, 1.26 and 1.27,
then σLyα can be written as (Orsi et al., 2012)

σLyα(x) = 3λLyαa
2
V

2π3/2

∫ ∞

−∞

e−y2

(y − x)2 + aV

dy, (1.30)
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where we have defined the Voight parameter aV as

aV = ALyα/4π
∆νD

= 4.7 × 10−4
(
T

104

)−1/2
, (1.31)

with vth =
(

2kBT

mH

)1/2

and ∆νD = νLyα
vth

c
. Additionally, x is the frequency in Doppler

units, defined as
x ≡ ν − νLyα

∆νD

. (1.32)

It is common to rewrite the cross-section of Lyα and a HI cloud as

σLyα(x, T ) = 5.686 × 10−14
(
T

104

)−1/2 H(aV , x)√
π

, (1.33)

where

H(aV , x) = aV

π

∫ ∞

−∞

e−y2

(y − x)2 + aV

dy =
 ∼ e−x2 core

∼ aV√
πx2 wings

, (1.34)

is the Voight profile (Hjerting, 1938). In fact, computing this integral can be compu-
tationally expensive, specially if it has to be evaluated several times. Tepper-García
(2006) calculated an approximation for the Voight profile :

H(aV , x) = e−x2 − aV√
πx2

[
e−2x2

(
4x4 + 7x2 + 4 + 3

2x2

)
− 3

2x2 − 1
]
. (1.35)

In Fig.1.7 we compare the cross-section between Lyα and a single HI atom and
with HI clouds at different temperatures. In general, σLyα×HI at exactly the Lyα
wavelength is higher than σLyα at all temperatures. Then, the cross-section with
HI clouds exhibits a bell shape which size increases with temperature and finally it
matches the cross-section of a single HI atom. A simple interpretation is that, since HI

atoms present random peculiar motions, the number of HI atoms that would received
Lyα photons exactly at Lyα frequency (v∥ ∼ 0) is reduced, which effectively reduces
σLyα close to Lyα. However, this augments σLyα in the range where it is probable to
find a HI atom with velocity (|v∥| ≫ 0) such as a photon close to Lyα is perceived
as Lyα. This is causing the bell behaviour previously discussed. Additionally, as the
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temperature increases, this range becomes broader and the bell is extended. Finally,
when there are no chances of finding a HI atom that would received a photon as if it
was at Lyα, both cross-sections behave similar (σLyα×HI ∼ σLyα).

1.3.3 Lyman-α transmission

The optical depth of Lyα photons through a HI cloud at a given temperature is defined
as

τ(ν) =
∫ ∞

0
nHI(s)σLyα(ν, VHI(s)) ds (1.36)

where nHI(s) is the HI number density at given distance s from the source. Additionally,
the term σLyα(ν, VHI(s)) contemplates the possibility that the HI cloud might exhibit a
bulk velocity that may also depend on s. If we consider that the HI cloud is at rest
with respect to the Lyα source,

τ(ν) = NH × σLyα(ν) (1.37)

where NH denotes the HI column density.

Hydrogen clouds scatter Lyα photons very efficiently. To illustrate this, let us
define the transmission as the fraction of Lyα photons that do no interact with the HI

cloud, i.e.,

T (ν) = e−τ(ν). (1.38)

In Fig.1.8 we show the transmission of Lyα through HI regions with different column
densities for a fixed temperature T = 104K. The transmission is minimum at Lyα and
it decreases symmetrically very fast with NH. In fact, for NH = 1012cm−2 only a very
small fraction of photons closer than 0.1Å to Lyα would interact. Meanwhile, basically,
all photons closer than 0.1Å to Lyα are scattered by the cloud if NH = 1016cm−2. The
HI column density expected inside galaxies is about 1020cm−2 and 1022cm−2. For these
values of NH, all the photons closer than 1Å and 10Å respectively are expected to be
scattered. The wings of absorption go even further and photons at λ − λLyα < 10Å
and < 100Å respectively are likely to interact with the cloud.
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Fig. 1.8 Transmission around Lyα for a HI gas at T = 104K and several column
densities.

1.3.4 Lyman-α interaction

In this section we explain the two most common Lyα interactions in a astrophysical
environment: with HI and dust grains.

Interaction with hydrogen

When a HI atom with an electron in the ground level absorbs a Lyα photon its electron
is excited to the 2p orbital. Then, after a short time, the electron decays to the
fundamental level by emitting another Lyα photon. As shown in §1.2.4 the 2p orbital is
divided in two 2P1/2 and four 2P3/2 states. The processes 1S1/2 → 2P1/2 → 1S1/2 and
1S1/2 → 2P3/2 → 1S1/2 are usually referred as K-line and H-line, respectively. These
spectral lines are separated by less than 0.01Å.

The direction of the new Lyα photon is determined by the phase function, which
depends on the quantum structure of the hydrogen atom. The quantum state 2P1/2

exhibits spherical symmetry while the states 2P3/2 are only axially symmetric. This
causes that the phase function of the K-line is spherically symmetric. Meanwhile,



1.3 Lyman-α physics 23

Hydrogen interaction phase function

Fig. 1.9 Phase function of the interaction between a Lyα photon and a HI atom (purple).
The black horizontal line indicates the incident direction. The black dot indicates the
position of the HI atom. The thin circular lines are just circumferences around the HI
atom. The blue arrows indicate the emissivity in that direction. The larger the arrow
are, the more photon are sent in that direction.

photons in the H-line are polarized and their phase function is a dipole. Therefore,
the total phase function of a Lyα-HI interaction is a superposition of isotropic and
dipolar scatter. The particular weight of each component depends on the probability
of producing Lyα photons through the H-line or the K-line. In fact, the total phase
function of a Lyα-HI interaction as at the fine structure level is (Brasken and Kyrola,
1998)

p(θ) = 11
12 + 3

12 cos2 θ, (1.39)

where θ is the angle between the incident and the emitted photon. In Fig.1.9 we show
the phase function of an interaction with hydrogen p(θ). The probability of sending
the Lyα photon forwards is the same than to scattering it backwards. Additionally, the
probability that the new Lyα photon is emitted perpendicular to the incident direction
is smaller (but not null) than to emit the photon closer to the line of incident direction.
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Dust scattering phase function

Fig. 1.10 Same as Fig. 1.9 but for the interaction between a Lyα photon and a dust
grain.

In general, the Lyα source and the hydrogen atom will have a relative velocity.
This causes that the Lyα is received Doppler shifted by the HI atom. This affects
to the chances of interacting, as the cross-section depends on frequency. Then, the
new photon in emitted at Lyα in the HI rest frame. This is called coherent scattering.
The new photon is perceived by the initial Lyα source Doppler shifted from Lyα. In
particular, if the HI is getting away from the initial Lyα source, then the radiation is
received redshifted. Meanwhile, if the HI atom was approaching the initial source, it is
blueshifted.

Interaction with dust

When a Lyα photon interacts with a dust grain there are two possible outcomes. The
photon is either i) absorbed or ii) scattered. This depends on the albedo of the dust.
Typical value of the dust albedo at the Lyα wavelength is 0.4 (Orsi et al., 2012).

In general, if the photon is not absorbed its direction change. The typical phase
function for photons (not only Lyα) interacting with dust is (Henyey and Greenstein,
1941)

p(θ) = γ(1 − g2)
4π

1
(1 + g2 − 2g cos θ)3/2 , (1.40)

where γ is the spherical albedo and g is the asymmetry parameter that determines the
shape of p(θ). The spherical symmetry is recovered when g = 0, as the dependence
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with cos θ vanish. Then, in the extreme case where g = −1 (g = +1) all the radiation is
sent backwards (forwards). At Lyα, g ∼ 0.73. In Fig.1.10 we show the phase function
for a Lyα photon and dust. p(θ) is very elongated along the incident direction since g
takes a great value at Lyα. Additionally, the probability that the photon gets scattered
backwards or perpendicular to the incident direction is very small. Indeed, in most
cases the photon will be scattered forward and very close to the incident direction.

1.4 Lyman-α emitters

Lyman-α emitters are extragalactic sources exhibiting strong Lyα emission in their
spectrum. This population is mainly constituted by Quasi Stellar Objects (QSOs) and
galaxies with ongoing star formation. On one hand, in QSOs the Lyα photons are
generated by the interaction of black holes and their accretion disks. On the other
hand, in star forming galaxies these photons come from the HII regions hosting the
newborn stars. This thesis is focused on the latter kind of Lyman-α emitter, that, from
now on, will be referred to as LAE.

In this section we make an historical and theoretical introduction to LAEs, as well
as to their perks and disadvantages.

1.4.1 First predictions

Partridge and Peebles (1967) suggested for the time that galaxies in an early state
could emit Lyα photons.

"It seems possible that the Lyman-α line might be detected if it is a strong
feature of the spectra of young galaxies."

Partridge and Peebles (1967)

The authors also suggested that the study of these galaxies could shed light on the
cosmology of the Universe and the galaxy formation and evolution processes, opening
a new window to the high redshift Universe.

The agents responsible for the Lyα photon production inside galaxies are the star
forming regions (illustrated in Fig.1.11). In these regions the hot intergalactic gas (HI

at ∼ 104K) is cooled and transformed into molecular hydrogen clouds, which collapses
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Fig. 1.11 Artistic representation of a star forming region where Lyα is generated. Young
OB-type stars emit hard UV photons (purple) and ionize their surrounding cold HI
(grey) creating a ionized bubble (white). In the bubble, recombination episodes take
place and Lyα (blue arrows) are emitted.

and form stars. The new stars generate radiation that heats the surrounding H2 that
gets dissociated. At first approximation, the spectral energy distribution (SED) of
the radiation emitted by stars is as a black body, whose characteristic temperature is
proportional to the mass of the star. This causes that very massive stars (O-type and
B-type) emit a significant fraction of their photons in the ultraviolet. Very high energy
photons (λ < 912Å) ionize the surroundings of the stars, forming HII regions. In this
hot plasma electrons and protons are split and recombined in HI constantly, producing
Lyα photons through radiative cascades.

Some of the emitted ionizing photons escape the galaxy, others interact with the HI.
Each of these interactions produces a pair of electron and proton. For each of these
pairs a radiative cascade takes place. Thus, the number of Lyα photons generated is

NLyα = (1 − f ion
esc ) ×Nγ × P (Lyα) (1.41)

where f ion
esc is the escape fraction of ionizing photons, Nγ is the number of emitted

ionizing photons and P (Lyα) is the probability of emitting a Lyα after a recombination
(Eq. 1.22 and 1.23). In this way, the produced Lyα luminosity is directly related to the
star formation rate of the galaxy. The greater the amount of gas is transformed into
stars, the higher is Nγ and therefore the produced Lyα flux. Additionally, Lyα is the
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transition with the highest probability in a radiative cascade at typical galactic tem-
peratures, which makes Lyα the strongest hydrogen emission line. The high luminosity
of the Lyα line is what makes possible to detect LAEs at cosmological distances.

An additional perk of using LAEs as a cosmological tool is the wavelength of Lyα,
∼ 1215.67Å. While the Earth’s atmosphere is opaque to Lyα at low redshift, it becomes
transparent from z ∼ 2 to z ∼ 8. This makes LAEs a good population to understand
the early stages of galaxy formation and evolution and the development of the Universe
at these epochs.

1.4.2 Lyman-α radiative transfer

Some years after their hypothesized detection the astrophysical community started to
realised the complexity of the LAEs. Harrington (1973) made a theoretical sutdy about
the behaviour of resonant lines (such as Lyα) in an optically thick medium. They
found that, if the medium has any photon destruction mechanism, the escape fraction
of photons is reduced. Additionally, they also found that the surface brightness profile
is modified by radiative transfer processes.

We have illustrated in Fig.1.12 the complex radiative transfer processes that Lyα
go through in a HI cloud containing dust. In this picture, monochromatic radiation
at Lyα frequency (bottom left subpanel) is penetrating a HI region. After traveling
freely some distance the high cross-section between Lyα and HI atoms makes them
interact. In this interaction, the atom captures a Lyα photon traveling in a given
direction. Then, the electron is excited and rapidly decays to the ground level emitting
a Lyα photon in a different direction. Since the probability of being emitted forwards
and backwards is the same (Eq.1.39), the length of the trajectory of Lyα is highly
increased. See for example photon "c" of Fig.1.12.

In general, there are two main processes than might cause a flux reduction after
entering into a HI cloud:

• Photons that initially were traveling to the observer change their trajectory by
scattering events and never reach it. This is illustrated with photon "a".

• A dust grain absorbs the Lyα photon (photon "c"). As the length of the trajectory
of Lyα in the medium is augmented, the probability of interacting with dust also
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Fig. 1.12 Sketch of the Lyα radiative transfer processes that take place inside dusty
HI clouds. The frequency of the photons is color coded. First, all the photons enter
into the cloud at Lyα. There, they interact with dust or HI atoms. This changes their
frequency and direction. Some radiation manage to escape and are observed with a
different spectrum. Other photons are lost due to i) dust absorption or ii) they are
scatter out of the line of sight.

increases. In fact, the scatter efficiency is so high that Lyα photons are extremely
sensitive to dust.

The combination of these effect causes that the transmission of Lyα photons depends
on the gas geometry, its optical depth and dust content. Moreover, since the final direc-
tion of these photons is modified, the surface brightness profile of the object is extended.

Additionally, in each scattering event the frequency of the Lyα photon changes
slightly due to the peculiar motion of HI atoms (see §1.3.4). This helps Lyα photons to
escape, as consecutively scattering events Doppler shift more and more these photons
until the medium becomes transparent to them. Therefore, the emerging Lyα line
profile is also modified. Typically, the line profile exhibit a bimodal distribution. The
blue part of the distribution comes from interactions with HI atoms that, by their
thermal peculiar motion, were moving towards the Lyα source at the moment of the
scattering. In the same way, the red peak is caused by interactions with atoms that
were distancing from the Lyα source.
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Homogeneous slab (Neufled 1990)

1
nH

dHI

Fig. 1.13 Sketch of the homogeneous slab used in Neufeld (1990). In white we show
the central Lyα source. One example of an escaping Lyα is shown in blue.

In Neufeld (1990) they provided analytic solutions to the complex radiative transfer
of Lyα in an homogeneous static HI slab at a certain temperature containing also dust.
The slab is illustrated in Fig.1.13. This gas geometry is motivated by the astrophysical
scenario in which Lyα photons are generated in narrow and elongated galaxy disks.
In this way, the slab is considered infinite along its parallel direction and thin in the
perpendicular. The Lyα source is located in the middle of the slab. Additionally, the
HI column density of this geometry is computed as

NH = nH × d (1.42)

where nH is the number density of HI atoms in the slab and d is half of the slab width.
If monochromatic emission is assumed, then the fraction of Lyα photons that escape
from the slab is

fLyα
esc = 1

cosh(ξ′
√

(aV τ0)1/3τa)
(1.43)

where aV is the Voight parameter (Eq.1.31), τ0 is the optical depth in at Lyα(Eq.1.37),
τa is the dust optical depth and ξ′ =

√
3/(ξπ5/12) where ξ ∼ 0.525 is a free parameter.

In Fig.1.14 we show the escape fraction of Lyα photons in an homogeneous slab.
We made this calculation for several values of HI column density and metalliciy of the
gas Z, where we assumed that the dust optical depth can be written as

τa = (1 − ALyα)E⊙

Z⊙
NHZ, (1.44)
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Fig. 1.14 Properties of the Lyα radiation after escaping from an homogeneous slab.
Left: emerging line profiles as a function of the neutral hydrogen column density. Right:
escape fraction as a function of metallicity and column density. The dark line shows
fLyα

esc = 0.2

where E⊙ = 1.77 × 10−21cm−2 is the ratio τa/NH for solar metallicity, Z⊙ = 0.02
(Granato et al., 2000) and ALyα = 0.39 is the dust albedo at the Lyα frequency. In
general, fLyα

esc decreases when the metallicity increases as the medium becomes more
dusty. Moreover, when the HI column density increases, the length of the trajectory of
Lyα inside the medium is boosted and fLyα

esc decreases. Finally, for the typical values of
metallicity (Z ∼ 10−2.5Z⊙) and column density (NH ∼ 1020.5cm−2) the escape fraction
of Lyα photon is close to 10−2. This means that the Lyα radiation would be greatly
absorbed by such interstellar medium. In fact, it was expected that only a few LAEs
would be observed in the sky.

Neufeld (1990) also gave an analytic expression for the Lyα line profile emerging
from an homogenius slab. This is,

J(τ0, x) =
√

6
24

x2

aτ0
√
π

 1

1 + cosh
(

x3

aτ0

√
π3

54

)
 . (1.45)

In Fig.1.14 we show how the Lyα line profile of a slab varies with its column density. In
general, the Lyα exhibits a symmetric double peak profile. The denser is the medium
the more difficult is for Lyα photons to escape. In fact, for low NH values the peak are
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close to Lyα, but as NH grows, more scattering events take place and the peaks get
away from Lyα.

1.4.3 The detection of the first LAEs

The first observations of LAEs were made in 1998.

• Steidel et al. (1998) studied a photometry selected sample of "Lyman break
galaxies"2 between redshift 2.2 and 3.4 to find overdesities of galaxies in the early
Universe. Then, they performed spectroscopic observations of their targets to
characterize the performance of their selection. Among other things, they found
that a significant fraction of their targets exhibited a Lyα line. Moreover, they
found that the Lyα line was slight more redshifted with respect to the galaxy
spectrum.

• Cowie and Hu (1998) used a set of photometric bands to target LAEs at high
redshift. They used 3 broad bands (B, V and I) and one narrow band filter
centered at λ = 5390Å with FWHM∼ 77Å. The broad bands main function was
to detect the continuum of the galaxy, while the narrow band was designed to
detect Lyα at redshift ∼ 3.4. They made their LAE target selection by looking for
objects with an excess in the narrow band. They found 12 strong Lyα emitters.

"It is shown that there is a substantial population of galaxies at z ∼ 3.4
which can be selected by Lyα emission."

Cowie and Hu (1998)

• Later, Hu et al. (1998) carried out spectroscopic observations of their previous
LAE candidate sample. They found Lyα in a significant fraction of their targets.
This work demonstrated the high performance of photometric narrow band
observations to detect Lyα at high redshift. Additionally, they found that the
Lyα line profiles were not symmetric.

From this point, many surveys targeting Lyα have been carried out. The first
large LAE survey was the "Large Area Lyman Alpha Survey" (Rhoads et al. (2000)
, Malhotra and Rhoads (2002) ) where they covered an sky area of 36′ × 36′ using
narrow band observations. They found a great number of LAEs at z ∼ 4.5.

2Lyman break galaxies constitute a galaxy population that is detected in the sky for their
characteristic flux redaction at wavelengths smaller than Lyα.
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Fig. 1.15 Sketch of an expanding thin shell with a couple of photons as example. In
grey we show the dense HI region.

"... implying a net density of ∼ 4000 Lyα emitters per square degree per
unit redshift"

Rhoads et al. (2000)

1.4.4 Outflows as an escape channel

By the year 2000, it had became obvious that LAEs were abundant in the high redshift
Universe. After the prediction that millions of LAE could be found all over the sky
the astrophysical community started wondering how Lyα photons could escape from
galaxies. Neufeld (1990) estimations for the escape fraction were too low to explain
the number of LAEs found.

One possible answer came from Neufeld (1991), where it was suggested that a
multiphase intergalactic medium could enhance the escape of Lyα photons. In this
scenario, instead of modeling the ISM as an homogeneous slab, it was composed
by a optical thin medium and high density HI clumps. Lyα would bounce in the
surface of these HI clouds without penetrating them, which would help their escape.
However, this model could not explain the asymmetric Lyα profiles found in dif-
ferent observations. Note, that in the present, a multiphase intergalactic medium
has been probed to reproduce many of the properties of LAEs (e.g. Gronke et al., 2016).
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The solution at that time came form the hands of Ahn et al. (2000). In their work
they found that the escape of Lyα photons through a expanding giant HI bubble cloud
explain the observed Lyα line profiles and facilitate the escape of Lyα photons. An
illustration of their gas geometry (from now on Thin Shell) is shown in Fig.1.15. The
Lyα source is in the center of an optically thin cavity (representing an HII region).
Photons travel freely through it until they reach a thin spherical layer of HI that has a
positive radial velocity Vexp.

The approach to tackle the Lyα radiative transfer was innovative. Instead of solving
the complex radiative transfer equations the authors designed a radiative transfer Monte
Carlo code. In their code photons with random direction where emitted to the thin
shell of HI. Then,

1. The optical depth of the cloud was computed along the direction of the photon.

2. The probability of interaction was computed and it was randomly decided if the
photon interacted or not.

3. They computed the new direction of the photon and its new frequency.

4. These steps were repeated until the photon escaped.

They tracked the outcome of every interaction of photons with the neutral hydrogen. In
this way, for each configuration of NH and Vexp they obtained a different Lyα line profile.

This approach has proven to give the same solution as the analytic expression
Neufeld (1990) when the gas geometry is an homogeneous slab. However, one of the
disadvantages of this method is the computational time. A great number of random
photons is necessary to obtain a line profile with good signal to noise. Even so, this
approach is very useful and has been used and improved by the community (Ahn et al.,
2000; Zheng and Miralda-Escudé, 2002; Ahn, 2003; Verhamme et al., 2006; Orsi et al.,
2012; Gronke et al., 2016).

In Fig.1.16 we show a family of line profiles produced by a dustless Thin Shell at
T = 104K. These profiles were computed using FLaREON (see Chapter 3). In general
the line profiles exhibit several peaks. However, in contrast with the homogeneous slab
the relative intensity between the peaks is different. For example, at Vexp = 10 km/s
all the presented line profiles exhibit a peak bluer than Lyα and a peak redder. As the
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Fig. 1.16 Sample of Lyα line profiles that emerge of the thin shell geometry for several
values of column density and macroscopic velocity.

outflow has an expanding bulk velocity it is more probable that Lyα interact with HI

atoms distancing from the source. As a consequence, normally the redder peak is more
prominent. In fact, as Vexp gets higher, the blue peak contribution becomes negligi-
ble. Another clear effect is that the position and width of the peaks depend on NH.
In fact, Lyα lines become broader and more redshifted the higher the column density is.

Moreover, at very high values of Vexp several red peaks are produced. Theses peaks
are produced by photons that instead of penetrating the thin shell (as photon ’a’ of
Fig.1.15) they bounce back inside the HII cavity. Then they find another wall of the
shell. The relative velocity between the point where the photon bounced the first
time and the point of the second interaction is greater than Vexp and at maximum
2Vexp (without accounting for thermal motion). This causes that a second redder
peak emerges at Vexp= 200 km/s and NH= 1020cm−2. This kind of event is called
backscatter (photon ’b’ of Fig.1.15).

One of the most useful upgrades in the radiative transfer Monte Carlo code was
the inclusion of dust. This allowed to study the escape fraction from these kind of
outflows. In Fig.1.17 we show the escape fraction of Lyα photons as a function of the
outflow properties (generated with FLaREON). As in the case of the homogeneous slab,
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Fig. 1.17 Dependence of the Lyα escape fraction in the thin shell geometry. In the left
we show the behaviour for a fixed value of Vexp =50 km/s. In the right panel we keep
Z = 0.01 Z⊙ fixed. In both panels the dark line shows fLyα

esc = 0.2

the fLyα
esc decreases with metallicity and column density. However fLyα

esc is greater in the
thin shell. For the typical values of Z = 10−2Z⊙ and NH = 1020.5cm−2, fLyα

esc ∼ 0.01
in the slab, while in the thin shell fLyα

esc ∼ 0.2. This enhancement of fLyα
esc is caused

by the expansion velocity of the outflow. In fact, fLyα
esc increases rapidly with Vexp.

As the HI atoms are distancing the Lyα source they received the photon redshifted
(in average). In addition to the fact that the Lyα-HI cross section peaks at Lyα and
decreases really fast. This causes that the thin shell is more transparent than the static
slab. Additionally, the backscatters help increasing fLyα

esc . Thanks to the greater escape
fraction of the thin shell and other outflow geometries later studied, the number counts
of LAEs were explained (Garel et al., 2012; Orsi et al., 2012).

1.4.5 State-of-the-art of Lyman-α emitters

Half a century has passed since Partridge and Peebles (1967) suggested that Lyα could
be observed in extragalactic sources. Nowadays, LAEs constitute one of the most pop-
ular galaxy population to study the early Universe. There are two main characteristics
that makes Lyα such an interesting tool to trace galaxies at high redshift. First, Lyα
falls in the optical range of the electromagnetic spectrum since when the Universe was
0.7 Gyr old (z ∼ 7.0) until it was 3 Gyr old (z ∼ 2). This allows ground experiments
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to be able to observed Lyαwhen the Universe was young. The second feature is the
high luminosity of Lyα in star forming galaxies. At the typical temperatures of the
star formation regions, the probability of emitting Lyα in a HI recombination event is
the highest. Therefore, Lyα is the emission line with the highest intrinsic flux.

All over the world, scientific teams have made remarkable efforts to understand
LAEs. On the theoretical side, the Lyα radiative transfer is a complex multi-scale
problem. The journey of Lyα photons starts inside the star formation regions, which
typical sizes about a few proper parsecs. Then, the Lyα photons interact with different
galactic structures smaller than 1 pKpc (Behrens et al., 2019) and escape to the
circumgalactic medium that can be as large as some hundreds of pKpc. Then, photons
enter into the inter galactic medium, which interacts with Lyα along a few pMpc.
Finally, in order to study cosmology with galaxies it is mandatory to explore a large
enough volume (about a cGpc3) to avoid cosmic variance. The multi-scale nature of
the Lyα RT processes makes extremely difficult to properly study each of the different
astrophysical environments at the same time. Indeed, the state-of-the-art cosmological
simulations (e.g. Angulo et al., 2012; Nelson et al., 2015; Baugh et al., 2019) are still
far from covering all this range of scales with high accuracy.

In order to make theoretical predictions about LAEs with the current tools, some
authors have studied the LAEs as a galaxy population in a ΛCDM framework using
radiative transfer Monte Carlo codes to simulate the Lyα RT inside the interstellar
medium (e.g. Garel et al., 2012; Orsi et al., 2012). Other works have implemented the
Lyα RT physics in small high-resolutions hydrodynamic simulations to study the escape
of Lyα radiation from realistic ISM structure (e.g. Behrens et al., 2019). Meanwhile,
the Lyα RT inside the ISM has been modeled in several ways. For example, Dijkstra
et al. (2007) determine the IGM velocity field, density field and ionization state around
galaxies with analytic expressions to determine the typical IGM absorption. Later,
Laursen et al. (2011a) studied the IGM transmission in a cosmological hydrodynamic
simulation by tracking Lyα rays along several lines of sight. Jeeson-Daniel et al. (2012)
used a similar ray-tracking method to study the effects of the circumgalactic medium
and IGM close to the galaxy during the epoch of reionization. Another technique to
understand the Lyα RT in the IGM has been the direct implementation of radiative
transfer Monte Carlo codes into cosmological hydrodynamic simulations (e.g. Zheng
et al., 2010, 2011; Behrens et al., 2017).



1.5 Thesis outline 37

On the observational side, a wide range of galaxy surveys have chased Lyman-α emit-
ters across all the cosmic history. In the local Universe some authors have characterized
the the Blueberry galaxies, local analogs of high redshift LAEs (Yang et al., 2017). At
high redshift many galaxy surveys have studied this galaxy population to understand
the mechanisms of galaxy formation evolution using photometric (e.g. Kashikawa et al.,
2006; Ouchi et al., 2008; Guaita et al., 2010; Konno et al., 2016; Sobral et al., 2017a)
and spectroscopic experiments (e.g. Esp; Herenz et al., 2017). An even during the
epoch of reionization (Kashikawa et al., 2011; Sobral et al., 2015; Ouchi et al., 2018;
Shibuya et al., 2018). Moreover, the scientific community will continue its efforts in the
future by studying cosmology using LAEs as tracer in surveys such as HETDEX (Hill
et al., 2008a), J-PAS (Benitez et al., 2014a) and DESI (DESI Collaboration et al., 2016).

1.5 Thesis outline

After this introduction to the Lyα radiative transfer and to the galaxy population
known as Lyα emitters, we present the scientific results of this thesis. In the following
subsections we present the abstracts from Chapter 2 to 6. Chapters 2, 3 and 4 are
works submitted to journal, while Chapters 5 and 6 are still work in progress. Then,
we make our conclusions and forecast future work in Chapter 7.

• Chapter 2: Lyα radiative transfer inside galaxies.

Lyman-α emitters (LAEs) are a promising target to probe the large scale struc-
ture of the Universe at high redshifts, z ≳ 2. However, their detection is sensitive
to radiative transfer effects that depend on local astrophysical conditions. Thus,
modeling the bulk properties of this galaxy population remains challenging for
theoretical models. Here we develop a physically-motivated scheme to predict
LAEs in cosmological simulations. The escape of Lyα photons is computed using
a Monte Carlo radiative transfer code which outputs a Lyα escape fraction. To
speed-up the process of assigning escape fractions to individual galaxies, we
employ fitting formulae that approximate the full Monte Carlo results within
an accuracy of 10% for a broad range of column densities, gas metallicities and
gas bulk velocities. We apply our methodology to the semi-analytical model
GALFORM on a large N -body simulation. The Lyα photons escape through an
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outflowing neutral gas medium, implemented assuming different geometries. This
results in different predictions for the typical column density and outflow veloci-
ties of the LAE population. To understand the impact of radiative transfer on
our predictions, we contrast our models against a simple abundance matching
assignment. Our full models populate LAEs in less massive haloes than what is
obtained with abundance matching. Overall, radiative transfer effects result in
better agreement when confronting the properties of LAEs against observational
measurements. This suggest that incorporating the effects of Lyα radiative
transfer in the analysis of this galaxy population, including their clustering, can
be important for obtaining an unbiased interpretation of future data sets.

This chapter has been submitted and accepted in the astrophysical journal
Monthly Notices of the Royal Astronomical Society with the ID MN-18-2387-MJ.
The information of the article is: Monthly Notices of the Royal Astronomical
Society, Volume 486, Issue 2, June 2019, Pages 1882–1906. This work can also
be found at arXiv at https://arxiv.org/abs/1807.00006.

• Chapter 3: Fast computation of Lyα RT.

We present FLaREON (Fast Lyman-Alpha Radiative Escape from Outflowing Neu-
tral gas), a public Python package that delivers fast and accurate Lyα escape
fractions and line profiles over a wide range of outflow geometries and properties.
The code incorporates different algorithms, such as interpolation and machine
learning to predict Lyα line properties from a pre-computed grid of outflow
configurations based on the outputs of a Monte Carlo radiative transfer code.
Here we describe the algorithm, discuss its performance and illustrate some of
its many applications. Most notably, FLaREON can be used to infer the physical
properties of the outflowing medium from an observed Lyα line profile, including
the escape fraction, or it can be run over millions of objects in a galaxy formation
model to simulate the escape of Lyα photons in a cosmological volume.

This chapter has been submitted to the astrophysical journal Monthly No-
tices of the Royal Astronomical Society with the ID Draft MN-18-4256-MJ
and it is pending of acceptance. This work can also be found in arXiv at
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https://arxiv.org/abs/1811.09630.

• Chapter 4: Lyα RT inside the intergalactic medium.

In the near future galaxy surveys will target Lyman alpha emitting galaxies
(LAEs) to unveil the nature of the dark energy. During the last years it has been
suggested that the observability of LAEs is coupled to the large scale properties
of the intergalactic medium. Such coupling could introduce distortions in the
observed clustering of LAEs, adding a new potential difficulty to the interpreta-
tion of upcoming surveys. We present a model of LAEs that incorporates Lyα
radiative transfer processes in the interstellar and intergalactic medium. The
model is implemented on the GALFORM semi-analytic model of galaxy of forma-
tion and evolution. We find that the radiative transfer inside galaxies produces
selection effects over galaxy properties. In particular, observed LAEs tend to
have low metallicities and intermediate star formation rates. At low redshift we
find no evidence of correlation between the spatial distribution of LAEs and the
intergalactic medium properties. However, at high redshift the LAEs are linked
to the line of sight velocity and density gradient of the intergalactic medium.
The strength of the coupling depends on the outflow properties of the galaxies
and redshift. This effect modifies the clustering of LAEs on large scales, adding
non linear features. In particular, our model predicts modifications in the shape
and position of the baryon acoustic oscillation peak. This work highlights the
importance of including radiative transfer physics in the cosmological analysis of
LAEs.

This chapter has been submitted to the astrophysical journal Monthly No-
tices of the Royal Astronomical Society with the ID Draft MN-19-1264-MJ
and it is pending of acceptance. This work can also be found at arXiv at
https://arxiv.org/abs/1904.04274.

• Chapter 5: Imprints of the epoch of reionization.

The epoch of reionization is nowadays one of the most interesting time windows
in the evolution of the Universe. Before the formation of the first stars and
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galaxies the intergalactic medium (IGM) was in a neutral state. Then, the ener-
getic photons emitted by galaxies progressively ionize the IGM. This transition
is known as reionization. Here, we study the imprints that different histories
of reionization leave in Lyα selected samples. We implement our LAE model
introduced in previous chapters to this frame. For this goal, we mimic the typical
topology of the local fraction of neutral hydrogen during the epoch of reionization.
This divides the simulation volume in two kind of regions: HI clumps and HII

bubbles. Lyman-α emitters are mainly observed in HII regions, while they avoid
HI clouds. We find that the history of reionization affects different properties
of Lyman-α emitters. For example the amplitude of their luminosity function
anticorrelates with the global fraction of neutral hydrogen. Moreover, we find that
the clustering of this galaxy population depends on the moment and duration
of reionization in different ways. First, the reionization time modifies mainly
the clustering amplitude, while the duration modifies the clustering shape. In
this way, we also find very characteristics features in their clustering when it is
divided in parallel and perpendicular along the line of sight. We conclude that
Lyman-α emitters are a galaxy population that will help to determine the history
of reionization with future surveys.

• Chapter 6: Chasing LAEs at redshift 2.2.

We present the first results of HiRULE: High Redshift Universe Lyman-α survEy,
a program targeting LAEs and QSOs at z ∼ 2.2 to study their cross-correlation
over an unprecedented volume. In its initial phase, HiRULE consists in observing
20 deg2 with the narrow band J0395 at T80Cam in the Observatiorio Astrofísico
de Javalambre, allowing us to perform various cross-correlation studies of these
two high-z populations. Key science cases include: a) Cross-correlation function
of LAEs and QSOs, to quantify baryonic environmental effects acting at this
redshift and affecting the small-scale clustering around QSOs; b) Lyα fluores-
cence around QSOs, from neutral gas surrounding QSOs; c) the properties of
bright Ly-alpha emitters at z ∼ 2.2, including their luminosity function and
auto-correlation function. Here we present the data analysis and the measured
LAE luminosity function.



Chapter 2

The impact of the interstellar
medium in Lyα selected samples

This chapter has been published in Monthly Notices of the
Royal Astronomical Society as Gurung-Lopez et al. 2019,

Volume 486, Issue 2, June 2019, Pages 1882–1906

Resumen

Las galaxias emisoras de radiación Lyα (LAEs) son una población prometedora para
trazar la estructura a gran escala del Universo a redshifts mayores que 2. Una de
las principales ventajas de las LAEs es su alta luminosidad a la longitud de onda en
reposo de Lyα, lo cual facilita su detección. Adicionalmente, debido la expansión de
Hubble (Hubble, 1929), la linea Lyα es observable entre redshift 2 y 7, permitiendo
que experimentos en tierra puedan medir estas galaxias. Sin embargo, su función de
selección es compleja y depende de los procesos de transferencia radiactiva de Lyα, los
cuales dependen de las condiciones astronómicas.

Presentamos un modelo teórico de LAEs basado en un código Monte Carlo de trans-
ferencia radiativa. Nuestro modelo puede ser aplicado a enormes volumes cosmológicos
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debido a su eficiencia. En particular hemos aplicado nuestro modelo a la simulación de
materia oscura P-Millennium y el modelo semianalítico de formación y evolución de
galaxias GALFORM (Lacey et al., 2016).

Los códigos Monte Carlo de transferencia radiativa han demostrado ser una her-
ramienta útil para entender cómo la radiación Lyα escapa de las galaxias. Desafortu-
nadamente, los prohibitivos costes computacionales no permiten que estos códigos se
corran en grandes volumes cosmológicos. Para evitar este problema hemos desarrollado
unas expresiones analíticas para computar la fracción de fotones Lyα que escapan
(fLyα

esc ). Estas expresiones son precisas en un gran rango de velocidad de expansión
Vexp, densidad de columna de hidrógeno neutro NH y metalicidades Z.

Siguiendo nuestra metodología, computamos fLyα
esc para cada galaxia en función

de Vexp,NH and Z. Estas cantidades son calculadas usando las propiedades de cada
galaxia, como su tamaño, tasa de formación estelar o masa de halo. Los parámetros
libres que regulan el calculo de estas cantidades son calibrados para reproducir las
funciones de luminosidad observadas de LAEs. Después de la calibración encontramos
que las tres geométricas estudiadas en este capitulo pueden reproducir las funciones
de luminosidad observadas a bajo corrimiento al rojo. Sin embargo, solo el thin shell
y el wind consiguen hacerlo a alto redshift, donde el bicono falla. Concluimos que la
geometría biconica (tal y como es presentada aquí) a alto desplazamiento al rojo es
menos favorecida que las otras. En el siguiente capitulo rediseñamos esta geometría
modelándola más realisticamente haciendo que las propiedades dependan del ángulo
de visión.

Hemos analizado la abundancia relativa de LAEs dividiendo las funciones de lu-
minosidad en función de diversas propiedades. La masa del halo o la masa estelar no
están significativamente correlacionadas con la luminosidad de Lyα. Las funciones de
luminosidad tienden a estar dominadas por galaxias de baja masa. Sin embargo, cuando
las funciones de luminosidad son divididas en tasa de formación estelar encontramos
una correlación positiva con la luminosidad de Lyα. Finalmente, cuando la función
de luminosidad es dividida en bines de metalicidad encontramos bastante dispersión
para logZ < 2. Es mas, la contribución de altas metalicidades (logZ > 2) a la parte
luminosa es pequeña.



43

También comparamos las propiedades de muestras seleccionadas por su emisión
en Lyα con las propiedades del resto de galaxias. Encontramos que los LAEs tienden
a habitar halos de materia oscura relativamente poco masivos. Adicionalmente, las
galaxias con los episodios de formación estelar más fuertes no son seleccionadas cómo
LAE, ya que las metalicidades de este tipo de galaxia hacen que la fracción de escape
sea pequeña.

Para validar nuestras predicciones de fLyα
esc , hemos comparado nuestras muestras de

LAEs con las observaciones llevadas a cabo por Oyarzún et al. (2017). Encontramos
que nuestro modelo reproduce muy bien la relación observada entre fLyα

esc y la tasa de
formación estelar. Las muestras de LAE que incluyen transferencia radiativa repro-
ducen con éxito esta anti-correlación y su dispersión. Sin embargo, la relación fLyα

esc -M∗

esta desplazada 0.5 dex in M∗ con respecto a Oyarzún et al. (2017). Esta diferencia
puede estar causada por los diferentes modelos de síntesis de formación estelar usados
por GALFORM y Oyarzún et al. (2017). Finalmente, encontramos que nuestra muestra de
LAE basada en una relación monofónica entre la tasa de formación estelar y la luminosi-
dad de Lyα (es decir, obviando los procesos de transferencia radiativa) no reproduce las
tendencias observadas. Esto subraya el papel crucial que juega la transferencia radiativa.

También estudiamos la población de halos de materia oscura que habitan las LAEs
en nuestros modelos. Encontramos diferencias entre las muestras que incluyen trans-
ferencia radiativa y los que la excluyen. A bajo corrimiento al rojo, los modelos con
transferencia radiativa predicen que las LAE habitan halos de menor masa y por lo
tanto su función de correlación presenta menos amplitud. Esta tendencia se invierte a
alto desplazamiento al rojo.

Finalmente, comparamos la distribución espacial de las LAEs en nuestros modelos
con observaciones. A desplazamiento al rojo 2.2, 3.0 y 5.7 la amplitud de la función de
correlación reproduce correctamente las observaciones. Sin embargo a corrimiento al
rojo 6.7 la amplitud no concuerda. Aunque el efecto del medio intergaláctico no esta
muy claro, trabajos previos (Zheng et al., 2011) indican que este podría tener un gran
efecto en muestras seleccionadas por su luminosidad en Lyα.

En este capitulo demostramos la importancia de la transferencia radiativa deter-
minando la función de selección de las LAEs basada en propiedades galácticas como
la metalicidad, la masa o la tasa de formación estelar. Por una parte, las tendencias
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observadas no se puede reproducir simplemente con una relación monotonía entre
la tasa de formación estelar y luminosidad Lyα. Por otra parte, La inclusión de la
transferencia raditiva cambia las propiedades de las LAEs observadas. Todo esto hace
de extrema importancia la inclusión de la transferencia radiativa en los modelos para
entender la formación y evolución de galaxias.
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Abstract

Lyman-α emitters (LAEs) are a promising target to probe the large scale structure of
the Universe at high redshifts, z ≳ 2. However, their detection is sensitive to radiative
transfer effects that depend on local astrophysical conditions. Thus, modeling the bulk
properties of this galaxy population remains challenging for theoretical models. Here
we develop a physically-motivated scheme to predict LAEs in cosmological simulations.
The escape of Lyα photons is computed using a Monte Carlo radiative transfer code
which outputs a Lyα escape fraction. To speed-up the process of assigning escape
fractions to individual galaxies, we employ fitting formulae that approximate the
full Monte Carlo results within an accuracy of 10% for a broad range of column
densities, gas metallicities and gas bulk velocities. We apply our methodology to
the semi-analytical model GALFORM on a large N -body simulation. The Lyα photons
escape through an outflowing neutral gas medium, implemented assuming different
geometries. This results in different predictions for the typical column density and
outflow velocities of the LAE population. To understand the impact of radiative
transfer on our predictions, we contrast our models against a simple abundance
matching assignment. Our full models populate LAEs in less massive haloes than
what is obtained with abundance matching. Overall, radiative transfer effects result
in better agreement when confronting the properties of LAEs against observational
measurements. This suggest that incorporating the effects of Lyα radiative transfer in
the analysis of this galaxy population, including their clustering, can be important for
obtaining an unbiased interpretation of future datasets.

2.1 Introduction

During the past two decades, surveys targeting the Lyα emission in star-forming
galaxies, the so-called Lyα emitters (LAEs), have detected objects out to redshift z ∼ 7
(e.g. Steidel et al., 1996; Hu et al., 1998; Rhoads et al., 2000; Malhotra and Rhoads,
2002; Taniguchi et al., 2005; Kashikawa et al., 2006; Guaita et al., 2010; Konno et al.,
2016; Sobral et al., 2017a).The study of this galaxy population has allowed us to explore
the kinematics of the interstellar medium (ISM) in high redshift galaxies (Shapley
et al., 2003; Steidel et al., 2010, 2011; Kulas et al., 2011; Guaita et al., 2017; Chisholm
et al., 2017), the large scale structure (Gawiser et al., 2007; Orsi et al., 2008; Ouchi
et al., 2010; Bielby et al., 2016; Kusakabe et al., 2018; Ouchi et al., 2018), the epoch
of reionization (Santos et al., 2004; Kashikawa et al., 2006; Dayal et al., 2011; Inoue
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et al., 2018) and to test galaxy formation models (Le Delliou et al., 2006; Kobayashi
et al., 2007; Nagamine et al., 2010; Orsi et al., 2012).

Despite the success in detecting progressively larger samples of LAEs, their physical
interpretation has proven to be a difficult challenge (see Dijkstra, 2017, for a review).
Lyα photons are easily scattered by neutral hydrogen, causing a large increase in the
path that the photon needs to travel through neutral hydrogen clouds (e.g. Harrington,
1973; Neufeld, 1990). This results in an increased probability of interaction with dust
grains, and thus, absorption. Hence, the Lyα radiative transfer through a neutral
medium reduces the Lyα flux that escapes the galaxy and also modifies the line profile,
since each scattering event changes the frequency of the photons. These physical
processes also take place in the surrounding intergalactic medium (IGM) of galaxies
and can also modify the observed Lyα flux and line profile (Santos et al., 2004; Dijkstra
et al., 2011).

Analytical approximations for Lyα radiative transfer have been derived for over-
simplistic neutral gas configurations (e.g. Harrington, 1973; Neufeld, 1990; Dijkstra
et al., 2006). More realistic configurations can be explored with a Monte Carlo algo-
rithm. Individual Lyα photons are generated inside a neutral hydrogen cloud with
a given geometry, kinematics and temperature. The path of Lyα photons is tracked
including their interactions, which produce scattering events, until the photons escape
or are absorbed by dust. This approach has been studied in several scenarios (Ahn
et al., 2000; Zheng and Miralda-Escudé, 2002; Ahn, 2003; Verhamme et al., 2006;
Gronke et al., 2016). Most notably, Monte Carlo radiative transfer has shown to
reproduce the diversity of observed Lyα line profiles by allowing photons to escape
through an outflowing medium (e.g. Schaerer and Verhamme, 2008; Orsi et al., 2012).

Theoretical models of galaxy formation have introduced the effect of radiative
transfer in different approximate ways to predict the properties of the LAE population.
The first model of LAEs in a hierarchical galaxy formation framework implemented a
constant escape fraction of Lyα photons to reproduce their observed abundance and
clustering (Le Delliou et al., 2005, 2006; Orsi et al., 2008). Further attempts introduced
radiative transfer effects over simple geometries in semi-analytical models (Orsi et al.,
2012; Garel et al., 2012). Cosmological hydrodynamical simulations also incorporated
Lyα radiative transfer in post-processing. One approach has been to track Lyα rays to
simulate different lines of sight (e.g. Laursen and Sommer-Larsen, 2007; Laursen et al.,
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2009, 2011b) over small volumes. With a Monte Carlo radiative transfer code, Zheng
et al. (2010) showed that the proper treatment of Lyα photons radiative transfer has
dramatic effects on the clustering of LAEs. However, recently, Behrens et al. (2017)
found no significant change in the clustering of LAEs after implementing Lyα radiative
transfer in the Illustris simulation (Nelson et al., 2015), and attribute the claims of
Zheng et al. (2010) about the clustering of LAEs to resolution effects.

In the next years many ground-based large surveys such as HETDEX (Hill et al.,
2008b), J-PAS (Benitez et al., 2014b) and space missions like ATLAS-Probe (Wang
et al., 2018a), will aim to detect LAEs over large areas to trace the large scale structure
(LSS) at high redshifts. Such measurements could potentially deliver cosmological
constraints in redshift ranges well above those currently targeted by Multi-Object
Spectroscopic surveys. With progressively larger and more accurate datasets, it be-
comes crucial to improve our theoretical understanding of galaxies as tracers of the
underlying matter distribution (Orsi and Angulo, 2018). One of our aims in this work
is to understand the impact of radiative transfer effects on clustering measurements.

The model for the Lyα luminosity of star-forming galaxies presented here is based
on a fast implementation of a Monte Carlo radiative transfer. To avoid the prohibitively
long time that it would take to run a Monte Carlo code over millions of galaxies, we
develop fitting formulae that reproduce the full Monte Carlo results accurately. To
illustrate the potential of our model, we apply this methodology to the semi-analytic
model GALFORM run over an N -body simulation. This is a first paper in a series that
explores the properties of galaxies selected by their Lyα luminosity. Here we focus on
the impact of the Lyα RT in defining the properties of the LAE galaxy population. In
a forthcoming paper we implement the impact of the intergalactic medium (IGM) and
the effects of reionization on the LAE population.

The outline of this paper is as follows: in §2 we develop fitting formulae to predict
the escape fraction of Lyman alpha photons through outflows. In §3, we describe our
model for LAEs that combines galaxy formation physics and Lyα radiative transfer in
addition to the implementation of the Lyα RT in a galaxy formation model is presented.
We analyze the LAE population predicted by our model in §4. We discuss our results
in §5. Finally, conclusions and future work are summarized in §6.
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Fig. 2.1 A schematic illustration of the different outflow geometries implemented in this
work: Thin Shell (left), Wind (middle) and Biconical Wind (right). The gas density
is represented by the gray colour scale. Different possible trajectories of photons are
labeled from a to g. The red cross over photon g illustrates the point where this photon
is absorbed by the medium.

2.2 Model ingredients

In this section we describe our model ingredients and the methodology we follow to
predict the properties of LAEs in a cosmological simulation.

2.2.1 Lyα radiative transfer

We track the scattering, absorption and escape of Lyα photons making use of the
Monte Carlo radiative transfer code described in Orsi et al. (2012), which has been
made publicly available 1. This code is similar to others in the literature (e.g. Zheng
and Miralda-Escudé, 2002; Ahn, 2003, 2004; Dijkstra et al., 2006; Verhamme et al.,
2006; Laursen and Sommer-Larsen, 2007; Barnes and Haehnelt, 2010, and references
therein). A detailed review of Lyα radiative transfer can be found in Dijkstra (2017).
Below we summarize the main features of the Orsi et al. (2012) code that are most
relevant to this work.

The code receives as input a configuration of a 3D neutral gas geometry, tempera-
ture, expansion velocity Vexp, neutral hydrogen column density NH and optical depth
of dust τa. In this work we use a monochromatic source of photons, i.e., all photons

1https://github.com/aaorsi/LyaRT

https://github.com/aaorsi/LyaRT
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are generated at Lyman α wavelength, λ0 = 1215.68Å. For a given gas distribution,
the code generates a Lyα photon with a random direction and follows its interactions
with hydrogen and dust until it is either absorbed by dust or escapes from the neutral
gas medium. Every interaction with a hydrogen atom results in a scattering event that
changes the direction and frequency of the photon. Interactions with dust, on the other
hand, can change the direction of the photon or result in absorption depending on the
assumed albedo of the dust grains. The process is repeated for Np photons, recording
in the end the frequency of every photon that escaped and those that were absorbed
by dust grains. This allows us to compute the escape fraction fLyα

esc and wavelength
distribution (i.e. the Lyα line profile) for every outflow geometry over which both the
neutral gas and the dust are distributed. In this work we implemented three different
outflow geometries, which are illustrated in Fig. 2.1.

1. Thin Shell. This geometry consists of an expanding isothermal homogeneous
spherical shell similar to ones found in literature (e.g. Verhamme et al., 2006;
Garel et al., 2012; Orsi et al., 2012) . This spherical shell is thin and can be
described by an inner and an outer radius, Rin and Rout respectively, which satisfy
Rin/Rout = 0.9. The shell is expanding outwards, thus it has a radial macroscopic
velocity Vexp > 0. The neutral hydrogen column density is given by:

NH = MH

4πmHR2
out
, (2.1)

where MH is the total neutral hydrogen mass and mH is the mass of a hydrogen
atom.

The empty cavity in the center of the shell produces photon backscatterings, i.e.
photons can bounce back into the empty cavity multiple times, as illustrated by
photons b and c in Fig. 2.1.

2. Galactic Wind. This geometry consists of an expanding spherical gas distribution
with a central empty cavity of radius RWind (Orsi et al., 2012). The gas is
isothermal and is expanding radially at a constant velocity Vexp. Unlike the Thin
Shell, the gas is distributed with a radial density profile given by:
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ρH(r) =
 0 r < RWind

ṀH

4πmHr2Vexp
r ⩾ RWind,

(2.2)

where ṀH is the ejection neutral hydrogen mass rate. Thus, the column density
in the Wind geometry is

NH = ṀH

4πmHRWindVexp
. (2.3)

This geometry is illustrated in the middle panel of Fig. 2.1.

We define a large outer radius Rout = 20RWind where the computation is forced to
end and any photon that have reached this radius is considered to have escaped.
We have checked that for greater values of Rout the code provides the same line
profile and escape fraction. Thus, we conclude that our results converge for our
choice of Rout.

3. Biconical Wind. This geometry shares the same properties of theWind, but
additionally it features an aperture angle, θcone, which defines the volume of gas
and dust similar to Zheng and Wallace (2014). In particular we arbitrarily set
θcone = π/4. The resulting polar asymmetry is thus the main difference between
the two previous geometries and this one. We checked that there is no strong
dependence of fLyα

esc with the line of sight within the outflow aperture. This
geometry is shown in the right panel of Fig. 2.1.

In the biconical geometry we force photons to be emitted from the center of the
geometry (as in the other geometries) and within the aperture of the bicone,
i.e. no photons are emitted outside the bicone. Additionally, due to the empty
regions in this geometry, photons that scatter off the internal cavity and escape
off the bicone are considered absorbed by the external medium (e.g. photon g

in Fig. 2.1). This is equivalent to assuming that there is a dusty optically thick
medium surrounding the bicone.

Furthermore, in this geometry we define the escape fraction of Lyα photons as
the ratio between the number of photons emitted towards the bicone and the
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Fig. 2.2 (Top) fLyα
esc versus the dust optical depth τa for different geometries in outflows

with the same physical properties (Vexp and NH), as indicated in the figures. The
output of the radiative transfer code is represented by green circles, blue diamonds
and red squares for the Thin Shell, galactic wind and biconical geometries respectively.
Additionally, our analytical fit is represented by solid lines with the same color code as
the code’s output. (Bottom) Lyα line profile for different geometries with the same
physical properties. In colored lines the radiative transfer code output is plotted for
the Thin Shell geometry (green), the galactic wind (blue) and the biconical galactic
wind (red).

number of photons that escaped through the bicone. This implies that in every
galaxy the outflow geometry is pointing towards the observer. We note that the
actual fraction of galaxies with a bicone orientated towards the observer would
be ∆γb/4π, where ∆γb is solid angle. In fact, if we take into account the galaxy
orientation in our models we find that for the bicone the observed number counts
of LAEs is too low (as we discuss later). Therefore, our biconical model rep-
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resents an upper limit. For further details on the bicone implementation see §2.7.1.

Fig. 2.2 illustrates the difference between the Lyα escape fraction (left panel) and
line profile (right panel) predicted by each geometry, for a particular choice of column
density and expansion velocity. As expected, the escape fraction decreases towards
higher values of τa in all geometries, as greater amounts of dust absorb more photons.
However, the impact on the geometry of the medium is evident: even if the three config-
urations have the same NH and Vexp, photons have the highest escape fractions from the
Wind geometry, and the lowest from the Bicone. This is due to the complicated Lyα
RT. For example, as in the Bicone configuration photons that leak through the empty
cavity are considered absorbed, the escape fraction does not reach 1 even if there is no
dust in the outflow, making a great difference with respect to the other two geometries.
Additionally, even if the Wind and Thin Shell configurations share spherical symmetry
(unlike the Bicone) the dependence of fLyα

esc on NH, Vexp and τa is different due to the
distinctive hydrogen density radial profiles of the two configurations. This dependence
on the geometry does not only affect the fLyα

esc but also the line profile of the Lyα
emission. The predicted line shape changes dramatically from a geometry to another:
in the case of the Wind it is a broad line, for the Bicone it is a narrow line and for
the Thin Shell it assumes a double-peak profile. We use these three different outflow
geometries to estimate the variance in the LAEs population depending on the geometry.

2.2.2 Fitting formulae for Lyα radiative transfer

As discussed in §2.2.1, the Monte Carlo radiative transfer code can take a long time to
run for a given configuration of parameters. For a single photon, the average number
of scatterings, and thus, calculations, grows as a power-law function of the column
density of the medium (Harrington, 1973). In the parameter space explored here, the
completion time of the code can vary from a few seconds up to a few hours in the most
extreme cases. Applying this directly in a catalog of millions of objects would result in
prohibitively long execution times.

To overcome this, we develop empirical (measured from the radiative transfer Monte
Carlo code) expressions that approximate the results of the Monte Carlo runs. We
start by constructing a grid to scan the parameter space with ∼ 450 configurations
spanning the ranges 10 ≤ Vexp[km s−1] ≤ 1000 and −2.5 ≤ log τa ≤ 0.5. For the



2.2 Model ingredients 53

Table 2.1 Constant parameter values used to derive the escape fraction of the different
geometries

Thin Shell

k1 = k11V
k12

exp k2 = k21V
k22

exp
k11 = k111(logNH18)2 + k112 logNH18 + k113 k21 = 10−0.0368

k12 = k121(logNH18)3 + k122(logNH18)2 + k123 logNH18 + k124 k22 = 10−1.556

k111 = 102.109

k112 = −102.745

k113 = 102.954

k121 = 10−1.785

k122 = −10−0.730

k123 = 10−0.155

k124 = −100.151

Galactic Wind
k1 = k11V

k12
exp k2 = k21V

k22
exp

k11 = k111N
k112
H18 k21 = 100.0137

k12 = k121(logNH18)2 + k122 logNH18 k22 = 10−1.62

k111 = 100.471

k112 = 10−0.244

k121 = 10−1.82

k122 = −10−0.667

Biconical Wind
k1 = k11V

k12
exp + k13 k2 = k21V

k22
exp

k11 = 103.229 k21 = 100.0470

k12 = −10−0.0752 k22 = 10−1.490

k13 = k131 N
k132
H18 + k133

k131 = 10−0.580

k132 = 10−0.238

k133 = 100.700

k3 = k31V
k32

exp + k33

k31 = 10k311(log NH18 )2+k312

k32 = k321(logNH18)2 + k322 logNH18 + k323
k33 = 10−0.0779

k311 = 10−0.874 k321 = −10−1.226

k312 = 100.571 k322 = 10−0.477

k323 = −100.292
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Thin Shell and Wind geometries we covered 19.0 ≤ log(NH[cm−2]) ≤ 22.5. However,
due to the excessive computational time in the Bicone we restrict our analysis to
19.0 ≤ log(NH[cm−2]) ≤ 22.0 . We run the Monte Carlo code with 104 photons and
obtain the Lyα escape fraction, fLyα

esc as a function of τa , NH and, Vexp. We set the
gas temperature to 104K.

To construct an analytic expression for fLyα
esc we start from a generalized form of

the expression for the fLyα
esc in a homogeneous, static slab derived in Neufeld (1990):

f an
esc = k3

[
cosh

√
k1τ k2

a

]−1
, (2.4)

where k1 and k2 are functions of NH and Vexp for all geometries. Additionally, k3 is
set to 1 in the Thin Shell and Wind geometries, but is a function, k3(NH,Vexp) < 1,
in the Bicone, since, in this geometry, the escape fraction is always less than 1 (see
section 2.2.1). We perform a Monte Carlo Markov Chain (MCMC) with the emcee2

code (Foreman-Mackey et al., 2013a) to determine the functional form of k1, k2 and
k3, by minimizing the function

χ2 =
∑

NH ,Vexp,τa

(
fMC

esc − f an
esc

σMC

)2

, (2.5)

where fMC
esc corresponds to the escape fraction of photons obtained with the MC code

over each configuration in the grid, and σMC is the error in the calculation of the
escape fraction, given by the dispersion in a binomial distribution with probability of
success fMC

esc :

σMC = z1−α/2

√
fMC

esc (1 − fMC
esc )

N
, (2.6)

where z1−α/2 is the 100(1 − α/2)-th percentile of the standard normal distribution.
In particular we use the quantile 95, i.e. α = 0.1. Additionally, N is the number of
generated photons in each configuration.

The functional form and parameter values of the fits for k1(NH , Vexp), k2(NH , Vexp)
and k3(NH , Vexp) for each geometry are shown in Table 2.1.

Fig. 2.2 compares the fLyα
esc computed analytically with Eq. (3.6) and with the free

parameters obtained with the MCMC (lines), and that obtained with the full MC RT
2http://dfm.io/emcee/current/

http://dfm.io/emcee/current/
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Table 2.2 Free parameters as defined in equations 2.7 and 2.8 after the calibration with
the observed luminosity function for different geometries and redshifts.

redshift Geometry log κV,disk log κV,bulge log κN,disk log κN,bulge

z = 2.2 Thin Shell 4.440 4.911 -12.367 -11.839
Wind 4.857 4.914 -7.065 -5.338
Bicone 4.982 4.258 -8.140 -7.249

z = 3.0 Thin Shell 4.337 4.549 -12.465 -11.915
Wind 4.691 4.769 -7.440 -5.166
Bicone 4.896 4.338 -8.436 -6.404

z = 5.7 Thin Shell 4.737 4.428 -13.906 -11.808
Wind 4.660 3.782 -8.292 -6.180
Bicone 4.612 3.590 -8.078 -7.614

z = 6.7 Thin Shell 4.659 4.279 -13.81 -11.934
Wind 4.589 3.871 -8.073 -5.910
Bicone 4.455 3.561 -7.848 -7.647

code (symbols) for a given values of NH and Vexp and the three different geometries.
The analytical expression reproduce remarkably well the results of the full MC RT code.

The accuracy of our analytic expressions varies with τa, Vexp, NH and the geometry.
In particular, there is a strong dependence on τa: for every geometry we find that
the accuracy decreases with increasing τa. We find that, in general, the discrepancy
with the full MC RT code in configurations with τa > 10−0.5 becomes greater than
10%. Galaxies with such a large dust absorption, in general, will not be observed as
a LAE so we are not concerned about the low accuracy at high τa. Additionally, we
checked that, after calibration of our LAEs model (see §2.3.1), less than 2% of the Lyα
selected galaxies (LAEs) in each geometry have τa > 10−0.5, making the contribution
of these galaxies negligible. For galaxies with 10−1.5 < τa < 10−0.5, the discrepancy
is just a few percents for NH between 1019 and 1022.5cm−2 and Vexp between 80 and
1000 km s−1. Moreover, for τa < 10−1.5 the discrepancy is typically below the 1%
in the same parameter range. Appendix 4.9.1 show the performance of our analytic
expressions and the τa, Vexp and NH distributions of the LAE samples.

2.2.3 Simulation and semi-analytical model.

We combine the radiative transfer code described above with the semi-analytical model
of galaxy formation GALFORM (Lacey et al., 2016) run on the P-Millennium N -body
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simulation (Baugh et al., in prep.).

The P-Millennium is a state-of-the-art dark matter only N-body simulation using
the Plank cosmology: H0 = 67.77 km s−1Mpc−1, ΩΛ = 0.693, ΩM = 0.307 , σ8 = 0.8288
(Planck Collaboration et al., 2016). The box size is 542.16 cMpc h−1 and the particle
mass Mp = 1.061 × 108 M⊙ h−1 (50403 dark matter particles). Between the initial
redshift, z = 127, and the present, z = 0, there are 272 snapshots. In this work we use
snapshots 77, 84, 120 and 136 corresponding to redshifts 6.7, 5.7, 3.0, 2.2, respectively.

A full review on semi-analytical models of galaxy formation can be found in Baugh
(2006). The variant of GALFORM used in this work is based on earlier versions described
in Cole et al. (2000); Baugh et al. (2005) and Bower et al. (2006). In brief, GALFORM
computes the properties of the galaxy population following the hierarchical growth of
dark matter halos. Halo merger trees are extracted from an N -body simulation (the
P-Millennium in our case), so the model can also predict the spatial distribution and
peculiar velocities of galaxies.

In GALFORM, galaxies are formed and evolve as a result of the following processes:
i) the radiative cooling and the shock-heating of gas inside halos; ii) the subsequent
cooling of gas forming a disk at the bottom of the potential well; iii) quiescent star for-
mation in the disk and starbursts in bulges resulting from disk instabilities and galaxy
mergers; iv) feedback processes (supernovae, AGN and photoionization) regulating
the star formation, and v) the chemical enrichment of stars and gas that results from
star-formation and feedback episodes. Additionally, the variant of GALFORM used in
this work assumes different initial mass functions (IMFs). In particular, a Kennicutt
(1983) IMF is used for quiescent star formation, while for starburst modes a top-heavy
IMF is implemented (see Lacey et al., 2016, for more details).

GALFORM generates a composite spectral energy distribution (SED) for each indi-
vidual galaxy based on its star-forming history and computes the rate of emission
of hydrogen ionizing photons, Q̇H , by integrating the galaxy SED over wavelengths
bluer than the Lyman break at λ = 912Å. All ionizing photons are assumed to be
absorbed by the neutral medium. Then case B recombination (Osterbrock, 1989) is
used to compute the intrinsic line luminosity of Lyα, where a fraction of 0.66 of ionizing
photons contribute to generating Lyα photons.
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In this work we only make use of GALFORM galaxies with Mstellar > 107M⊙h
−1. This

stellar mass threshold translates in dark matter halos with mass Mh > 1010M⊙h−1,
well above the halo mass resolution limit of the simulation, ∼ 2 109M⊙h

−1.

Radiative transfer parameters

To combine the Monte Carlo radiative transfer code with GALFORM, we need to derive the
parameters that define the neutral gas configuration from the galaxy output properties.
In particular, the column density NH, expansion velocity Vexp and the optical depth of
dust τa are key to determine the escape fraction. Motivated by observational works
(e.g. Cazzoli et al., 2016), the expansion velocity is computed for the three geometries
as:

Vexp,c = κV,cSFRc
rc

M∗
, (2.7)

where the index c denotes the galaxy component (disk or bulge), SFRc and rc are the
SFR[M⊙/Gyr/h] and half mass radius [pMpc] of each galaxy component, M∗[M⊙/h] is
the total stellar mass of the galaxy and κV,c are two (one per galaxy component) free
parameters. Note that, in our model, the photons generated in each galaxy component
do not interact with the outflow corresponding to the other galaxy component.

The neutral hydrogen column density is computed in different ways depending on
the geometry (see section 2.2.1) :

NH,c =
 κN,c

Mcold,c
r2

c
Thin Shell

κN,c
Mcold,c

rcVexp,c
Wind and Bicone

(2.8)

where Mcold,c and κN,c are, respectively, the cold gas mass and a free parameter of the
galaxy component c.

All the free parameters linking GALFORM properties to Vexp and NH are calibrated
by fitting the observed LAE luminosity function at different redshifts. For further
details see §2.3.1.
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Finally, the τa is computed for every geometry as:

τa,c = (1 − ALyα)E⊙

Z⊙
NH,cZc, (2.9)

where ALyα = 0.39 is the albedo at the Lyα wavelength, E⊙ = 1.77 × 10−21cm−2 is
the ratio τa/NH for solar metallicity, Z⊙ = 0.02 (Granato et al., 2000) and Zc is the
cold gas metallicity of the galaxy component c.

The intrinsic Lyα LF predicted by GALFORM (see Figure 2.3) results from two
populations: normal star forming galaxies (populating the low luminosity range) and
galaxies with an ongoing star formation burst (populating the high luminosity range).
Consequently, the values of κN,disk and κV,disk control the shape of the faint-end LF,
whereas κN,bulge and κV,bulge control the bright end of the LF. In both regimes, increasing
(decreasing) κN,c leads to an increase (decrease) of the NH distribution. This leads to
a decreasing (increasing) in the resulting fLyα

esc distribution and thus lowers (increases)
the number of galaxies with higher luminosities. Also, increasing (decreasing) κV,c

leads to a increase (decrease) of the Vexp distribution, increasing (decreasing) fLyα
esc and

the number of galaxies with high luminosities.

2.3 Implementing Lyα radiative transfer in a semi-
analytical model.

In this section we describe how we incorporate the Lyα radiative transfer processes
inside the semi-analytical galaxies from GALFORM. We make use of the fitting formula
described above to predict the Lyα escape fraction and line profiles. The strategy to
fit the value of the free parameters of Eqs. 2.7 and 2.8 is described below.

2.3.1 Calibrating the model.

In order to calibrate the model and compute the values of the free parameters for
each geometry, we fit our model to the observed LAE luminosity function at redshifts
z = 2.2, 3, 5.7 and 6.7. We run emcee (Foreman-Mackey et al., 2013b) to perform an
MCMC to find the values of κN,c, κV,c. The dynamical range of each free parameter is
determined by limiting the expansion velocity and column densities of each component
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Fig. 2.3 LAE LF at redshift 2.2 (top left), 3.0, (top right), 5.7 (bottom left) and
6.7 (bottom right). The LF computed for different geometries is plotted as colored
continuum lines, in blue for the Wind geometry, in red for the Bicone geometry and
in green the Thin Shell geometry. In continuum black we show the intrinsic Lyα LF.
The black dashed lines show the combined LF that is fitted that, at the same time, is
the AM-noRT LF (detailed in §2.4) LF. At redshift 2.2 we also show the LF observed
by Kono et al 2016 (blue dots), Sobral et al. 2016 (purple diamonds) and Cassata et
al 2011 (green squares). At redshift 3.0 we show the LF observed by Cassata et al
2015 (green squares) and Ouchi et al. 2008 (blue dots). At redshift 5.7 and 6.7 we
show the LF observed by Ouchi et al. 2008 (blue dots) and Konno et al. 2018 (purple
diamonds).

to lie within 80 < Vexp[km s−1] < 1000 and 19.0 < log(NH [cm−2]) < 22.5 for at least
90% of the resulting galaxy population with Lyα rest frame equivalent width EW0 > 20
Å and Lyα luminosity LLyα > 1041.5erg s−1. These limits are imposed by the range of
validity of the fitting formulae to derive the escape fraction (see §2.2.2).

This calibration is done independently for each outflow geometry and individual
redshift bin. To combine multiple observed LFs at redshift 2.2 and 3.0 we compute a
5th-order polynomial fit (in logarithm of Lyα luminosity - logarithm LF space) taking
into account the uncertainties of each survey to obtain a single curve that represents
the observational measurements. We choose to use a 5th-order polynomial at these
redshifts as some recent works suggest that the typical Schechter function is not able
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to reproduce the observe LF (Konno et al., 2016; Sobral et al., 2017a). Additionally, at
redshift 5.7 and 6.7 we use the best fitting Schechter function to the observed LAE LF
computed by Konno et al. (2018). The LF used to calibrate our model are shown in
Fig.2.3 in black dashed lines.

The model Lyα luminosity of galaxies, for each geometry and choice of [κV,disk ,
κV,bulge , κN,disk , κN,bulge] is computed as follows: i) we compute the intrinsic Lyα
luminosity of each component, L0

Lyα, of each galaxy, which is directly proportional
to the ionizing photon production Q̇H predicted by GALFORM; ii) we compute Vexp,disk

, NHI ,disk and τa,disk using Eqs. (2.8) and (4.3); iii) we obtain fLyα
esc for each galaxy

component using Eq. (3.6); iv) the observed Lyα luminosity of each component is
obtained by multiplying the intrinsic luminosities by their respective fLyα

esc ; and v) the
total Lyα luminosity for each galaxy is the sum of the observed luminosity of each
component (disk + bulge).

Fig. 2.3 shows the observed LAE LF (points), the full GALFORM intrinsic Lyα LF
(thin black line), the predictions for each geometry (thick colored lines) using the free
parameters that result from the MCMC (listed in table 4.2) at the different redshifts
implemented in this work.

The intrinsic Lyα LF in divided into two populations: normal SFR galaxies in the
low luminosity range and starburst galaxies in the high luminosity range. In general, in
GALFORM the galaxy disk component in dominated by a quiescent SFR while in bulges
the main mode of star formation is starburst, although quiescent star formation is
also included. Additionally, in GALFORM the quiescent SFR and the starburst have
different IMFs, which produces the bumps in the LF. On one hand, at lower redshifts,
the predicted intrinsic LF is above the observations at all luminosities, thus galaxies
at these redshifts require a significant fLyα

esc < 1 in order to reduce the amplitude of
the LF. On the other hand, at redshifts 5.7 and 6.7, the intrinsic LF at low LLyα

(disk-dominated region) matches observations, implying that galaxies in this range
must have fLyα

esc ∼ 1. Additionally, the intrinsic high redshift LF at high luminosities
(bulge-dominated regime) requires fLyα

esc < 1.

In general, the MCMC approach finds good matching solutions for the models
including the Lyα radiative transfer. First, we find that the Thin Shell is consistent
with the measured LF at at all redshifts. Secondly, the Wind geometry performs quite
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well at z = 2.2, 3.0 and 5.7 while at z = 6.7 it underpredicts the number density of LAE.
However, we have checked that by allowing Vexp to be slightly higher, the observed LF
is matched at redshift 6.7 as well. In the third place, the Bicone geometry matches the
observed LF at z = 2.2 and 3.0 while at z = 5.7 and 6.7 it fails. The low abundance
of LAEs predicted with the Bicone geometry arises due to the low escape fractions
predicted by this geometry. In fact, at high redshifts, faint Lyα emitters require escape
fractions close to 1 to match the observed LFs, and this is not possible in the Bicone
geometry by construction, as shown in Fig. 2.2.

2.3.2 A simplified model with no Lyα radiative transfer

In order to highlight how radiative transfer changes the properties of LAEs, we compare
the properties of our model with an abundance matching approach. We perform a
simple SFR-Lyα mapping where no Lyα radiative transfer is taken into account. We
refer to this model variant as ’AM-noRT’.

To construct the AM-noRT model, we rank galaxies by their SFR. We assign a
Lyα luminosity to each galaxy based on their total SFR in a monotonic way. Objects
with the highest SFR are assigned the brightest Lyα luminosity. We compute the Lyα
equivalent width using the assigned Lyα luminosity and continuum luminosity around
the Lyα frequency provided by GALFORM. Lyα luminosities are assigned recursively
towards lower luminosities such that the Lyα observed luminosity function (using the
EW0 cut of each survey) is recovered at each redshift. The resulting Lyα luminosity
distribution is shown in Fig. 2.3 as dashed black line. We compute a fLyα

esc , which
corresponds to the ratio between the assigned Lyα luminosity and the intrinsic one.

In contrast with our RT models, the fLyα
esc in the SFR-only model does not depend

on properties such as the cold gas mass or the galaxy metallicity. Due to the way that
Lyα luminosities are computed, the resulting fLyα

esc can be higher than 1 in some cases.
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Fig. 2.4 Ouflow expansion velocity and neutral hydrogen column density distributions
for each redshift (z = 2.2, 3.0, 5.7 and 6.7 from left to right) and for each geometry
color coded as stated in the legend. The dark and light shaded contours enclose the 40
and 80 percentiles of the galaxy population, respectively.

2.4 Results.

In this section we describe the main predictions of our radiative transfer model when
applied to GALFORM with the different outflow geometries.

2.4.1 The NH and Vexp distributions.

Since the parameters in our model are calibrated to match the observed LFs for each
geometry independently, the resulting distributions of NH and Vexp are different for
each configuration. Though this work unless it is different stated, we define LAE as a
galaxy with a Lyα restframe equivalent width EW0 > 20Å as typically in the literature
(e.g. Ouchi et al., 2018). In this section, we rank LAEs by their luminosity and select
the brightest to achieve a number density of 10−3h3cMpc−3.

Fig. 2.4 shows the distribution of Vexp and NH for each geometry. Since each quantity
is computed for the disk and bulge component of each galaxy separately, we weight each
component by their observed Lyα luminosity to build the distributions shown in Fig. 2.4.

Overall, the Vexp − NH distribution is relatively compact at redshifts (z=2.2,3.0)
and more extended at higher redshift (z=5.7,6.7). The Thin Shell tends to have lower
Vexp and NH than the Wind geometry. Additionally, there is a strong difference between
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low and high redshift for these two distributions, while, in the case of the Bicone,
remains generally unchanged across cosmic time. Additionally, most of the galaxies lie
within the fLyα

esc analytic expression optimal accuracy region defined in §3. Moreover,
we have checked that the fraction of galaxies outside the this region is lower than a 7%
for every geometry and redshift.

Typical values the Vexp are found to be around 150km/s and 300km/s for the Thin
Shell and Wind geometries respectively at z = 2.2, 3.0. Meanwhile, NH is found at
∼ 1020.5cm−2 for the Thin Shell and ∼ 1020.8cm−2 for the Wind. Notably, at higher
redshifts, z = 5.7 and 6.7, the distributions acquire a ’V’ shape (especially visible
for the Thin Shell) due to the division of each GALFORM galaxy into a disk and bulge
and the significant difference in fLyα

esc for starburst and normal SFR galaxies at these
redshifts. Lower column densities are favored by disk-dominated galaxies, requiring
a higher fLyα

esc in order to fit the LF. the distribution of these galaxies peak around
NH ∼ 1019.7cm−2 and Vexp ∼ 300km/s. Bulge-dominates starbursts require a lower
fLyα

esc to fit the LF, thus they favor high NH and low Vexp distributions centered around
1021.0cm−2 and 200km/s respectively.

The Bicone geometry displays noticeable differences with respect to the other two
geometries. The Bicone Vexp − NH distributions are very similar across the different
redshifts used in this work and present the available highest Vexp and lowest NH

distributions (peaking around 600km/s and 1019.2cm−2 respectively), maximizing as
much as possible the escape of Lyα photons. This is due to the fact that the typical
fLyα

esc is always lower in the Bicone compared to the other geometries, and it never
reaches 1.

On one hand, at low redshift (z = 2.2, 3.0) our models fit the observed Lyα LF.
At these redshifts, the Bicone is able to predict low enough NH and high enough Vexp

to reproduce the observed LAE number counts. The NH and Vexp values in the Bi-
cone are lower and higher respectively than in the other geometries, thus enhancing fLyα

esc .

On the other hand, at high redshift (z = 5.7, 6.7) the Bicone is not able to select
lower (higher) NH (Vexp) as these values fall outside of the parameter grid (see §2.2.2).
Thus, the Lyα LF with this geometry is not able to fit the observed LF, as shown above.
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Fig. 2.5 Left panels : Break down of the Lyα LF at z = 2.2 of galaxies with Lyα EW0 > 20Å in bins of halo mass (upper
left), stellar mass (upper right), star formation rate (lower left) and metallicity (lower right). The bins are indicated in the
legends. In each quantity the bins are represented in lighter colors for low values and darker as they increase. The total LF is
plotted in thick gray line. Right panels : The probability distribution function of the different properties. In black we show
the bin cuts.
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2.4.2 Breaking down the Lyα LF

To illustrate the properties of LAEs, Fig.4.9 shows the Lyα LF obtained with the
Thin Shell geometry at z = 3.0, split by the contribution of different ranges of halo
and stellar mass, star formation rate and gas metallicity. We note that other redshifts
and geometries show a similar behavior to what is shown in Fig. 4.9. Here we are
analyzing a subsample composed of every LAE (EW0 > 20Å) with Lyα luminosity
> 1041.5erg s−1.

When splitting the LF based on the halo mass of LAEs (upper-left panel), we
find that the majority of LAEs are hosted by haloes of moderate mass, Mhalo ∼
1011−12M⊙h

−1 which dominates the bright and moderate luminosities. LAEs with host
halo masses below Mhalo ≲ 1011M⊙h

−1 dominate the very faint end of the LF, with
LLyα ≈ 1041erg s−1. Finally, the most massive haloes host galaxies do not contribute
significantly to the LF shape. Furthermore, we have checked that there is no clear
correlation between halo mass and Lyα luminosity.

In the upper right panel in Fig. 4.9 the LF is split according to the stellar mass
of the emitting galaxy. The whole body of the LF is dominated by LAEs with
stellar mass about Mstellar ∼ 108−10M⊙h

−1. Moreover, galaxies with a very low
(Mstellar < 108M⊙h

−1) or a very high (Mstellar > 109M⊙h
−1) stellar mass do not

contribute to bright or the faint ends. As in the Mh case, we do not find any clear
correlation between stellar mass and Lyα luminosity.

The star formation rate, as expected, contributes in a roughly monotonic way
to the Lyα LF. The faint-end of the Lyα LF is dominated by galaxies with low
log(SFR[M⊙/h/yr]) ∼ −0.5. Additionally, the intermediate luminosities are domi-
nated by moderate SFR ∼ 1 − 10[M⊙/h/yr] while the bright end is populated by
galaxies with the highest SFR (although with a significant scatter). Note that this
trend only means that the LLyα of LAEs scales with SFR, but not that every galaxy
with high SFR would result in a LAE. Finally, we note that typically, galaxies with
SFR < 0.1[M⊙/h/yr] do not contribute to the LF in our luminosity ranges, although
they might dominate the very faint end of the Lyα LF.

The break down of the Lyα LF in terms of gas metallicity is less intuitive. Naively
one would expect to find an anti-correlation between metallicity and Lyα luminosity,
since fLyα

esc decreases with increasing dust, and thus, metallicity. However, we find the
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Fig. 2.6 a) The stellar mass - halo mass distribution at z = 3.0. The gray shaded region
shows the distribution for the full GALFORM sample. The solid yellow and blue lines
and correspond to the median of GALFORM central galaxies disk and bulges properties
respectively. The shade regions show the 10-90 percentiles. The red dots show the Thin
Shell LAE sample median, 10-90 percentiles (vertical) and the bin size (horizontal). b)
Same as a) but for the stellar mass - metallicity distribution. c) Same as a) but for
the stellar mass - star formation distribution. The top panels show the distributions of
the halo mass, star formation and metallicity, respectively, for the full GALFORM (yellow
and blue for disk and bulge dominated respectively) and the Thin Shell model (red).
The stellar mass distribution is shown in the right vertical panel.

opposite: for LAEs with log(Z) < −2, the low metallicity bins contribute to the lower
luminosities and vice versa. This trend is broken for log(Z) > −2 due to the low fLyα

esc

at this metallicity range. The galaxies with highest Z do not contribute anymore to
the bright end but to low and average luminosities . This leads to the bulk of the Lyα
emitter population being dominated by galaxies with average metallicities, spanning
the range −3 < log(Z) < −2. We dig deeper in this relation in §2.4.3.

2.4.3 The bulk properties of LAEs.

In this section we analyze the galaxy properties of our simulated LAE, focusing on
the results at redshift z = 2.2 and for the Thin Shell geometry (we checked that
different geometries and redshifts give similar results). We restrict our analysis only to
the brightest central LAEs with a 10−3cMpc−3h3 number density cut (we check that
different number density cuts produce similar results), and we compare it with the
properties of the underlying population of central galaxies, i.e., the full population of
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galaxies predicted by GALFORM with Mstellar > 107M⊙h
−1.

Figure 2.6 shows some physical properties of the LAEs (red dots) and for the
general population of galaxies from GALFORM selected using the same number density
cut as the LAEs (yellow for disk properties and blue for bulge properties). Each
panel includes the distribution of halo mass Mh, star formation rate SFR, metallic-
ity Z and stellar mass M∗ and the correlation between M∗ −Mh, M∗ −SFR and M∗ −Z.

The Mh distribution in the LAE sample peaks at intermediate Mh ∼ 1011M⊙h
−1

and spans between 1010.5 − 1012[M⊙h
−1]. LAEs halos trace the massive end of the

disk-dominated Mh distribution while avoiding the most massive dark matter halos,
even if they host the strongest starburst episodes. This is caused by the SFR − Z

predicted by GALFORM that associates high metallicites (low fLyα
esc ) to high SFR.

The metallicity and the SFR of the LAE sample behave in a similar way due to
the tight SFR − Z relation. The bulk of the LAE sample peaks at intermediate values
of Z and SFR, avoiding the extremes of the full GALFORM distribution. In particular,
the galaxies with the highest SFR are not selected as LAE as the metallicity is also
too high, causing a lower fLyα

esc . Additionally, the galaxies with extreme low Z are not
selected either as their SFR in too low in these galaxies.

The M∗ −Mh relations (Fig. 2.6) for disk and bulge-dominated galaxies behaves
in the same way. On the other hand, in the LAE sample this relation is the same as
in the underlying galaxy population up to the peak of the Mh and M∗ distributions,
where the relation flattens for higher halo masses. In the high halo mass regime, LAEs
typically have lower stellar masses than the overall average. This behavior is given by
the tight SFR − Z relation causing fLyα

esc to be lower for galaxies with higher M∗ as
they become more dust rich.

In the LAE sample, the SFR − Z relation is consistent with the bulk of the disk-
dominated galaxies for Z < 10−2.5Z⊙. After a transition around Z ∼ 10−2.2, Z⊙ is
consistent with starburst galaxies. At metallicities below that transition the LAE
SFR − Z relation is slightly above the overall relation.

In the LAE sample the M∗ − SFR relation is below the full GALFORM relation. This
implies that for a fixed stellar mass, galaxies with higher SFR are selected, as the



68 The impact of the interstellar medium in Lyα selected samples

intrinsic LLyα correlates directly with the SFR.

2.4.4 The predicted Lyα fLyα
esc against observational estimates

In this section we compare our model predictions for the fLyα
esc against observational

estimates from Oyarzún et al. (2017) at z = 3. In order to mimic their sample selection
function we select galaxies with 107.6M⊙ < M∗ < 1010.6M⊙, and LLyα > 1041.5erg s−1.

Fig. 2.7 shows the relation between the Lyα fLyα
esc and the SFR and stellar mass.

The fLyα
esc computed in Oyarzún et al. (2017) displays a noticeable anti-correlation

between SFR and fLyα
esc . In the models including RT galaxies with higher SFR have

lower values of fLyα
esc , in remarkable agreement with the observational estimates. The

scatter in the observational data of Oyarzún et al. (2017) is consistent with the spread
predicted by our models. This anti-correlation is caused by intrinsic link between SFR
and Z. Even if the Vexp is higher for greater SFR (equation 2.7), dust plays the major
role in the escape of Lyα photons and reduces fLyα

esc .

The stellar mass is also anti-correlated with the fLyα
esc , as shown in the right panel

of Fig. 2.7. This is due to the known correlation between M∗ and Z. Although our
models reproduce the observationally inferred trend, the stellar masses predicted by
GALFORM are systematically larger by ∼ 0.5dex. In particular, Mitchell et al. (2013)
compared stellar masses using different stellar population models and GALFORM stellar
masses. They conclude that the uncertainty in the choice of stellar population model
and parameters can lead to biased stellar masses by a factor of 0.5dex.

Interestingly, the abundance matching model AM-noRT does not display the same
trends found in Oyarzún et al. (2017), highlighting the importance of considering
radiative transfer effects to predict LAE galaxy properties consistent with observational
datasets.

2.4.5 The dark matter haloes hosting LAEs

In the following we study the properties of dark matter halos hosting LAEs. To compare
different model predictions, we select the brightest LAEs with a number density cut of
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Fig. 2.7 The Lyα fLyα
esc as a function of SFR (top panels) and stellar mass (bottom

panels) at z = 3. Gray points are from Oyarzún et al. (2017). Each panel displays
our model predictions with a different outflow geometry, as shown in the legend. The
bottom-right corner displays the predictions of the model with no radiative transfer.
The solid line in each panel is the median of fLyα

esc predicted by our models. The dark
and light coloured shaded regions display the 32 − 68 and 5 − 95 percentiles of the
models predictions, respectively.
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Fig. 2.8 Top: the halo occupation distribution (HOD) at redshift 2.2 , 3.0 , 5.7 and
6.7 from left to right. Model with radiative transfer show as blue, red and green solid
lines for the Wind, Bicone and Thin Shell geometry respectively. The LAE sample
AM-noRT is plotted as dashed black line. Bottom: fraction of galaxies that are
considered LAE times the bias of the hosting dark matter halo. This quantifies the
contribution of the different Mh to the overall bias of the population.

10−3h3cMpc−3.

Fig. 2.8 shows the halo occupation distribution (HOD) at z = 2.2, 3.0, 5.7 and 6.7.
This is constructed by computing the mean number of galaxies within different halo
mass bins. All models including radiative transfer display a similar HOD at z = 2.2 and
3.0. Central galaxies have a peak abundance in haloes of mass Mhalo ≈ 2 × 1011M⊙h−1.
Satellite galaxies start dominating the abundance of haloes of mass Mhalo ≳ 1012M⊙h−1.
None of the HODs at these redshifts reach N(Mh) = 1. Even at the peak of occupation,
less than 10% of haloes host a LAE, regardless of radiative transfer effects.

At z ≥ 5.7 the HOD of the Bicone model falls significantly below that from the
Thin Shell and Wind models. This reflects the differences in the LFs at these high
redshifts. As the Bicone model is not able to reproduce the observed LF the resulting
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LAE population have quite different properties to the other RT samples.

The model with no radiative transfer systematically places LAEs in higher mass
haloes compared to the radiative transfer models at low redshift. The occupation
peak for centrals in the AM-noRT model is shifted to slightly more massive halos
at z = 2.2 and 3.0. Additionally, at these redshifts, the occupation of dark matter
halos with Mh ≥ 1012M⊙h−1 is much greater in the AM-noRT model than in the
models including RT. At redshifts z = 5.7 and 6.7, the trend is inverted as LAE (Thin
Shell and Wind geometry) populate halos slightly more massive than the AM-noRT
model. Also, the occupation of halos with Mh ≥ 1012M⊙h−1 is greater in the RT models.

The bottom panels of Fig. 2.8 show the quantity

b(Mh)NLAE(Mh)/Ngalaxies(Mh), (2.10)

where NLAE(Mh) is the number of sources in our LAEs samples in a halo mass bin,
Ngalaxies(Mh) is the number of galaxies in the same Mh bin and the galaxy bias b(Mh)
is defined as

ξgalaxy = b2 ξdark matter, (2.11)

where ξgalaxy and ξdark matter are the two point correlation functions for the galaxies
and dark matter. This exhibits the contribution of different mass bins to the overall
clustering bias of the LAE population. There is an evolution in the Mh that contributes
to the bias, being greater at lower redshifts and lower at higher redshift. In particular,
the peak values varies from Mhalo ≈ 2 × 1011M⊙h−1 at z = 2.2 to ≈ 6 × 1010M⊙h−1 at
z = 6.7.

At low redshift (z = 2.2 and 3.0) the greater contribution to the bias come from
lower mass halos in the RT models than in the AM-noRT model. However, this trend
is inverted at z=5.7. Additionally, at z = 6.7 the main contribution to the bias comes
from the same halo mass for all the models.

Overall there is a good agreement among some theoretical (e.g. Jose et al., 2013;
Garel et al., 2015) and observational (e.g. Hagen et al., 2014; Kusakabe et al., 2018)
work that predict/observed that LAE reside in dark matter halos with masses about
1011M⊙ and present stellar masses around 108 − 109M⊙.
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Table 2.3 Mock catalog characteristics including the redshift z, the redshift width ∆z, sky coverage (Area), the size along the
line of size L∥, the distance perpendicular to the line of sight L⊥, the number of mocks sliced from the simulation box Nmocks
and the median number of LAEs the mocks ⟨NLAE⟩ with the 32 and 68 percentiles.

Authors z ∆z Area L∥ L⊥ Nmocks ⟨NLAE⟩
(deg2) (cMpc) (cMpc) Survey Thin shell Wind Bicone AM-noRT

Kusakabe et al. (2018) 2.2 0.0773 0.93 104.9 93.6 448 1248 1196+94
−90 1191+95

−80 1189+105
−78 1183+109

−91

Bielby et al. (2016) 3.0 0.0633 1.07 60.0 119.1 468 643 639+48
−57 639+53

−51 637+52
−60 631+66

−59

Ouchi et al. (2018) 5.7 0.0954 7.67 43.5 401.5 18 734 725+15
−9 731+11

−19 720+19
−21 719+16

−20

Ouchi et al. (2018) 6.7 0.1078 21.2 41.0 696.5 19 873 873+6
−30 865+17

−19 864+21
−20 866+24

−6
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Fig. 2.9 Top panels : 3D auto-correlation function for the AM-noRT sample (black),
for the Thin Shell (green), galactic wind (blue) and biconical galactic wind (red) for
redshift 2.2 , 3.0 , 5.7 and 6.7 from left to right. Middle panels : The ratio between
the different LAE sample and the dark matter correlation function. Bottom panels
: relative difference between the different samples and the AM-noRT 3D correlation
function.

2.4.6 The clustering of LAEs.

In this section we study how Lyα radiative transfer impacts the clustering of LAEs for
each of the outflow geometries implemented. The sample used in this section is the
same as the one used in §2.4.5.

In Fig. 2.9 the top panel shows the spherically-averaged 2-point auto-correlation
function (2PCF) in real space at z = 2.2, 3.0, 5.7 and 6.7. The middle panel shows
the bias, defined as in Eq.2.10. Moreover, in order to highlight the differences in
the RT samples and the AM-noRT we show in the bottom panel of Fig.2.9 the
relative difference of the 2PCF of the LAE samples ξLAE and the AM-noRT, i.e.,
∆ξ/ξ = (ξLAE − ξAM−noRT)/ξAM−noRT, where ξAM−noRT is the AM-noRT 2PCF.

Overall, the clustering amplitude increases towards higher redshifts regardless of
the LAE model variant. In detail, each model predicts a slightly different clustering
bias. There is a strong scale-dependence of the clustering bias in all models and at all
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redshifts for separations below r ≲ 15 − 20[Mpc/h].

At z = 2.2 and 3.0 the clustering amplitude of the AM-noRT sample is about 10%
above the one predicted by the RT models. This is a consequence of LAEs being hosted
by higher mass dark matter halos for this model, as shown in previous sections. At
z = 5.7 and 6.7, the clustering amplitude of the Thin Shell and Wind LAE samples
are above that of the AM-noRT and Bicone models. Interestingly, as shown in the
bottom panels of Fig. 2.9, towards redshifts z > 3 the AM-noRT sample features a
slightly different slope with respect to the RT models.

In summary, the predicted clustering of LAEs at z ≲ 3 is overall slightly lower
when radiative transfer is included, and slightly higher towards z ≳ 3. The relative
differences in the amplitude of clustering, with respect to the AM-noRT model, are of
the order of 10%. These differences result from the non-trivial relation between the
Lyα luminosity of galaxies and the dark matter halo population hosting these objects.

2.4.7 The clustering in mock catalogs of LAE surveys

In this section we compare our clustering prediction against several measurements of
the clustering of LAEs at different redshifts from Kusakabe et al. (2018) at z = 2.2,
Bielby et al. (2016) at z = 3.0 and Ouchi et al. (2010, 2018) at z = 5.7 and 6.7,
respectively. We build LAE mock catalogs mimicking the properties of the different
surveys to allow a close comparison with the observational datasets. These surveys use
narrow band photometry to detect LAEs over a restricted redshift range. The main
difference in the mock catalogs comes from the specific area, flux depth and equivalent
width limit (EW) of the individual survey.

To build the mock catalogues, we choose a direction as line of sight (LoS). Assuming
a distant observer, a galaxy coordinate is transformed in redshift space using

s = xLoS + vLoS

a(z)H(z) , (2.12)

where xLoS is the galaxy coordinate along the LoS, vLoS is the galaxy peculiar velocity
along the LoS and a(z) and H(z) are the scale factor and the Hubble parameter,
respectively, at the Lyα pivot redshift, zpivot, of the NB filter. Additionally, we conserve
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Fig. 2.10 Comparison between different model mocks (Thin Shell, Wind, Bicone and
AM-noRT in rows from top to bottom) and the observed 2-point projected correlation
function (Kusakabe et al., 2018; Bielby et al., 2016; Ouchi et al., 2010, 2018) at redshifts
2.2, 3.0, 5.7 and 6.7 in each column from left to right. The observational data is shown
by dots and the best fitting power law ω(θ) extracted from their original work are
plotted as dashed black lines. The solid lines correspond to the median ω(θ) for the
mocks and the darker and lighter shades to the 32-68 and 5-95 percentiles respectively.

the periodicity of the box along the LoS direction.

Although some surveys have complicated footprints due to multiple pointings, our
mocks are constructed as squares comprising an area equal to that of the target survey.
Thus, the simulation box is simply split in slices along the LoS. The size perpendicular
to the LoS is computed as

L⊥ =
√

Asurvey, (2.13)



76 The impact of the interstellar medium in Lyα selected samples

where Asurvey is the survey sky coverage. The thickness (along the LoS) of the slice is
computed as

L∥ = Dco(z = z+) −Dco(z = z−), (2.14)

where Dco(z) is the comoving distance at the geometric redshift z. Additionally,

z± = λp ± 0.5 FWHM
λLyα

− 1, (2.15)

where λp and FWHM are the pivot wavelength and the full width half maximum of
the narrow band filter and λLyα is the Lyman α wavelength.

We calculate the limiting luminosity Lcut and the minimum rest frame equivalent
width EW0,cut for each survey by matching the LAE number density, nLAE of the
surveys to the one in the whole simulation box (see Appendix 2.7.3). Then, our mock
catalogs consist of galaxies with luminosity above Lcut and EW0 above EW0,cut. Table
2.3 lists the properties of the mocks, including the parallel and transverse sizes along
the LoS, the redshift window ∆z = z+ − z−, the number of mocks, Nmock, sliced from
the simulation box and the number of LAE in each survey, and the median with 32-68
percentiles of the number of LAEs in the mocks.

The value of L∥ for narrow-band surveys is typically very small compared to the
box length of the simulation. This allows for a big fragmentation of the simulation box
along the LoS. On the other hand, L⊥ can vary significantly between surveys. While,
at low redshift (z = 2.2, 3.0) L⊥ is relatively small and allows a large number of mock
surveys, at z = 5.7, 6.7 only one cut is possible due to the large size required for the
mock surveys. As a result of this, the number of mocks at z = 2.2, 3.0 (448 and 468
respectively) is much larger than that at z = 5.7, 6.7 (18 and 19 respectively).

Since nLAE in the simulation box is set to match the observed nLAE of each survey
(see Appendix 2.7.3), the observed number of LAE and the median number of LAE
in our mocks, ⟨NLAE⟩, are compatible within 1 sigma. Additionally, the dispersion of
⟨NLAE⟩ is higher (lower) at z = 2.2 and 3.0 (5.7 and 6.7), since the comoving volume
is smaller (larger). Hence, the impact of cosmic variance on clustering measurements
is stronger (weaker).
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We construct mock catalogs of LAE surveys from Kusakabe et al. (2018) at z ≈ 2.2,
Bielby et al. (2016) at z ≈ 3, Ouchi et al. (2010) at z ≈ 5.7 and Ouchi et al. (2018)
at z ≈ 6.7. Figure 4.20 shows the comparison between the observed angular 2-point
correlation function of these surveys, ωsurvey, and that computed from the mock cat-
alogues, ωmock. Note that in Bielby et al. (2016) the authors rescaled their observed
clustering by a factor of 1.64 to correct for contaminants. This kind of correction was
not made in the other works used in this section. Here we use the Bielby et al. (2016)
data set including their correction.

Overall, ωmock is very similar among our different model variations, including the
AM-noRT model. The differences in the clustering due to the different bias of the
samples are small in comparison with the scatter due to cosmic variance, making all
models indistinguishable from each other.

At redshift 2.2 and 3.0 there is a good agreement between the the mocks and the
clustering measurements in Kusakabe et al. (2018) and Bielby et al. (2016) respectively.
At higher redshifts the LAE clustering predicted by the mocks is overestimated in
our models. In particular, at z = 5.7, for angular distances θ < 50 arcsec, ωmock

overestimates the clustering, while at larger θ the mocks match very well ωsurvey. Addi-
tionally, at redshift 6.7 the ωmock bias is significantly (about 2-sigma) overestimated in
comparison with ωsurvey. This discrepancy could be caused by multiple reasons. The
moderate contamination of interlopers (∼ 10%) in the Ouchi et al. (2010) sample could
decrease the measured clustering amplitude. Also, the observed LAE population at
this redshift might contain a significant contribution of objects at the mass resolution
limit of our GALFORM galaxies (Mhalo,min ≈ 1010[M⊙/h], see §2.2.3), thus making our
predictions biased towards higher masses and clustering amplitudes. In fact, we have
checked that about a 10% of the LAE in our different samples have halo masses below
1010.5[M⊙/h].

2.5 Discussion.

Here we discuss some of the results found in previous sections. In particular, in
subsection 2.5.1 we discuss how the different outflow geometries impact the predicted
properties of the LAE populations. Then, in subsections 2.5.2 and 2.5.3 we discuss the
limitations of our methodology.
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Table 2.4 Fraction of shared galaxies between pairs of models at the same redshift.

z Model Thin Shell Wind Bicone AM-noRT
2.2 Thin Shell 1.000 0.814 0.555 0.229

Wind 0.814 1.000 0.592 0.189
Bicone 0.555 0.592 1.000 0.197

AM-noRT 0.229 0.189 0.197 1.000
3.0 Thin Shell 1.000 0.805 0.401 0.188

Wind 0.805 1.000 0.427 0.151
Bicone 0.401 0.427 1.000 0.227

AM-noRT 0.188 0.151 0.227 1.000
5.7 Thin Shell 1.000 0.413 0.798 0.108

Wind 0.413 1.000 0.322 0.063
Bicone 0.798 0.322 1.000 0.160

AM-noRT 0.108 0.063 0.160 1.000
6.7 Thin Shell 1.000 0.354 0.663 0.104

Wind 0.354 1.000 0.229 0.076
Bicone 0.663 0.229 1.000 0.259

AM-noRT 0.104 0.076 0.259 1.000

2.5.1 Differences between the RT models.

In this work we have used three different gas outflow geometries (Thin Shell, spherical
galactic wind and biconical galactic wind) to model the Lyα radiative transfer inside
galaxies. The galaxy properties predicted for LAEs are very similar. The only sig-
nificant difference between the predictions of different geometries is on the required
distributions of column density and expansion velocity.

In Table 2.4 we list the fraction of galaxies shared by pairs of LAE models imposing
EW0 > 20Å and a number density cut of 10−3h3cMpc−3. We find that the Wind and
Thin Shell geometries share a high fraction of galaxies (∼ 80%) at redshifts 2.2 and
3.0. However, at high redshift these geometries select different galaxies as the shared
fraction in relatively low (∼ 40% overlap). This might be due to the fact that there is a
necessity of fLyα

esc ∼ 1 and the recipes to compute NHI and Vexp are different. However,
quite the opposite relation is seen between the Thin Shell and Bicone, as at low redshift
they share a relatively low percentage of galaxies (∼ 45%) and this increase at higher
redshifts (∼ 70%).

Finally, when comparing the galaxies in the Wind and Bicone geometry we surpris-
ingly find a low overlap between them. In particular, the maximum overlap happens at
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z = 2.2 (∼ 55%) and it drops down to only ∼ 20% at z = 6.7. This shows the impact
of the gas geometry on how the RT shapes the LAE selection function; even though
the intrinsic galaxy population and the recipes to derive NH and Vexp are the same,
the two geometries predicts different populations (although with similar characteristics).

We conclude that the RT LAE samples, in general, share a big fraction of galaxies
(≥ 50%) although the implemented gas geometries are very different. This is due
to the fact that fLyα

esc behaves similarly for all of them. In particular, even if the
exact dependence is different for each geometry, decreasing NH, increasing Vexp and
decreasing τa increase fLyα

esc thus the visibility of the object for all of them. This makes
the RT LAE samples very similar, as galaxies with properties that maximize LLyα and
fLyα

esc are selected.

2.5.2 Limitations of the simple AM-noRT model.

We have also used a very simplistic LAE model where radiative transfer effects are
not taken into account and LLyα depends monotonically on the SFR. In Table 2.4 we
also list the overlap between the radiative transfer and AM-noRT LAE sample. We
find that the fraction of galaxies shared between the AM-noRT and RT catalogs is
low, reaching its maximum value at z=2.2 (∼ 20%) and then decreasing to ∼ 7% at
redshift 6.7.

As shown in Fig. 2.7 the AM-noRT sample fails to match not only the observed
fLyα

esc −SFR and fLyα
esc −M∗ relations but also the overall trend where fLyα

esc anti-correlates
with these two properties due to the RT (as described above). Additionally, the dark
matter halo population, and thus the clustering, is different in comparison with the
RT samples.

This work highlights the importance of taking into account the Lyα RT inside
galaxies when modeling LAEs. In particular, unlike in RT LAE samples, the galaxy
properties model AM-noRT differ from observations, making them less attractive to
study galaxy formation and evolution.
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2.5.3 Limitations of the RT models.

The IGM impact on Lyα detection in still unclear. However, some works have explored
that the IGM plays a major role in the detectability of galaxies based on Lyα flux
(Dijkstra et al., 2006; Zheng et al., 2011; Behrens et al., 2017). The IGM opacity
becomes more important at higher redshifts (∼ 7) where the universe is denser and
colder. However, the IGM might already also have an impact on the LAE selection
function at z = 2.2 as, even if the universe is highly ionized, the cross-section of
neutral hydrogen atoms for scattering Lyα photons is very high. The IGM impact
might alleviate some of the tension that we find when we compare LAE models with
observations. We will implement the effect of the IGM opacity in future work.

In Fig. 2.7 we found that, although the observed fLyα
esc −SFR relation is perfectly

reproduced by our RT models, the fLyα
esc −M∗ relation is not. Even if the overall trend

is similar, we find a significant difference (about 0.5 dex) in the stellar mass. This
is probably not caused by our implementation of RT in a semi-analytic model, but
by GALFORM itself, as we note that full GALFORM Mh − M∗ relation at redshift 3.0 is
overestimated (also about 0.5 dex) in comparison with the observed one (Behroozi et al.,
2010). Another possible source for this discrepancy is the different stellar population
synthesis models used by Oyarzún et al. (2017) and GALFORM.

Another limitation of the RT models is that they predict very similar galaxy
properties for the three different geometries. This degeneracy makes it difficult to
determine from observations which geometry is the one driving the Lyα photons escape.
Nonetheless, the three gas geometries used in this work have very different Lyα line
profiles (as shown in figure 2.2) which might break the degeneracies and lead to a
better understanding of the escape channels of Lyα radiation. We will implement line
profiles in a upcoming work.

2.6 Conclusions and future work.

Lyman-α emitters are a promising galaxy population to trace the large scale structure
of the Universe at high redshifts, z ≳ 2. One of the main advantages of LAEs is
their high luminosity at the Lyα rest frame wavelength, making them easy to detect.
Additionally, due to the Hubble expansion (Hubble, 1929), the Lyα line is observable
in the optical from z ∼ 2 to ∼ 7, allowing ground-based measurement of these galaxies.
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However, their selection function is quite complex as it depends upon Lyα radiative
transfer, which is sensitive to local astrophysical conditions.

We have designed a theoretical model of LAE based on a Monte Carlo Radiative
Transfer code that can be applied to huge cosmological volumes. In particular, we have
applied our model the N-body only-dark-matter simulation P-Millennium and the
semi-analytical model of galaxy formation and evolution GALFORM (Lacey et al., 2016).

Monte Carlo Radiative Transfer codes have demonstrated to be a powerful tool to
understand how Lyα photons escape from galaxies. Unfortunately, the high computa-
tional cost prohibits the capability of being directly run over cosmological volumes.
In order to avoid this problem we have developed analytical expressions for the Lyα
escape fraction fLyα

esc that are quite accurate for a wide range of outflow expansion
velocities Vexp, neutral hydrogen column densities NH and metallicities Z.

Our methodology computes fLyα
esc for each galaxy as a function of Z, Vexp and NHI ,

which characterise the gas outflows from which Lyα photons escape. We compute these
quantities using galaxy properties such as the size, SFR or halo mass. Free parameters
to compute these quantities are chosen to fit the observed luminosity function over a
wide range of redshifts. After calibration we find that every geometry reproduces well
the observed LAEs LF at low redshift while only the Thin Shell and Wind manage to
match them at high redshift. We conclude that our Bicone geometry (as described in
this work), at high redshift, is less favored with respect to the others. In a future work
we will redesign this geometry by making it more realistic and including a dependence
in the fLyα

esc and other properties with the line of sight.

We have analyzed the relative abundance of Lyα emitters by breaking down their
LF in terms of several properties. Halo or stellar masses are not significantly correlated
with Lyα luminosities. The LF is actually mostly dominated by relatively low mass
galaxies. However, when the LF is split in SFR bins we find a clear positive correlation
with Lyα luminosity. Finally, when the LF is divided into metallicity bins we find a
scattered correlation for log(Z) < −2. Moreover, the contribution of high metallicities
(log(Z) > −2) to the bright end of the LF is small.

We also compared the properties of a Lyα selected sample to the bulk of the
galaxy population at high redshifts. We find that LAEs lie in relatively low mass
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halos. Additionally, the galaxies with the strongest starburst episodes are not selected
as LAE since these galaxies typically have higher metallicities, and thus their fLyα

esc is low.

To validate our predicted fLyα
esc , we have compared our LAE samples to the ob-

servational data from Oyarzún et al. (2017). We find a remarkable good agreement
between our predictions and the observationally measured fLyα

esc - SFR relation. The
LAE samples including RT reproduce successfully this anti-correlation and the scatter
found between these quantities. However, the predicted fLyα

esc - M∗ plane is offset by
∼ 0.5 dex in M∗ with respect to the data from Oyarzún et al. (2017). This difference
can be due to the different assumptions about the stellar population synthesis models
used by Oyarzún et al. (2017) and GALFORM, the impact of a different IMF in GALFORM,
or simply that GALFORM predicts significantly more massive star-forming galaxies at
these higher redshifts with respect to observational estimates.

Finally, we find that our LAE AM-noRT sample based on assuming a monotonic
relation between SFR and LLyα is not able to reproduce any of the observed trends.
This highlights the crucial role of RT in shaping the LAE selection function.

We have also studied the dark matter halo population hosting LAEs in our models.
We find differences between the samples including RT and the sample without RT. At
low redshift, in comparison with the AM-noRT, the RT models predicts lower mass
dark matter halos host LAE. This trend reverses at high redshift, as LAEs lie in more
massive halos in the RT samples. We also find that the satellite fraction is low at all
redshifts (∼ 2%) and similar for all of the model variants.

The difference in the DM halo populations is directly translated into clustering
discrepancies between the AM-noRT and RT samples. At low redshift, as a consequence
of LAEs modeled with RT lying in lower mass DM halos, we find that they have a
lower galaxy bias than the AM-noRT sample. This trend is reversed at high redshifts,
when RT LAEs lie in more massive dark matter halos. Thus, we find that the RT
models have a steeper galaxy bias evolution than the model excluding RT.

Finally, we have compared our model clustering predictions with observations
finding some tension. While at redshifts 2.2 and 5.7 the observed clustering is well
reproduced, at redshifts 3.0 and 6.7 the galaxy bias is poorly constrained. Although
the impact of the intergalactic medium on Lyα is not very clear, previous works (Zheng
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et al., 2011) indicate that the IGM transmission could have an impact on Lyα selected
samples that might alleviate this tension.

We have demonstrated the importance of RT in shaping the selection function
of LAEs for galaxy properties as metallicity, SFR or DM halo properties. On one
hand, the peculiar observational trends found can not be reproduce with a simple
monotonic relation between SFR and LLyα. On the other hand, the inclusion of RT
changes in a very particular way the clustering of Lyα selected samples. All this
make extremely important to construct models with Lyα RT in order to understand
the galaxy properties, formation and evolution of LAEs. Moreover, future surveys
tracing the large scale structure of the Universe through LAEs will require a deep
understanding of the channels through which Lyα photons escape in order to obtain
unbiased cosmological constrains.

In future work we plan to implement the transmission of Lyα photons through
the IGM, which is especially important at high redshifts. In order to do so we will
develop analytic expression for the Lyα line profile and a model to compute the IGM
transmission in large cosmological volumes. These tools will enable us to explore how
the IGM shapes the LAE galaxy properties and clustering.

2.7 Extra material

2.7.1 Further details about the bicone geometry

In general, fLyα
esc can be define for an arbitrary angular aperture ∆γ as

fLyα
esc (∆γ) = Nescaped(∆γ)

Nemitted(∆γ) , (2.16)

where Nemitted(∆γ) is the number of photons emitted towards the aperture ∆γ and
Nescaped(∆γ) is the number of photons that escape through that set of directions. Note
that for the thin shell and the non-biconical galactic wind this is expression is valid
and ∆γ is every direction (4π).

The bicone geometry is not spherical symmetry, thus its fLyα
esc depends on the line of

sight. In the case of the bicone, the escape fraction presented in our work corresponds
to the fLyα

esc (∆γb) where ∆γb is the angular aperture θ < π/4∪θ > 3π/4 and ϕ ∈ [0, 2π).
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In other words, we define the biconical escape fraction as the number of photons that
escape through the bicone divided by the number of photons emitted towards the
bicone. We checked that the escape fraction within ∆γb does not change. Meanwhile,
the escape fraction within 4π − ∆γb is also constant and considered ∼ 0.

In this formalism, the total escape fraction (taking into account ever possible line
of sight) would be

fLyα
esc (∆γ = 4π) = Nescaped(∆γb) +Nescaped(4π − ∆γb)

Nemitted(∆γ = 4π) , (2.17)

where the aperture ∆γ = 4π − ∆γb encapsulates every line of sight outside the bicone.
Then, if we assume that no photon escapes outside the bicone, i.e, Nescaped(4π−∆γb) =
0,

fLyα
esc (∆γ = 4π) = Nescaped(∆γb)

Nemitted(∆γ = 4π) , (2.18)

where if we assume that the photon emission is isotropic

fLyα
esc (∆γ = 4π) = Nescaped(∆γb)

Nemitted(∆γb)4π/∆γb

= fLyα
esc (∆γb) × ∆γb

4π . (2.19)

Note that, by construction, in our bicone implementation, fLyα
esc (∆γ = 4π) ≤

∆γb/4π, even when the dust content of the bicone is null. This is caused by the dusty
optical thick disk in the plane perpendicular to the bicone axis. The disk absorbs every
photon that enters into it. This includes i) photons sent directly by the source and ii)
photons that are initially emitted towards the bicone, bound in its surface and end up
in the disk. In this way, only when the bicone neutral hydrogen column density is 0,
then fLyα

esc (∆γ = 4π) = ∆γb/4π.

To include the angular dependence of fLyα
esc we should i) assign a random orientation

to every galaxy in our simulation and ii) compute the observed luminosity taking into
account the orientation, i.e.,

LLyα(∆γ) = L0
Lyα × fesc(∆γ), (2.20)
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where ∆γ = ∆γb when the bicone is pointing towards the observer and ∆γ = 4π− ∆γb

when the line of sight does not go through the outflow.

By construction, a fraction of 1−∆γb/4π galaxies would be seen through the optical
thick disk and be assigned fLyα

esc (4π−∆γb) ∼ 0. This would decrease the number counts
to LAEs too much in comparison with current observations. To counterbalance this
we assigned fLyα

esc (∆γb) ∼ 0 to every galaxy, thus

LLyα = L0
Lyα × fLyα

esc (∆γb). (2.21)

This imposes that the biconical outflow of every galaxy is pointing to the observer.
Therefore our biconical model is an upper limit of the bicone geometry presented in
this work. We are aware that this introduces some limitations in the conclusions of the
bicone geometry, but the other two geometries are not affected by this. We plan to
implement in a future work a improved biconical geometry and the angle dependence
of its fLyα

esc .

2.7.2 Validating the fLyα
esc fitting formulae

A direct comparison between the Monte Carlo radiative transfer (MCRT) code output
and or fLyα

esc model for the Thin Shell geometry is shown in Fig. 2.12, for the galactic
wind in Fig. 2.13 and for the Bicone in Fig. 2.14. These figures are divided in 8 panels
sub divided in another two: a) escape fraction v.s. dust optical depth and b) the
relative difference between our model and the radiative transfer code output. In panels
a) the output of the radiative transfer code for a fixed NH is plotted with Vexp color
coded in solid lines with their respective errors (same colored shade region) computed
using eq. 2.6 and our fLyα

esc model is plotted in black solid lines. In type b) panels we
show the relative difference between our model and the MCRT code with the same
color code than above.

In general, the performance of our model decrease with τa, this is because, as
discussed above, decreasing fLyα

esc increases the errors. This disagreement, in some cases,
leads to an overestimation of fLyα

esc when its true value is ≲ 0.01. For our work, these
low values are very rare and so do not affect our results. Overall, we find that the
typical discrepancies are below 10% and 1% for log τa < −0.5 and < −1.0 respectively.
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Our model for the Thin Shell fLyα
esc is able to reproduce the whole velocity range of

our grid for NH < 1019.5cm−2, reaching a 99% accuracy in most cases.

Our fLyα
esc model using the Wind geometry is also able to reproduce the output of

our radiative transfer code through most of the parameter, only failing at very high
NH and low Vexp combinations, where fLyα

esc < 0.1. As in the Thin Shell geometry, our
model behaves better for NH > 1019.5cm−2. In particular, in most of out grid, the
disagreement is lower than 10% and for low τa < −1 the typical agreement is 1%.

The Bicone geometry is more complex than the other geometries, and its fLyα
esc

model has the worst performance of all. However, for most of the grid the model is
within 10% errors. As explained in §2, the maximum fLyα

esc depends on the properties
of the outflowing gas, causing that only systems with very low optical depth (low NH

and/or high Vexp) manage to reach fLyα
esc = 1. This also causes that in very optically

thick systems fLyα
esc reaches 0.001 (even if there is no dust). We decided not to include

NH = 1022.5cm−2 in our model because the maximum value of fLyα
esc at Vexp = 1000 km/s

would be about 0.01 and, as discussed above, it is unnecessary to reproduce such low
values.

We show the distribution of dust optical depth τa against Vexp (top panels of
Fig.2.11) and NH (bottom panels of Fig.2.11) for our RT LAE samples (selected as in
§2.4.1) at redshifts 2.2 , 3.0 , 5.7 and 6.7 from left to right. At redshifts 2.2 and 3.0 the
Wind and Thin Shell τa distributions are very similar in width and center (log τa ∼ −2)
while the Bicone model predict log τa ∼ −3. Since the Bicone fLyα

esc exhibits an upper
limit < 1, it requires low column densities (see Fig. 2.4) and Z, thus low τa values. At
high redshifts (5.7 and 6.7) the dust optical depth distributions for the three geometries
are very similar and peak at log τ ∼ −3. In addition to the bulk of the distribution,
the Thin Shell and Wind geometries also present a small bump around log τ ∼ −0.5.
Finally, we have checked that the fraction of galaxies in our LAE samples is < 2% for
all the configurations studied in this work.

In the top panels of Fig.2.11 we explore the evolution in redshift of the τa − Vexp

distributions of our LAE samples. While at low redshift (z = 2.2, 3.0) the three ge-
ometries occupy different regions in this plane, they merge at higher redshifts (z = 5.7,
6.7). At all redshifts the Bicone needs the lowest τa possible as the typical fLyα

esc in this
geometry is very low. In the case of the Thin Shell and Wind the distribution passes
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Fig. 2.11 Top : Same as Fig. 2.4 but displaying the dust optical depth τa and expansion
velocity Vexp for the LAE samples with RT. Bottom: Same as Fig. 2.4 but displaying
the dust optical depth τa and neutral hydrogen column density NH for the LAE samples
with RT.

from compact at low redshift to bimodal as also studied in Fig. 2.4 and explained in
§2.4.1.

In the bottom panels of Fig.2.11 we explore the evolution in redshift of the τa − NH

distributions of our LAE samples. We see a clear correlation between these two quanti-
ties at all redshifts that is driven by Eq.4.3. Additionally, we see the dame behavior of
NH as in §2.4.1.
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Fig. 2.12 Comparison between the output of the radiative transfer code and our model
for the fLyα

esc in the Thin Shell geometry. Each panel is divided in top ( the values
of the escape fraction) and bottom ( relative difference between our model and the
radiative transfer code). In top panels the output from the radiative transfer code in
plotted in colored lines ( color coded by the velocity of the system) with their errors (
shades with the same color) and our model prediction in black. In bottom panels the
relative difference between our model and our code are plotted in colored lines and the
±1% and ±10% are represented by black dashed-dotted and dashed lines respectively.
Note that he color code is the same in every panel.



2.7 Extra material 89

Galactic wind fLyα
esc radiative transfer code - model comparison

2.0

1.5

1.0

0.5

0.0

lo
g
f
L
yα

es
c

logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0logNHI
=19.0

Vexp= 80
Vexp= 100
Vexp= 150
Vexp= 250
Vexp= 350
Vexp= 450
Vexp= 500

Vexp= 550
Vexp= 650
Vexp= 750
Vexp= 850
Vexp= 950
Vexp= 1000

0.15
0.10
0.05
0.00
0.05
0.10
0.15

(f
es
c−
f t
h
)/
f e
sc

logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5logNHI
=19.5

2.0

1.5

1.0

0.5

0.0

lo
g
f
L
yα

es
c

logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0logNHI
=20.0

0.15
0.10
0.05
0.00
0.05
0.10
0.15

(f
es
c−
f t
h
)/
f e
sc

logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5logNHI
=20.5

2.0

1.5

1.0

0.5

0.0

lo
g
f
L
yα

es
c

logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0logNHI
=21.0

0.15
0.10
0.05
0.00
0.05
0.10
0.15

(f
es
c−
f t
h
)/
f e
sc

logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5logNHI
=21.5

2.0

1.5

1.0

0.5

0.0

lo
g
f
L
yα

es
c

logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0logNHI
=22.0

2.5 2.0 1.5 1.0 0.5 0.0 0.5
log τa

0.15
0.10
0.05
0.00
0.05
0.10
0.15

(f
es
c−
f t
h
)/
f e
sc

logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5logNHI
=22.5

2.5 2.0 1.5 1.0 0.5 0.0 0.5
log τa

Fig. 2.13 Same as figure 2.13 but for the galactic wind.



90 The impact of the interstellar medium in Lyα selected samples

Biconical galactic wind fLyα
esc radiative transfer code - model comparison
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Fig. 2.14 Same as figure 2.14 but for the biconical galactic wind.
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Table 2.5 Properties of the different mock catalogs and surveys.

Authors z EW0,cut[Å] LLyα,cut
[
erg s−1]

Survey Thin Shell Wind Bicone AM Survey Thin Shell Wind Bicone AM

Kusakabe et al. (2018) 2.2 20.0 19.91 20.3 18.79 19.52 1.62 1042 1.54 1042 1.92 1042 1.38 1042 1.6 1042

Bielby et al. (2016) 3.0 65.0 42.0 48.37 46.05 20.42 1.62 1042 1.33 1042 1.57 1042 1.47 1042 1.48 1042

Ouchi et al. (2018) 5.7 20.0 20.06 20.06 18.77 21.45 6.3 1042 7.39 1042 6.89 1042 2.61 1042 6.78 1042

Ouchi et al. (2018) 6.7 20.0 20.06 20.06 15.88 21.45 7.9 1042 7.7 1042 6.11 1042 1.86 1042 8.37 1042
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2.7.3 Choosing an EW and luminosity cut for the mock cat-
alogues

In order to compare our clustering predictions with observations we construct mock
catalogs that mimic the properties of several surveys at different redshifts. In general,
there are several options for building mock catalogs to measure clustering.

The first one, for example, is to use the same selection criteria (flux depth, equivalent
width cut, etc) than the observed samples. This first option is useful if all the properties
used in the selection criteria are well reproduced by the models.

The LAE surveys studied in this work are limited by LLyα > LLyα,cut and EW0 >

EW0,cut. In general LLyα,cut and EW0,cut are different for every survey. These values
are listed in Table 2.5.

Our models are designed so they reproduce the abundance and luminosity distribu-
tion LAEs as we force them to fit, as good as possible, the observed LF at different
redshifts. In detail, we combine different observations of the Lyα LF at the same
redshift in order to calibrate our models. Because of this, the surveys that we use to
study the clustering and calibrate our models, in general, use different selection criteria
or the source sample is different. This could lead to discrepancies in the predicted
number density of sources by our models imposing the clustering studies restrictions
and the observed abundance of sources in these ones.

In particular, at z = 2.2 the survey constraining the clustering (Kusakabe et al.,
2018) is, at least, partially included in one of the surveys used to calibrate the LF
(Konno et al., 2016). Additionally, EW0,cut is the same for all the surveys used to fit
the LF (Cassata et al., 2011; Konno et al., 2016; Sobral et al., 2017a) and Kusakabe
et al. (2018).

However, at z = 3.0 the selection criteria of the surveys used to fit the LF has
different cuts in equivalent width ( Cassata et al. (2011) EW0,cut = 20Å and Ouchi
et al. (2008) EW0,cut = 64Å) while Bielby et al. (2016) (clustering measurements) has
EW0,cut = 65Å.

The best scenario happens at redshifts 5.7 and 6.7, where the surveys used to
calibrate our models (Ouchi et al., 2008; Konno et al., 2016) are practically the same
in sky coverage and selection criteria than the ones used to constrain the clustering
(Ouchi et al., 2010, 2018).
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The second method to construct mock catalogs consists in matching the observed
number density of sources. This can be achieve by relaxing the selection criteria. To
minimize the possible secondary effects in the clustering due to changes in the selection
criteria, we choose the combination that minimizes

Q = (logLLyα,n − log LLyα,s)2 + (log EW0,n − log EW0,s)2, (2.22)

where LLyα,s and EW0,s are the LLyα,cut and EW0,cut imposed by each survey and LLyα,n

and EW0,n define the iso-nLAE curve with the LAE observed abundance. In Table 2.5
we list LLyα,s and EW0,s for the different surveys and the used values of LLyα,cut and
EW0,cut to construct the mock catalogs.

In Figs. 2.15, 2.16, 2.17 and 2.18 we show the predicted nLAE by our different
models for several LLyα,cut-EW0,cut combinations at z = 2.2, 3.0, 5.7 and 6.7 respec-
tively. In these figures we also show LLyα,cut and EW0,cut of each of the surveys used
for clustering in black dashed lines. The intersection between these shows the location
of the clustering surveys selection criteria. Additionally, it is shown the individual
value of nLAE predicted by our models imposing the observational cuts (indicated with
the white arrow). We also show the curve with constant nLAE matching the observed
abundance (solid black line). Finally, the LLyα,cut-EW0,cut combination that minimize
Eq. 2.22 is shown as a white dot.

At redshift 2.2 the predicted (using the survey selection criteria) and observed
nLAE match quite well. Thus, LLyα,cut and EW0,cut are very similar to LLyα,s and
EW0,s. However, the opposite case is found at z = 3.0, where predicted nLAE is heavily
underestimated in comparison with observations. This is mainly due to the mismatch
between the predicted EW0 distribution and the observed one. This might be due to
the difference in selection criteria used the authors of the works for constraining the
LF and the work building the clustering sample. While LLyα,cut is relatively similar
to LLyα,s, in order to recover the observed nLAE, in all models, the value of EW0,cut is
significantly lower than EW0,s.

The scenarios at redshift 5.7 and 6.7 are quite similar. At both redshifts the
predicted number density, using the survey selection criteria, and observed nLAE match
quite well for the Thin Shell, Wind and AM-noRT samples. However, in the Bicone
model LLyα,cut and LLyα,s are very different. In particular, the Bicone model requires a
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low LLyα,cut in order to balance underestimation of abundance (see Fig. 2.3).

Fig. 2.15 Number density of LAEs nLAE with Lyα luminosity LLyα > LLyα,cut and Lyα
rest frame equivalent width EW0 > EW0,cut at redshift 2.2 for the Thin Shell (top
left), Wind (top right), Bicone (bottom left) and AM-noRT (bottom right) model. In
horizontal and vertical dashed black line we show the cut in LLyα and EW0 respectively,
in the survey at this redshift (Kusakabe et al., 2018). The place where these lines
intersect sets the predicted nLAE by our models which value is indicated in the same
panel. The solid back line is the iso-number density curve of the observed nLAE. The
white dot indicates the position in the iso-number density curve that minimize the
distance between our model prediction and the observed nLAE.
.
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Fig. 2.16 Same as Fig. 2.15 but at redshift 3.0 (Bielby et al., 2016)

Fig. 2.17 Same as Fig. 2.15 but at redshift 5.7 (Ouchi et al., 2018)
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Fig. 2.18 Same as Fig. 2.15 but at redshift 6.7 (Ouchi et al., 2018)



Chapter 3

FLaREON: Fast Lyman-Alpha
Radiative Escape from Outflowing
Neutral gas

Abstract

We present FLaREON (Fast Lyman-Alpha Radiative Escape from Outflowing Neutral
gas), a public Python package that delivers fast and accurate Lyα escape fractions
and line profiles over a wide range of outflow geometries and properties. The code
incorporates different algorithms, such as interpolation and machine learning to predict
Lyα line properties from a pre-computed grid of outflow configurations based on the
outputs of a Monte Carlo radiative transfer code. Here we describe the algorithm,
discuss its performance and illustrate some of its many applications. Most notably,
FLaREON can be used to infer the physical properties of the outflowing medium from an
observed Lyα line profile, including the escape fraction, or it can be run over millions
of objects in a galaxy formation model to simulate the escape of Lyα photons in a
cosmological volume.

3.1 Introduction

Since the first evidence of star forming galaxies emitting Lyα photons (Steidel et al.,
1996; Hu et al., 1998), more than two decades ago, observational campaigns targeting
these sources have developed to become a standard technique to identify high redshift
galaxies (e.g. Rhoads et al., 2000; Malhotra and Rhoads, 2002; Konno et al., 2016;
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Sobral et al., 2017a; Ouchi et al., 2018). However, we are still far from a comprehensive
understanding of this galaxy population due to the complex radiative transfer (RT)
processes that Lyα photons experience (see Dijkstra, 2017, for a review).

The Lyα RT in astrophysical media can be addressed analytically for static, simpli-
fied geometries (e.g. Harrington, 1973; Neufeld, 1990). However, the limited validity of
such approach encouraged the development of numerical Monte Carlo radiative transfer
(MCRT) codes. In this approach, Lyα photons are tracked individually as they interact
in arbitrarily complex 3D gas geometries. As a result, information about the fraction
of photons that manage to escape, fLyα

esc , and their resulting line profile is computed
(Ahn et al., 2000; Zheng and Miralda-Escudé, 2002; Ahn, 2003; Verhamme et al., 2006;
Gronke et al., 2016; Orsi et al., 2012).

One drawback of the MCRT technique is given by the time it takes to simulate an
appropriate number of photons to obtain statistically significant results. The mean
number of scattering events scales roughly proportionally with the Lyα rest-frame
optical depth of the medium (Harrington, 1973). Hence, the computational time can
vary by several orders of magnitude depending on the physical configuration probed.
Typically, approximately 104 − 105 photons are needed to retrieve the shape of the Lyα
line profile with reasonable resolution. Such exercise becomes quickly prohibitively
expensive when running MCRT codes for multiple configurations. One scenario where
this requirement is needed is in Lyα line profile fitting (e.g. Mejias et al., in prep).
Another example is to incorporate the Lyα properties of objects in a galaxy formation
model run over a cosmological box (e.g. Orsi et al., 2012; Garel et al., 2012; Gurung
López et al., 2018)

Here we address the problem described above by presenting FLaREON, a publicly
available python package able to quickly predict multiple Lyman alpha line profiles and
escape fractions with high accuracy. The basis of the results is a grid of configurations
computed previously using the MCRT code LyaRT (Orsi et al., 2012).The outline of this
work is as follows. In §2 we present FLaREON. In §3 we test its accuracy and in §4 we
briefly explain how to exploit FLaREON. In §5 we illustrate some possible applications.
Finally, we present our conclusions in §6.



3.2 Code description 99

Fig. 3.1 The Lyα line properties in different geometries. The left panels show a cartoon
of the Biconical Wind, Thin shell and Galactic Wind. The middle panels show the
Lyα escape fraction as a function of dust optical depth of absorption τa for the three
geometries and outflow configuration as shown in the legend. The right panels show
examples of Lyα line profiles for the configurations described in the legend.

3.2 Code description

FLaREON 1 makes use of a grid of configurations run with the Monte Carlo radiative
transfer code LyaRT2 (Orsi et al., 2012). This grid covers three different outflow ge-
ometries and a wide range of gas properties. The goal of the code is to deliver a
user-friendly public python package able to predict thousands of Lyman alpha line
profiles and fLyα

esc in seconds with minimal user input.

3.2.1 Outflow Geometries

There are three different outflow geometries implemented in FLaREON: Thin shell,
Wind, and Biconical wind. They all feature an empty inner cavity and an isotropic

1 https://github.com/sidgurun/FLaREON
2 https://github.com/aaorsi/LyaRT
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monochromatic source of Lyα photons is placed in the centre. In all geometries, dust
follows the gas density. The dust optical depth is defined as

τa = (1 − ALyα)E⊙

Z⊙
NHZ, (3.1)

where E⊙ = 1.77 × 10−21cm−2 is the ratio τa/NH for solar metallicity, ALyα = 0.39
is the albedo at the Lyα wavelength, Z⊙ = 0.02 (Granato et al., 2000), Z is the gas
metallicity and NH is the neutral hydrogen column density. We assume the temperature
of the gas is constant at T = 10000 K.

The Thin shell and Wind geometries are described in detail in Orsi et al. (2012) and
Gurung López et al. (2018). In the following we briefly describe them. The Biconical
wind described below is slightly different to that presented in Gurung López et al. (2018).

1. Thin shell: an isothermal uniform neutral hydrogen distributed in a thin layer
with a radial expansion velocity Vexp. This geometry has been widely used in the
literature to study the escape of Lyα photons (e.g. Zheng and Miralda-Escudé,
2002; Ahn, 2004; Verhamme et al., 2006; Orsi et al., 2012).

2. Wind: a spherical isothermal distribution of neutral hydrogen with radial expan-
sion velocity Vexp as implemented in Orsi et al. (2012). This geometry exhibits
an empty spherical cavity with radius RWind (analog to Rinner in the thin shell)
and a radially decreasing number density profile.

3. Biconical wind: this is a combination of an outflow with expanding wind geometry
and a static isothermal uniform medium. The expanding wind outflow with
Vexp,in > 0 and NH,in is confined in θ < θcone and θ > π − θcone, where θcone is
measured from the polar axis. We define θcone = π/4. For θcone < θ < π − θcone,
the medium is static (Vexp,out = 0) with column density NH,out = fNH,in. Here
we arbitrary set f = 103. The column density of this geometry NH is

NH = (1 − cos θcone)NH,in + cos θconeNH,out (3.2)

where NH,in corresponds to the column density of the Wind geometry (see Gurung
López et al., 2018).

Fig. 3.1 illustrates the main features of the three geometries described. For the
Biconical wind, photons scattering through the dense and static torus are less likely to
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Fig. 3.2 Distribution of the relative difference between the output of LyaRT and the
predictions of FLaREON for 300 random outflow configurations using the Thin Shell
geometry. The result with the analytical expressions is shown in blue. The result
with the machine learning algorithm using the outputs of LyaRT and using the fitting
parameters (in equation 3.6) are plotted in yellow and red, respectively. Additionally,
the algorithms using lineal interpolation and the output of LyaRT and using the fitting
parameters are shown in purple and green respectively. The legend displays the
standard deviation of each FLaREON algorithm.

escape compared to those traveling through the thin outflow. The dipolar nature of
the scattering of Lyα photons through a neutral hydrogen medium makes them likely
to back-scatter within the inner cavity until they escape through the thin medium. For
θcone = π/4, ∼ 70% of the photons are emitted towards the thick torus and only a few
(∼ 30%) towards the bicone.

The inclination of the Biconical wind with respect to the observer leads to different
escape fractions. This is shown in the middle panel of Fig. 3.1 by computing the
escape fraction fLyα

esc of Lyα photons though the bicone (face-on) or through the torus
(edge-on). The escape fraction is defined as the ratio between the number of photons
that escape through a given direction over the number of photons emitted towards that
direction. The three cases shown in Fig. 3.1 (edge-on, face-on and the spherical average)
show significant differences. If the geometry is observed face-on, fLyα

esc reaches values
greater than 1, while if it is edge-on fLyα

esc < 1 even if there is no dust. This is caused
by the large optical depth of the torus that beams the Lyα photons towards the bi-
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Fig. 3.3 Left : Normalized distribution of the KS statistic of the Lyα line profile
computed by LyaRT and predicted by FLaREON in the same 300 random {Vexp, NH, τa}
combinations for the Thin Shell (yellow), the Wind (red), and the bicone face-on (blue)
and edge-on (green). Right : comparison between the LyaRT output (solid black lines)
and FLaREON predictions (colored solid lines) in some of the 300 random configurations.
We show Thin Shell, Wind and Bicone configurations from left to right. Additionally,
in the legend indicates the KS between the LyaRT and FLaREON line profiles.

cone. In the spherical average fLyα
esc can reach a value up to 1 for dust-free configurations.

The right panel of Fig. 3.1 shows the resulting line profiles for the bicone at the
three different orientations. The differences in the line profile between the three cases
reflect the different scattering histories of photons escaping through the outflow or the
thick torus.

Fig. 3.1 also shows the corresponding fLyα
esc and line profiles for the Thin shell and

Wind, respectively. Here, there is no difference in the escape of Lyα photons due to
the orientation of the outflows.

3.2.2 Monte Carlo configuration grids

FLaREON is based in the outputs of LyaRT in a grid of configurations spanning a wide
range of phyisical properties. We build two grids for each outflow geometry; one to infer
fLyα

esc and another to predict Lyα line profiles. For the fLyα
esc , the grids are constructed

using a number of photons Np = 104. Hence, the lowest value of fLyα
esc computed is 10−4.
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For the line profile grids, we use instead Np = 105, since we need more photons to fully
recover the shape of the resulting line profiles. In order to speed-up the computational
time in the latter case, we implement an acceleration procedure to dismiss scattering
events that result in frequency changes below a critical value of xcrit = 3, where x is
the frequency of photons in Doppler units (see, e.g. Dijkstra et al., 2006; Laursen and
Sommer-Larsen, 2007; Orsi et al., 2012). Those scattering events have no significant
impact on the resulting line profile, but skipping them can improve the performance
of the Monte Carlo calculation by orders of magnitude. Since the bicone geometry is
split into two lines of sight we increased the number of photons to 105 and 106 for the
fLyα

esc and line profile grids, respectively.

The Vexp-log NH parameter space covered in the grids is defined as follows:

Vexp[km s−1] =
 [10 , 100] , ∆Vexp = 10 km s−1

[100 , 1000] , ∆Vexp = 50 km s−1 (3.3)

where ∆Vexp is the step between evaluations. Additionally, the neutral hydrogen
column density NH is mapped in bins of ∆ log NH = 0.25 and spans the following
range:

log NH[cm−2] = [17 , 22] , ∆log NH[cm−2] = 0.25 (3.4)

The values of dust optical depth τa where the grid is sampled are different for the fLyα
esc

and line profile grids. We have checked that a sparse sampling of fLyα
esc is sufficient to de-

liver good results. These values are log τa = [−3.0 ,−2.0 ,−1.5 ,−1.0 ,−0.75 ,−0.5 ,−0.25 , 0.0].
The line profile grids, on the other hand, spans a wider range and more frequently in
τa to track properly the evolution with dust optical depth of the Lyα line profile. We
cover the low dust range with higher density as we found that the evolution is stronger
in this range. Finally, the dust optical depth values are

log τa =
 [−3.75 ,−1.500] , ∆ log τa = 0.25

[−1.50 ,−0.125] , ∆ log τa = 0.125
(3.5)
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where ∆ log τa is the step between evaluations.

All together, the total number of configurations sampled for each geometry is 4704
and 12348 for the fLyα

esc and line profile grids, respectively.

3.2.3 Predicting the Lyman α properties.

FLaREON allows the user to choose among three different methods to compute the
fLyα

esc from the outflow properties:

1. The first method uses directly the values of fLyα
esc given by LyaRT to build a

multi-dimensional linear interpolation grid or to train a machine learning algo-
rithm. For the latter, FLaREON incorporates ’extra trees’, ’random forest’ and
’k-nearest neighbors’, using the python module scikit-learn (Pedregosa et al.,
2011).

2. The second method consists in using a parametric equation that links fLyα
esc

and one or several gas properties. In particular, we fit the fLyα
esc computed by

LyaRT as a function of the dust optical depth in each node of the Vexp-log NH

space to the function

fLyα
esc = k3

[
cosh

√
k1τ k2

a

]−1
, (3.6)

where k1, k2 and k3 are free parameters. Note that k3 = 1 in the Thin shell
and Wind geometries since if there is no dust fLyα

esc = 1. However, in the Bicone
geometry, as we divide in edge-on and face-on, in general, k3 ≠ 1 as discussed in
§3.2.1. The best fitting parameters are then used to build the lineal interpolated
grid or to train the machine learning algorithms in this mode.

3. The third method consists on an updated version of the analytic fLyα
esc expres-

sions described in Gurung López et al. (2018). Those fLyα
esc parametric equations

have been recalibrated for the Thin Shell and Wind in our grid, which is denser
and wider in Vexp and NH. Due to the complexity of fLyα

esc in the face-on and
edge-on configurations, FLaREON does not include any analytic expression for the
biconical outflow.
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Fig. 3.4 Correlation between some line profile properties produced by the Bicone,
Galactic Wind and Thin Shell geometries from left to right. Top : shift of the red
peak from Lyα wavelength as a function of half of the separations between the red
and the blue peaks in the line profile. Only configurations producing double peak
profiles were taken into account for this panel. Bottom : shift of the red peak from
Lyα wavelength as a function of the full width half maximum of the red peak. Only
configurations producing line profiles without a blue peak were taken into account for
this panel. In every panel, the NH is color coded. The one-to-one relation is plotted in
black dashed lines.

To address the problem of predicting Lyα line profiles, analytic expressions and
machine learning algorithms perform poorly compared to a multi-dimensional linear
interpolation of the LyaRT outputs. Hence, unlike the case of the fLyα

esc , the Lyα line
profiles are computed using only a multi-linear interpolation of the grids.

3.3 Validation of the code

Here we compare the performance of different methods to obtain fLyα
esc . We compute

300 random values for Vexp, log NH and log τa using a Latin hypercube algorithm to
populate randomly and homogeneously the three dimensional space within the range
covered by the grids. Fig. 3.2 shows the relative difference between the FLaREON
predicted fLyα

esc and the LyaRT output in those 300 random configurations using the
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Thin Shell geometry. We find a remarkably good match between LyaRT and FLaREON.
The analytic functional form has worse performance (although ∼ 70% is above 90%
accuracy) since these were optimized to a smaller Vexp-NH region. Additionally, ∼ 80%
of the configurations using directly fLyα

esc from LyaRT to train or to interpolate have an
accuracy better than 90%. The method that gives the best results is the parametric
interpolation, as ∼ 95% and ∼ 50% of the configurations have relative differences below
0.1 and 0.01. Other outflow geometries perform similarly.

To quantify the performance of FLaREON predicting Lyα line profiles we perform a
Kolmogorov–Smirnov (KS) test over the 300 random outflow configurations for each
geometry. Fig.3.3 shows the resulting KS distributions of the 300 random configura-
tions for all the geometries. We find a very good agreement between the Lyα line
profiles computed by LyaRT and those predicted by FLaREON. For all geometries the KS
distribution peaks around KS = 10−2, implying that the typical maximum difference of
the cumulative line profiles is ≈ 1% of the flux. Additionally, about 90% of the random
samples exhibit KS < 0.05 for all geometries.

The right panels in Fig. 3.3 show some example geometries where the outputs of
Monte Carlo LyaRT and FLaREON are compared. Overall, the differences between the
Monte Carlo code and FLaREON are negligible.

3.4 Hands on FLaREON

In this section we ilustrate how to execute FLaREON. After the installation, running
FLaREON should only take a few python command lines.

A simple script to compute the Lyα escape fraction and line profiles for some given
Thin Shell configurations is given below:

import FLaREON as Lya, numpy as np, pylab as plt
# 1) We define the configuration parameters.
# 1.1) Expansion velocity in km/s :
V_exp = [ 50 , 100 , 200 , 300 ]
# 1.2) Logarithm of column densities in cm**-2 :
log_NH= [ 18 , 19 , 20 , 21 ]



3.5 Some applications 107

# 1.3) Dust optical depths :
tau_a = [ 0.5 , 0.1 , 0.05 , 0.01 ]
# 1.4) Select a geometry :
Geometry = ’Thin_Shell’
# 2) Compute the escape fractions.
f_esc = Lya.RT_f_esc( Geometry, V_exp ,

log_NH , tau_a )
# 3) Compute the line profiles.
# 3.1) Define the wavelength range in meters.
wavelength = np.linspace( 1213e-10, 1224e-10, 1000 )
# 3.2) Execute FLaREON
lines = Lya.RT_Line_Profile( Geometry, wavelength,

V_exp , log_NH ,
tau_a )

# 4) Display the line profiles.
for line in lines :

plt.plot( wavelength , line )
plt.show()

Other examples can be found in the GitHub repository, including the coupling
of FLaREON with other popular public codes such as emcee3 (Foreman-Mackey et al.,
2013a) to perform Lyα line fitting.

3.5 Some applications

In this section we present a small glimpse of the potential scientific applications of
FLaREON.

3.5.1 Line profile properties

Recently, Verhamme et al. (2018) characterized the Lyα line profiles to infer their
displacement redwards of the line centre, allowing to infer the systemic redshift of a
source from the Lyα line only. This is done by measuring the difference in wavelength

3http://dfm.io/emcee/current/

http://dfm.io/emcee/current/
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Fig. 3.5 Comparison of the randomly selected model’s Lyα line profiles and the best
fitting outflow configurations using different gas geometries. The Thin Shell, Galactic
Wind and Bicone are shown in red, green and blue respectively. Additionally line
profile used as model is highlighted by thicker lines. The model outflow geometry
changes from Thin Shell, to Galactic Wind to Bicone from left to right.

between different peaks, if there is more than one, or by measuring the FWHM of a
single peak.

Fig. 3.4 shows the relation between different line profile properties for 1000 different
configurations spanning the full Vexp −NH − τa space using the three geometries. In
the top panels we show the relation between the red peak shift and half of the distance
between the red and blue peak in only configurations exhibiting both peaks. In general,
FLaREON predicts a tight correlation between these properties and the neutral hydrogen
column density. We find that FLaREON reproduce the correlation found by Verhamme
et al. (2018) for shift of the read peak smaller than 2Å where trend leaves the one-to-one
relation and the slope increases.

In the bottom panels of Fig.3.4 we show the relation of the shift and the FWHM of
the red peak in configurations where only the red peak was found. Overall, FLaREON
also predicts a correlation between these properties and the column density, although
with a greater scatter. Our results with FLaREON are consistent with the findings of
Verhamme et al. (2018) for the Thin shell and Galactic Wind geometry.
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Table 3.1 Description of randomly selected configurations (models) and their best fitting
configuration in other outflow geometries.

Configurations Vexp log NH log τa log KS fesc
[km/s] [cm−2]

Model : Thin Shell 55.0 17.62 -0.23 - 0.43
Best fit : Wind 62.4 17.14 -0.25 -1.5 0.58
Best fit : Bicone 890.5 17.11 -0.13 -0.5 0.46

Model : Wind 123.0 20.25 -1.29 - 0.88
Best fit : Thin Shell 93.2 20.5 -0.29 -2.2 0.07
Best fit : Bicone 616.3 22.0 -1.38 -0.6 0.8

Model : Bicone 375.0 21.42 -2.37 - 0.97
Best fit : Thin Shell 93.0 19.64 -2.75 -0.8 0.99
Best fit : Wind 348.2 19.5 -1.75 -0.7 0.98

3.5.2 Extract outflow information from Lyα line profiles.

One of the most attractive application of FLaREON consists in inferring outflow proper-
ties from measured Lyα line profiles. Usually, in this kind of analysis only one outflow
geometry is implemented (e.g. Orlitová et al., 2018a; Gronke, 2017). However, since
FLaREON includes several gas configurations the analysis can be extended to different
outflow geometries. In this section we give a glimpse of the advantages of using several
geometries and we will exploit further this idea in an upcoming work (Mejias et. al. ,
in prep).

To study how the inferred outflow properties depend on the gas geometry we
start by generating a Lyα line profile with a given gas geometry and random outflow
parameters. We refer to this as model. Then, we perform an MCMC analysis combining
FLaREON and emcee (Foreman-Mackey et al., 2013a) with the other gas geometries to
fit the line profile of the model.

We performed this test for three models, each with a different gas geometry. For the
biconical geometry we use the spherically averaged configuration, but we check that
the results resemble that obtained with the edge-on and face-on configurations. These
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few examples illustrate the degeneracy between gas geometry and outflow parameters.

In Fig. 3.5 we show a comparison between the model’s Lyα line profile and the best
fits of the other outflow geometries, whereas in Table 3.1 we summarize the results of
the MCMC. On one hand, the morphology of the Lyα line profiles produced by the
Bicone are very different (KS > 0.1) from the line profiles generated by the Wind and
Thin Shell. Hence, there is not confusion between these gas geometries. On the other
hand, the Thin Shell and Wind line profiles resemble and fit each other Lyα line profile
with very good agreement (KS < 0.1). However, since the gas morphology impacts
the resulting line profile, the inferred properties from the fit, generally, do not match
the model’s characteristic.

Additionally, the fLyα
esc computed from the inferred outflow properties differs from

the fLyα
esc of the model. This increases the difficulty of calculating the intrinsic Lyα flux

emitted before the radiative transfer processes by using only Lyα emission.

3.6 Conclusions

In this work we have introduced FLaREON, a user-friendly public python code based on
the radiative transfer Monte Carlo code LyaRT (Orsi et al., 2012). This code is able to
predict Lyα line profiles and Lyα escape fractions for different outflow geometries in a
wide range of outflow properties without the need to run a Monte Carlo code.

FLaREON includes three different outflow geometries, an expanding Thin shell (e.g.
Verhamme et al., 2006; Orsi et al., 2012; Gurung López et al., 2018), galactic wind
(Orsi et al., 2012; Gurung López et al., 2018), and a biconical outflow surrounded by a
very thick static torus.

In order to predict the Lyα line profile and fLyα
esc FLaREON interpolates or makes use

of machine learning algorithms over previously-computed grids of configurations. This
grids are very dense and cover a wide range of Vexp, NH and τa. These are composed
by 4704 and 12348 different outflow configurations to predict the fLyα

esc and line profile,
respectively.
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We have analyzed the performance of FLaREON of the different geometries and
predicting method implemented. FLaREON is able to predict thousands of fLyα

esc and
line profiles with remarkably high accuracy. The error in fLyα

esc is typically below 5%.
Additionally, the Kolmogorov-Smirnov test delivers values about 0.01 between the fully
computed LyaRT line profiles and FLaREON predictions.

In future works we plan to exploit the FLaREON capabilities to predict thousands of
line profiles and escape fractions to extract outflow physical information such as Vexp

or NH from observed spectra and to populate large cosmological volumes with Lyα
emitters.





Chapter 4

The impact of the intergalactic
medium in Lyα selected samples

Abstract

In the near future galaxy surveys will target Lyman alpha emitting galaxies (LAEs) to
unveil the nature of the dark energy. During the last years it has been suggested that
the observability of LAEs is coupled to the large scale properties of the intergalactic
medium. Such coupling could introduce distortions in the observed clustering of LAEs,
adding a new potential difficulty to the interpretation of upcoming surveys. We present
a model of LAEs that incorporates Lyα radiative transfer processes in the interstellar
and intergalactic medium. The model is implemented on the GALFORM semi-analytic
model of galaxy of formation and evolution. We find that the radiative transfer inside
galaxies produces selection effects over galaxy properties. In particular, observed LAEs
tend to have low metallicities and intermediate star formation rates. At low redshift
we find no evidence of correlation between the spatial distribution of LAEs and the
intergalactic medium properties. However, at high redshift the LAEs are linked to the
line of sight velocity and density gradient of the intergalactic medium. The strength
of the coupling depends on the outflow properties of the galaxies and redshift. This
effect modifies the clustering of LAEs on large scales, adding non linear features. In
particular, our model predicts modifications in the shape and position of the baryon
acoustic oscillation peak. This work highlights the importance of including radiative
transfer physics in the cosmological analysis of LAEs.
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Fig. 4.1 Illustration of the journey of Lyα photons since they are emitted until they
reach the observer. Since Lyα photons are generated in star forming regions they go
through RT processes until escaping through galaxy outflows. Then they enter into
the IGM, where photons interacting with HI are scattered out of the line of sight and
never reach the observer.

4.1 Introduction

Galaxies exhibiting strong Lyman-α emission, the so-called LAEs, are one of the
most important tracers of the high redshift Universe in modern astrophysics. After
their first detection about 20 years ago (e.g. Steidel et al., 1996; Hu et al., 1998;
Rhoads et al., 2000; Malhotra and Rhoads, 2002) studies have focused on finding
LAEs at low (Orlitová et al., 2018b; Henry et al., 2018) and high redshift (Ouchi
et al., 2008; Oyarzún et al., 2017; Matthee et al., 2017; Caruana et al., 2018) including
at the epoch of reionization (Sobral et al., 2015; Ouchi et al., 2018; Shibuya et al., 2018).

In the coming years, cosmological surveys such as HETDEX (Hill et al., 2008b)
and J-PAS (Benitez et al., 2014b) aim to unveil the mystery of the dark energy. These
surveys will scan the sky chasing LAEs to trace the underlying dark matter density fluc-
tuations and make clustering measurements. Additionally, these surveys will contribute
notably to the knowledge of galaxy formation and evolution. Thus, it is becoming
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timely to understand properly the selection function of LAEs and how it might affect
the apparent spatial distribution and galaxy properties.

The large cross-section of neutral hydrogen atoms around Lyα wavelengths makes
these photons suffer multiple scattering events that modify their frequency and di-
rection. These frequency changes produce the characteristic Lyα line profiles widely
studied (Verhamme et al., 2006; Gronke et al., 2016). The typical distance covered by
Lyα photons inside atomic hydrogen is increased drastically due to multiple scattering
events, making these photons very sensitive to dust absorption.

In order to understand the complex escape of Lyα photons consider the illustration
shown in Fig.4.1. The journey of Lyα photons begins when a star formation episode
takes place inside a galaxy. During these events, hot massive stars (mostly O-type and
B-type) emit high energy photons capable of ionizing neutral hydrogen. A fraction
of these photons dissociates the HI in the surroundings of the star forming region.
Another part is absorbed by dust grains, while the rest escapes from the galaxy and
ionizes HI in the intergalactic medium.

Then, the free electrons within the ionized region surrounding the young stars
recombine with HII ions in excited energy levels, causing a cascade until electrons reach
the ground energy level. Lyα photons are emitted when an electron decays from the
first excited level to the fundamental level, an even that occurs with probability ∼ 2/3
(Spitzer, 1978)) per ionizing photon.

Lyα photons have to get through the intricate interstellar medium (ISM) before
escaping the galaxy (Fig. 4.1 top left panel)(Neufeld, 1991). The ISM morphology
includes dusty gas rich regions such as bars (Spinoso et al., 2017), arms (Kormendy,
2013), HII bubbles, outflows (Cazzoli et al., 2016) and other structures that complicate
the radiative transfer of Lyα photons. The resonant scattering inside the ISM enhances
dust absorption and causes that only a fraction of the emitted Lyα photons manages
to escape from the galaxy. Additionally, in this process the Lyα line profile is modified
due to consecutive HI interactions (Harrington, 1973). The final Lyα escape fraction
and line profiles depend strongly on the ISM topology and kinematics (Verhamme
et al., 2006; Gurung-Lopez et al., 2018).
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After emerging from galaxies (Fig.4.1 zoom panel), Lyα photons enter into the
IGM and interact with the HI atoms within, producing further Lyα scattering events
(Fig.4.1 main panel). While inside galaxies the flux reduction is due to dust absorption,
in the IGM the Lyα photons are scattered out of the line of sight, as illustrated in
the bottom panel of Fig.4.1. The Hubble flow redshifts the emitted photons, causing
further IGM absorptions at wavelengths bluewards of Lyα while redder photons travel
freely.

The RT processes, occurring in both the ISM and IGM, complicate the selection
function of galaxy surveys using Lyα line detection as a tracer. Galaxies selected
with this technique tend to have low metallicity and high specific star formation rates
(Sobral et al., 2018a). Observational evidence also suggests that this galaxy population
lies in low density environments (Shimakawa et al., 2017). Further observations are
needed to cast light on this matter.

The RT in the ISM has been modeled and explored using Monte Carlo Radiative
Transfer codes (Zheng and Miralda-Escudé, 2002; Ahn, 2003; Verhamme et al., 2006;
Orsi et al., 2012; Gronke et al., 2016; Gurung-Lopez et al., 2018). These tools generate
photons in HI structures and track the subsequent interactions, changes in direction,
frequency and possible absorptions. Monte Carlo Radiative Transfer codes have been
implemented in cosmological simulations in the ΛCDM scenario to understand the
effect of the ISM on the selection function of LAEs (Orsi et al., 2012; Garel et al., 2012;
Gurung López et al., 2018).

The radiative transfer inside the IGM has been implemented in several ways. For
example, Dijkstra et al. (2007) made use of analytic expressions to determine the
velocity field, density field and ionization state of the IGM around galaxies as a
function of some galaxy properties like the host halo mass or the circular velocity.
Meanwhile, Laursen et al. (2011a) studied the IGM transmission around the Lyα
wavelength in a hydrodynamic simulation tracking Lyα rays along different lines of
sight. A different approach was taken by Zheng et al. (2010), where they run a Monte
Carlo radiative transfer code (similar to the algorithms used to model the ISM) to
study the observability of LAEs as a function of the IGM large scale properties. In
particular, Zheng et al. (2010) found that the resonant nature of Lyα might introduce
new clustering features in galaxy samples selected by Lyα detection. However, using
a higher resolution simulation, Behrens et al. (2017) claimed to find only a marginal
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coupling between LAEs and the IGM.

If the IGM impacts significantly on the observed spatial distribution of LAEs, this
could introduce dramatic biases into the cosmological interpretation of clustering data
from surveys like HETDEX (Hill et al., 2008a), and future space mission concepts, such
as the ATLAS Probe (Wang et al., 2018b) and the Cosmic Dawn Intensity Mapper
(Cooray et al., 2016). Hence, understanding the role of the IGM in shaping the observed
properties of high redshift LAEs is of crucial importance.

This is the second of a series of papers that tackle the selection effects on LAE
caused by the RT of Lyα resonant scattering nature. In our first paper (Gurung López
et al., 2018) we focused in the RT inside the ISM and how it determines the properties
of galaxies observed as LAEs. Here, we expand our model and include the RT in the
nearby IGM. We study the coupling between Lyα observability and different IGM
large scale properties and how this modifies the clustering of LAEs.

This work is structured as follows : In §4.2 we present our model and its calibration
(§4.3). Then, in §4.4 we briefly study the selection function of galactic properties
while in §4.5 we focus on the selection effects of the IGM and its impact on LAE
clustering (§4.6). Finally, we compare our work with the literature (§4.7) and present
our conclusions (§4.8).

4.2 A comprehensive model for LAEs.

The model presented here is a follow up of the work presented in Gurung López et al.
(2018). We combine a wide range of physical scenarios in order to assemble a realistic
LAE model. Our model is built upon four main pillars:

1. The P-Millennium N-Body simulation (Baugh et al., 2019), a stare-of-the-art
dark matter N -body simulation with box size (542.16cMpc/h)3 with 50403

dark matter particles of mass Mp = 1.061 × 108M⊙h
−1 and Plank cosmology :

H0 = 67.77 km s−1Mpc−1, ΩΛ = 0.693, ΩM = 0.307 , σ8 = 0.8288 (Planck
Collaboration et al., 2016). The P-Millennium models the hierarchical growth
of structures in the ΛCDM scenario in our model.
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2. GALFORM, a semi-analytic model of galaxy formation and evolution. The GALFORM
version used in this work is detailed in Lacey et al. (2016) and Baugh et al. (2019)
and it is based on Cole et al. (2000).

In short, initially GALFORM populates the dark matter halos extracted from a high
redshift output of the P-Millennium with gas. Then, the gas is evolved tracking
the merger histories of halos and several physical mechanisms are included, such as
i) shock-heating and radiative cooling of gas inside halos; ii) formation of galactic
disk with quiescent star formation ; iii) the triggering of starburst episodes due to
disk instabilities and mergers in bulges; iv) AGN, supernovae and photoionization
feedback to regulate the star formation rate; v) the chemical evolution of gas and
stars. Additionally, the GALFORM version used in this work implements different
stellar initial mass functions (IMFs) for quiescent star formation and starburst
episodes (for further details in Lacey et al. (2016)). To ensure a proper resolution,
in our model we consider only galaxies with stellar masses higher than 107M⊙h

−1,
which roughly corresponds with dark halo masses around 1010M⊙h

−1 (∼ 100
dark matter particles).

3. FLaREON1 (Gurung-Lopez et al., 2018), an open source python code to predict
Lyman α escape fractions and line profiles in minimal computational time.
FLaREON is based on the radiative transfer Monte Carlo code LyaRT2 (Orsi et al.,
2012) that fully tracks the trajectory of Lyα photons in outflows with different
gas geometries, hydrogen column densities (NH), macroscopic expansion velocities
(Vexp) and dust optical depths (τa). Briefly, FLaREON combines precomputed
grids of fLyα

esc and Lyα line profiles in the NH-Vexp-τa space for several outflow
geometries and different algorithms, such as multi-dimensional interpolation and
machine learning, achieving high accuracy at a very low computational cost. We
make use of FLaREON to include the RT inside galaxies in our model (see §4.2.1).

4. Radiative transfer of Lyα photons in the intergalactic medium. We estimate the
IGM transmission for every galaxy depending on the local environment properties,
such as the density, velocity and ionization state of the IGM (see §4.2.2).

In the following subsections we describe in detail the design of our LAE models.

1 https://github.com/sidgurun/FLaREON
2 https://github.com/aaorsi/LyaRT
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4.2.1 Modeling the radiative transfer of Lyα photons inside
galaxies.

The physics of Lyα photons escaping galaxies through galactic outflows are imple-
mented with FLaREON. We focus on two outflow geometries: i) expanding homogenius
Thin Shell (e.g. Verhamme et al., 2006; Orsi et al., 2012; Gurung López et al., 2018); ii)
expanding Galactic Wind (Orsi et al., 2012; Gurung López et al., 2018) with a density
gradient. Both geometries exhibit an empty cavity in the center of the geometry,
where monochromatic Lyα photons are generated. We assume a constant temperature
T = 104K. These outflow geometries are detailed in Gurung-Lopez et al. (2018).

GALFORM galaxies are divided into two components, disk and bulge, with distinct
galactic properties, such as metallicity, cold gas mass or star formation rate. Therefore,
each component is assigned a unique fLyα

esc and Lyα line profile. This assumes that pho-
tons generated in a certain galaxy component only interact with that galaxy component.

We calculate outflow properties as in Gurung López et al. (2018). In particular,
motivated by observational studies (e.g. Cazzoli et al., 2016), the outflow expansion
velocity is computed as

Vexp,c = κV,cSFRc
rc

M∗
, (4.1)

where the subscript c denotes the galaxy component (disk or bulge), SFRc is the star
formation rate in M⊙Gyr−1h−1 units, rc is the half stellar mass radius in pMpc h−1,
M∗ is the total stellar mas of the galaxy in M⊙h

−1 units. Additionally, κV,c are free
dimensionless parameters regulating the efficiency of gas ejection.

In FLaREON, the Thin Shell and the Galactic Wind geometries present different
density profiles, thus different column densities. The outflow neutral hydrogen column
density of each component is computed as

NH,c =
 κN,c

Mcold,c
r2
c

Thin Shell
κN,c

Mcold,c
rcVexp,c

Galactic Wind
, (4.2)

where Mcold,c is the cold gas mass in M⊙h
−1 and κN,c are dimensionless free parameters.

These are calibrated later in §4.3.
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The free parameters presented above outline the outflow properties, regulating the
Lyα luminosity distribution. In general, the parameters related to the quiescent star
formation (galactic disks) give form to the faint end of the Lyα luminosity function.
Meanwhile, the bright end is shaped by the free parameters regulating the starburst
episodes (galactic bulges) (Lacey et al., 2016).

Finally, the dust absorption optical depth is simply computed as

τa,c = (1 − ALyα)E⊙

Z⊙
NH,cZc, (4.3)

where E⊙ = 1.77 × 10−21cm−2 is the ratio τa/NH for solar metallicity, ALyα = 0.39 is
the albedo at the Lyα wavelength, the solar metallicity is Z⊙ = 0.02 (Granato et al.,
2000) and Zc is the metallicity of the cold gas in Z⊙ units.

4.2.2 Modeling the radiative transfer of Lyα photons inside
the IGM.

While inside galaxies the losses of Lyα flux are due to dust absorption, in the IGM
photons are scattered out of the line of sight by the neutral hydrogen. The total opacity
of the IGM is given by (Dijkstra et al., 2007)

τIGM(λ) = σ0

∫ ∞

Rvir

nH(s) XHI(s) ϕ(λ, Vshift) ds, (4.4)

where λ is the wavelength, s is the proper distance to the galaxy where the photon
is emitted, nH is the IGM hydrogen number density, XHI is the fraction of neutral
hydrogen in the IGM and ϕ(λ, Vshift) is the Voigt profile Doppler-shifted by the velocity
between the emitting galaxy and the IGM.

We compute the IGM transmission of each galaxy, which depends on the local
environment. To do so we compute nH(−→x ) , XHI(−→x ) and the hydrogen velocity field,
VH(−→x ) from our simulation. Due to disk storage limitations, the dark matter particles
of P-Millennium at the snapshots used in this work were not saved. Hence, these
quantities are computed from the halo catalogs as shown in the next subsections.
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Hydrogen number density field.

We assume that density of hydrogen, ρH(−→x ), is coupled to the dark matter density,
ρDM(−→x ). Thus,

nH(−→x ) = xH
Ωb

ΩDM
ρDM(−→x )/mH, (4.5)

where xH = 0.74 is the hydrogen fraction of baryonic matter in the Universe, Ωb and
ΩDM are the densities of baryons and dark matter respectively and mH is the hydrogen
mass.

In order to compute ρDM(−→x ), it is useful to define the overdensity field of a given
quantity, δa(−→x ), as

δa(−→x ) = ρa(−→x ) − ⟨ρa⟩
⟨ρa⟩

, (4.6)

where ρa(−→x ) is the density field of some quantity and ⟨ρa⟩ is its average. Additionally,
the definition of bias for a given dark matter halo mass, b(M), is

δhalos(−→x ) = b(M)δDM(−→x ), (4.7)

where δhalos(−→x ) is the overdensity field of the dark matter halos and δDM(−→x ) is the
dark matter overdensity field.

By combining eq. 4.6 and eq. 4.7, ρDM(−→x ) can be expressed as

ρDM(−→x ) =
(
δhalos(−→x )
beff(−→x ) + 1

)
⟨ρDM⟩ , (4.8)

where we have defined the effective bias beff(−→x ) in each cell as

beff(−→x ) =

∫
b(M) dN

dM
(−→x ) dM∫ dN

dM
(−→x ) dM

, (4.9)

where dN
dM

(−→x ) is the halo mass distribution in each cell.
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Fig. 4.2 Velocity along the line of sight (Z axis) spatial distribution at redshift z = 3
in a slice of ∼ 2cMpch−1 width. Velocities pointing to the observer are shown in blue,
while regions distancing from the observer are drawn in red.

Velocity field.

We assume that the motion of the dark matter and gas are the same, i.e., VH(−→x ) =
VDM(−→x ). In practice, we divide our simulation box into smaller volumes and compute
VDM(−→x ) from the halo catalog simply as the median of the velocity distribution of
halos within the subvolume.

In Fig.4.2 we show the matter velocity along the line of sight (chosen arbitrarily as
the Z coordinate of the simulation box) at redshift 3.0 in a slice of width 2cMpch−1 of
our simulation box. The volume is divided in big chunks with coherent positive motion
along the line of sight (red) and negative motion (blue). The typical scales of these
areas are hundreds of comoving megaparsecs. Meanwhile, the transition between these
regions is relatively small. This causes great contrasts of velocity along the line of sight
on scales below ∼ 10cMpch−1. We have checked that this behaviour is also found at
the other redshifts studied in this work.

Fraction of neutral hydrogen field.

Star forming galaxies and active galactic nuclei (AGN) are the main sources of ionizing
photons (photons wavelength shorter than 912Å) in the Universe (Kimm and Cen,
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Fig. 4.3 Cosmic photoionization rate (Γ) as a function of redshift. The solid black
curve shows the Haardt and Madau (2012), while the dots show the median value of Γ
in our simulation at different redshifts. The error bars correspond to the percentiles 5,
32, 68 and 95 of Γ from the lowest to the highest.

2014). Thus the photoionization field, Γ(−→x ), is coupled to the number density field of
these objects. In principle, regions with a high rate of ionizing photons, i.e. close to
these sources, will be more ionized, thus lowering the IGM opacity to Lyα photons.

In order to compute Γ(−→x ) we assume that the ionizing radiation is produced
only by galaxies. This assumption works well at high redshifts since previous studies
have shown that other sources of ionizing photons, such as AGNs or QSOs, are not
sufficiently abundant to significantly contribute to Γ(−→x ) (Parsa et al., 2018). We
do not expect this to significantly affect our result since, as described later, Γ(−→x ) is
calibrated to reproduce the observed mean Γ at the different epochs studied here.

We compute Γ(−→x ) as the superposition of every ionizing field generated by each
galaxy, i.e,

Γ(−→x ) =
∑

i

σ0Q̇H,if
ion
esc

4π|−→x − −→x i|2
β

β − 3G(|−→x − −→x i|), (4.10)
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Fig. 4.4 Spatial distribution of the photoionization rate in different snapshots of the
simulation (as labeled) in slices of ∼ 2cMpch−1 width.

where the sum is over all the galaxies in the box, −→x i is the location of each galaxy, −→x is
the position where ionizing field in evaluated. Additionally, we assume a global escape
fraction of ionizing photons f ion

esc = 0.1 (Kimm and Cen, 2014) and Q̇H,i is the total
luminosity of ionizing photons given by GALFORM for each galaxy. We assume that the
SED of the galaxy takes the form J(ν) = νβ in bluer parts of the hydrogen ionization
frequency threshold, νH . We also assume that the photoionization cross section as
σH(ν) = σ0(ν/νH)−3 with σ0 = 6.3 × 10−18cm−2 . Finally, the function G(|−→x − −→x i|)
takes into account the fact that photons emitted by a single galaxy do not reach every
point in space and is given by

G(|−→x − −→x i|) =
 0 if |−→x − −→x i| > Rion,i

1 if |−→x − −→x i| < Rion,i

, (4.11)

where Rion,i is the radius of the sphere centered in the location of the galaxy i. We use
a similar expression to the Strömgren radius to compute Rion,i :

Rion,i = Ka(Q̇H,i/1055s−1)1/3, (4.12)

where Ka is a free parameter. Increasing (decreasing) Ka leads to greater (lower) Rion,i.
Hence, at each point, more (less) galaxies contribute to the the ionizing radiation field,
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Table 4.1 Values of the best fitting Ka used to compute the ionization field in our
model.

redshift logKa[cMpc h−1]
2.2 2.79
3.0 3.65
5.7 4.48

which augments (lowers) the ⟨Γ⟩ of the simulation box.

We determine the Ka values at each redshift by fitting the ⟨Γ⟩ of our simulations to
the ⟨Γ⟩ given by Haardt and Madau (2012). The best fitting values are listed in Table
4.1. We find that Ka decreases with redshift. Since the number density of ionizing
sources decreases from z = 2.2 to 5.7, the volume ionized by a single galaxy must be
increased with redshift in order to fit observations.

Fig.4.3 displays a comparison between the observed ⟨Γ⟩ and the Γ(−→x ) distribution
(percentiles 5, 32, 50, 68 and 95) of our model.

Fig.4.4 shows the spatial variations of Γ(−→x ) over cosmic time in the same slice of
width ∼ 2cMpch−1. By construction, Γ(−→x ) reproduces observations quite well. At
z = 2.2 ⟨Γ⟩ peaks and decreases towards higher redshifts. The dispersion of Γ(−→x )
evolves with redshift too. While at high redshift the photoionization field exhibits a
complex structure with high contrasts, as the Universe evolves, it becomes smoother.

Finally, we compute the neutral hydrogen fraction field as in Dijkstra and Loeb
(2009) :

XHI(−→x ) = 1 + a(−→x )/2 −
[
a+ (a(−→x )/2)2

]1/2
, (4.13)

with a(−→x ) = Γ(−→x )/nH(−→x )αrec where the case-A3 recombination coefficient is given by
αrec = 4.2 × 10−13(Tgas/104K)0.7cm3s−1 and Tgas = 104K is assumed.

3Case-A recombination assumes that the medium is optically thin to ionizing photons.
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Fig. 4.5 Average IGM transmission around Lyα for different redshift bins (2.2, 3.0 and
5.7 from left to right). In red we show the median IGM transmission, while in dark
blue and light blue we show the 1σ and 2σ ranges of the distribution.

IGM transmission.

We compute nH(−→x ), VH(−→x ) and XHI(−→x ) on a grid of 2503 cells with side ∼ 2cMpc h−1.
Then, by linear interpolation, we reevaluate these fields on a grid with higher spatial
resolution along an arbitrary direction chosen as the line of sight. In particular, the
new grid is composed of 250×250×3000 cells, where the size of the cells along the line
of sight is Lcells ∼ 0.2cMpc/h. We choose this grid size to ensure good signal to noise
in the computed field and the IGM transmission curves with high enough resolution in
frequency space.

Following eq. 4.4, the IGM optical depth in each cell in the simulation box rest
frame is given by

τIGM(λ) =
∑

l=lgal

σ0LcellsnHI(i, j, l) XHI(i, j, l) ϕ(λ, Vshift(i, j, l)), (4.14)

where the cell indices {i, j} and {l} are perpendicular and parallel, respectively, to
the line of sight. Moreover, l starts at the cell where the galaxy lies, lgal, and iterates
towards the observer along the line of sight direction. Additionally, Vshift is the relative
velocity along the line of sight between the cell containing the galaxy (i,j,l = lgal) and
the IGM in the iterated cell (i, j, l), given by
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Fig. 4.6 Median IGM transmission around the Lyα wavelength for LAE samples hosted
regions with different density. LAE living at the 1/3 of the lowest densities are shown
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Vshift(i, j, l) = VH(i, j, l) +HHubble(z) × (lgal − l) × Lcells, (4.15)

where HHubble(z) is the Hubble constant at redshift z.

Finally, the IGM transmission at each position is computed as T (λ) = e−τIGM(λ).
In Fig. 4.5 we show the median and dispersion of the IGM transmission at different
redshifts for a sample of the 150000 GALFORM galaxies with the highest specific star
formation rate (sSFR) as representative of an emission line galaxy population. In gen-
eral, we find a good qualitative agreement between the shape of our mean transmission
curves and the mean transmission curves obtained by Laursen et al. (2011a) computed
from hydrodynamical simulation with RT physics implemented. The IGM absorbs
photons bluer than ≲ 1216Å. Moreover, as galaxies lie in overdense regions, the IGM
opacity is higher close to the galaxy, causing the drop in the transmission close to Lyα
wavelength. Then the IGM transmission flattens to the IGM cosmic transmission.

Additionally, the optical depth of the IGM evolves with redshift, producing higher
transmissions at lower redshifts. This becomes dramatic at z = 5.7, where the IGM



128 The impact of the intergalactic medium in Lyα selected samples

transmission goes below 1% at bluer frequencies than Lyα.

The large dispersion of the IGM transmission reflects the complex variety of envi-
ronments surrounding galaxies. In order to test this idea, we rank our LAE samples in
IGM density ρH and split them into 3 subsamples: underdense (below the percentile
33rd of density), intermediate (between the 33 and 66 percentiles) and overdense (above
the 66 percentile). In Fig. 4.6 we show the median IGM transmission at z = 3.0 for
these subsamples. In general the behaviour of the three population is the same. At
redder wavelengths than Lyα the transmission is 1. Meanwhile, at bluer wavelengths
far from Lyα (λ ∼ 1210Å) the transmission converges to the mean IGM transmission.
However, at blue wavelengths around Lyα (λ ∼ 1214Å) the density has a great im-
pact on the IGM transmission. We find that LAEs hosted in denser environments
exhibit lower IGM transmission than their counterparts in low density regions. The
transmission is ∼ 0.4, ∼ 0.2 and ∼ 0.1 for the underdense, intermediate and overdense
environments. For completeness, we also did this analysis at the other snapshots of our
simulations, finding the same trend. The typical transmission at z = 2.2 around Lyα is
∼ 0.9, ∼ 0.85 and ∼ 0.8 for the underdense, intermediate and overdense environments.
Meanwhile, at z = 5.7 the transmission remains below 1% even in the underdense
regions.

4.2.3 The observed Lyα luminosity.

The observed Lyα luminosity is a convolution of galactic and IGM properties. We
compute the observed Lyα luminosity as follows.

Physical processes taking place inside galaxies are implemented as in (Gurung
López et al., 2018). For each galactic component: i) the intrinsic Lyα luminosity,
L0,c

Lyα (where the superindex "c" denotes the disk or bulge component), is predicted
by GALFORM from the instantaneous star formation rate; ii) the outflow properties are
computed with equations 4.1, 4.2 and 4.3; iii) the outflow Lyα escape fraction f c

esc and
line profile Φc(λ) are predicted with FLaREON; iv) the Lyα luminosity escaping the ISM
is computed as

Lc
Lyα = L0,c

Lyαf
c
esc. (4.16)

The IGM transmission is calculated in the simulation rest frame, as discussed in the
previous section. However, the galaxy rest frame mismatches, in general, the simulation
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Fig. 4.7 Example of the interaction between the IGM and a galaxy approaching the IGM
along the line of sight. We show in blue the IGM transmission at the galaxy position,
in solid black the Lyα line profile emerging from the galaxy after the interaction with
the ISM and in thick red the observed Lyα line profile after the IGM absorption.

rest frame due to galaxy peculiar velocities. Hence, the IGM transmission for a given
galaxy is Doppler shifted by the peculiar velocity of the galaxy along the line of sight.
Then, for each component, the fraction of photons that travel unscattered through the
IGM, f IGM,c

esc , is computed as

f IGM,c
esc =

∫
Φc(λ) × Tgal(λ)dλ∫

Φc(λ)dλ , (4.17)

where Tgal(λ) is the IGM transmission at the galaxy position and rest frame and Φc is
the Lyα line profile of each galaxy component.

In Fig. 4.7 we illustrate how f IGM,c
esc is computed. In this particular case the IGM

and the galaxy are approaching along the line of sight. As shown previously, in the
rest frame, the IGM absorbs photons bluer than Lyα. However, due to the relative
motion between the galaxy and the IGM along the line of sight, the IGM transmission
(blue curve) is redshifted in the galaxy rest frame. Hence, the Lyα photons emerging
from the ISM (black curve) are partially absorbed. As a result the observed Lyα line
profile (red curve) is modified. f IGM,c

esc is calculated as the ratio between the integrals
of the observed and the emerging line profiles.
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Table 4.2 Free parameters as defined in equations 4.1 and 4.2 after the calibration with
the observed luminosity function for different geometries and redshifts.

redshift Geometry log κV,disk log κV,bulge log κN,disk log κN,bulge

z = 2.2 Thin Shell 4.43 4.27 -12.33 -12.11
Galactic Wind 4.14 4.80 -8.01 -5.58

z = 3.0 Thin Shell 3.78 4.23 -12.73 -12.06
Galactic Wind 4.04 4.47 -8.10 -5.69

z = 5.7 Thin Shell 4.55 3.48 -14.03 -12.24
Galactic Wind 4.35 3.28 -9.62 -6.85

Then, for each galaxy, the observed Lyα luminosity is computed as

LLyα = LDisk
Lyα × f IGM,Disk

esc + LBulge
Lyα × f IGM,Bulge

esc . (4.18)

Moreover, we estimate the rest frame Lyα equivalent width, EW, as

EW = LLyα/Lcontinuum, (4.19)

where Lcontinuum is the continuum luminosity per unit of wavelength around Lyα com-
puted by GALFORM. This quantity is based on the evolution of the composite stellar
population of each modeled galaxy. From now on, unless stated otherwise, we define
LAEs in our model as galaxies with EW > 20Å.

4.3 Lyman-α emitters

4.3.1 Model calibration.

In these section we briefly discuss how the free parameters described in Eq.4.1 and 4.2
are calibrated. For further details we refer the reader to Gurung López et al. (2018).

In short, for each redshift and outflow geometry, we perform an MCMC analysis
using the open source Python library emcee (Foreman-Mackey et al., 2013a) to estimate
the values of κN,c and κV,c that best reproduce the observed LAE luminosity function
(LF) at different redshifts. In particular, at z = 2.2 we fit the observed LF from Cassata
et al. (2011), Konno et al. (2016) and Sobral et al. (2017a), while at z = 3.0 we fit the
LFs from Ouchi et al. (2008) and Cassata et al. (2011). Finally, at z = 5.7 we model
the LFs of Ouchi et al. (2008) and Konno et al. (2018). The free parameter values
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Fig. 4.8 Comparison between our model’s LAE luminosity function (LF) and observa-
tions at different redshifts. The intrinsic Lyα LF is shown in thin black, the Thin Shell
and Galactic Wind geometries are shown in green and blue dashed lines respectively.
The colored dashed lines correspond to models with RT in the ISM but without RT in
the IGM, while the colored solid lines include the RT in the ISM ad IGM. Different
observational data sets are shown in symbols according to the legends.

are listed in Table 4.2. Additionally, the resulting NH, Vexp and τa distributions are
discussed in Appendix 4.9.1.

In Fig. 4.8 we compare the observed LF at several redshifts with our models. For
illustration we show the GALFORM intrinsic LAE LF (black thin line), which over predicts
the number of LAEs over the full luminosity range at z = 2.2 and z = 3.0. Hence,
the total Lyα escape fraction fLyα

esc (galaxy+IGM) must be < 1. However at redshift
z = 5.7, while bright intrinsic LAE surpass observations, the intrinsic number counts
of faint LAEs resembles observations, implying fLyα

esc < 1 and fLyα
esc ∼ 1 respectively.

In general, after calibration, our models (colored solid lines) match the observed
LAE LF at all redshifts by construction. The good agreement is remarkable at z = 5.7.
The Thin Shell geometry matches slightly better observations than the Galactic Wind.
Additionally, we show the LAE LF of our calibrated model excluding the IGM absorp-
tion (colored dashed lines). Although the LAE number counts of the model without
IGM exceeds the abundance of LAE in the complete models at every Lyα luminosity,
their LAE LF are very similar. This points to the fact that the RT inside galaxies is
the main driver shaping the observed LAE LF.
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4.3.2 LAE samples

Throughout this work we analyze and compare the properties of different LAE samples
to highlight the RT selection effects. Here we describe how the samples are built.

Full Lyα emitters samples.

Full Lyα emitters (FLAE). These samples represent the observed LAE population.
They include all the radiative transfer processes explained above (ISM + IGM). The
FLAE samples are derived from the full GALFORM population. The outflow properties of
the GALFORM galaxies are computed with the calibrated free parameters (listed in Table
4.2). Then we assign to each galaxy a Lyα luminosity (as described in §4.2.3). Note that
these samples, by construction, reproduce the observed LF. We rank these populations
by Lyα luminosity and perform a number density cut of 4 × 10−3(cMpc h−1)−3. The
chosen number density cut is arbitrary. We obtain similar results for higher and lower
number density cuts.

Partial Lyα emitters samples.

Partial Lyα emitters (PLAE). These samples include galactic RT physics but lack the
IGM absorption. They are also subsamples of the full GALFORM galaxy population.
PLAEs can be seen as the LAE population that would be observed if the IGM was
completely transparent. In particular, NH and Vexp are computed with the same
calibration as the models with full RT (FLAE samples). However, in contrast to FLAE
populations where the Lyα luminosity is computed through Eq. 4.18, in the PLAE
samples, the observed LLyα is computed simply as

LLyα = LDisk
Lyα + LBulge

Lyα , (4.20)

where the ISM RT is included in LDisk
Lyα and LBulge

Lyα .

Finally, we rank galaxies by LLyα and make the same number density cut as in
the FLAE samples. Note that, by construction, the intrinsic galaxy population and
properties are identical for FLAE and PLAE samples. However, the FLAE samples
include the IGM selection effects. Therefore, the comparison between these samples
sheds light on the impact of the IGM.
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Fig. 4.9 Comparison between the galaxy properties distribution (stellar mass, star
formation rate and metallicity from left to right) of our different galaxy samples at
several redshifts (2.2, 3.0, 5.7 from top to bottom). In dashed red we show the galaxy
property distributions of the full GALFORM catalog. In dashed and solid green we display
the galaxy properties distribution of the Thin Shell excluding and including the RT in
the IGM. Meanwhile, blue shows the same as green but implementing the Galactic
Wind geometry.

Shuffled Lyα emitters samples.

Shuffled Lyα emitters (SLAE) samples are built to exhibit the same clustering as
the FLAE samples if no LAE-IGM coupling is found. Throughout this work we
analyze the clustering and the galactic properties of LAEs and how the IGM affects
them. Since the FLAE and PLAE are computed from the same galaxy population
they are useful to understand how the IGM shapes the galactic properties. As seen
later on, the FLAE and PLAE exhibit different mass functions. This causes that
each population displays a different clustering, and in particular, different bias. Ad-
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ditionally, if the large scale IGM properties are coupled to the Lyα observability,
further clustering distortions are expected (Zheng et al., 2011). Therefore, in order
to study the LAE-IGM coupling it would be desirable to use samples with the same bias.

SLAE samples are derived from the P-Millennium halo catalog mimicking the
FLAE halo mass functions. In detail:

1. We separate our full RT LAE population into centrals and satellites. We find
that at all redshifts and gas geometries, central galaxies constitute ∼ 98% of the
full RT LAE samples.

2. Comparing with the dark matter halo catalogs of the simulation we compute the
fraction of halos occupied by LAEs as a function of mass (HOD) individually for
the central and satellite population.

3. From the halo catalog we select central halos reproducing the HOD of the central
LAE sample using a uniform random distribution.

4. We determine the number of LAE satellites hosted in each dark matter halo with
a random Poisson distribution with mean equal to the satellite’s HOD evaluated
at the mass of the halo. Following Jímenez et al. (in prep.), we assign to the
satellite the same location as the central halo and restrict our clustering analysis
to the 2-halo-term scales.

5. We combine the new satellite and central population in a single SLAE sample.

By construction, SLAE are free of the IGM selection effects and exhibit the same
halo mass distribution as their full RT progenitors. Therefore, if the IGM is not shaping
the LAE spatial distribution, the clustering in the SLAEs and full RT LAE samples
should be the same4 on scales greater than the 1-halo term.

4 Note that, by construction, the SLAE samples do not isolate the IGM-LAE coupling, but it also
includes the effects of assembly bias (Contreras et al., 2019). This might cause differences between the
clustering of the FLAE and SLAE populations. To check the assembly bias impact on the clustering
of our LAE populations we built SLAE samples from the PLAE samples. No significant difference
was found between the clustering of these populations, i.e., there was no assembly bias evidence.
Therefore, we assume that the difference between the FLAE and SLAE (computed from the FLAE)
samples are due to the IGM-LAE coupling.
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4.4 LAE galaxy properties.

In this section we briefly study the selection function of LAEs. First, we analyze
which galaxies would be observed as LAEs if the IGM was completely transparent to
photons around Lyα. For this goal, we contrast the full GALFORM galaxy population
with the PLAE samples, which includes RT only in the ISM. In the second case, we
characterize the IGM impact by directly comparing the PLAE and the full RT LAE
sample. The variations among these samples are caused by the IGM, since the only dif-
ference between the PLAE and FLAE samples is that FLAE also include RT in the IGM.

In Fig.4.9 we compare the galaxy property distributions between our Lyα flux
selected samples and the full galaxy population predicted by GALFORM at different
redshifts. We define a Lyα-weighted average gas metallicity for a galaxy as

Z =
ZDiskLDisk

Lyα + ZBulgeLBulge
Lyα

LDisk
Lyα + LBulge

Lyα

. (4.21)

We find very little difference between the FLAE and PLAE populations. This
indicates that the IGM does not induce significant selection effects on the galaxy
properties of LAEs. Moreover, independently of the outflow geometry and cosmic time,
galaxies with strong Lyα emission present moderate stellar mass and SFR and low
metallicity. We find that models implementing different outflow geometries behave in
a similar fashion. Still there are tiny differences between them.

The typical stellar mass of galaxies observed as LAEs also evolve over cosmic history.
In general, we find the same trend in the LAEs samples as in the full galaxy population:
LAEs at lower redshift exhibit higher stellar content than their homologous at higher
redshift. In detail, the M∗ distributions peak around moderate masses; 108.5M⊙h

−1,
109M⊙h

−1 and 109.2M⊙h
−1 at redshift 5.7, 3.0 and 2.2 respectively. The shapes of

the distributions are very similar between z = 2.2 and z = 3.0. The dynamical range
of M∗ at these redshifts is very similar to the observed LAEs (Oyarzún et al., 2017).
Additionally, very small differences can be found between the two outflow geometries
implemented in this work. At z = 2.2 and 3.0 the Thin Shell predicts a greater
abundance of massive galaxies in comparison with the Galactic Wind. This trend
disappears at z = 5.7, when both stellar mass distribution are almost identical.

Meanwhile, the SFR of the full galaxy population also evolves with redshift. GALFORM
predicts a progressive increase in the SFR from redshift 5.7 to 2.2 (middle column of
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Fig.4.9). However, LAE populations exhibit a moderate SFR distribution that remains
almost frozen through cosmic time. For all redshifts the SFR peaks at 100.25M⊙h

−1yr−1,
well below the galaxies with the highest SFR (∼ 102.5M⊙h

−1yr−1). We find no signifi-
cant evolution from z = 2.2 to 3.0, while at z = 5.7 the distribution becomes a little
bit broader.

The outflow geometry has a significant impact on the SFR distribution of LAEs.
In particular, at all redshifts, the LAE samples characterized by the Thin Shell exhibit
lower SFR than those using the Galactic Wind. This is caused by several reasons. First,
the recipes to link galaxy proprieties to outflow properties are different between both
geometries (see Eq.4.1 and Eq.4.2). Second, the escape fraction of Lyα photons de-
pends strongly on the geometry (Gurung López et al., 2018; Gurung-Lopez et al., 2018).

GALFORM also predicts an evolution through cosmic time of the metal abundance in
galaxies (right column of Fig.4.9). In fact, galaxies at lower redshifts exhibit higher
metallicity. This is a consequence of the consecutive events of SFR that pollute
the initially pristine interstellar medium. The typical maximum metallicities are
Z ∼ 10−0.75Z⊙, ∼ 10−0.6Z⊙ and ∼ 10−0.5Z⊙ at redshift 5.7, 3. and 2.2 respectively.

The galaxies observed as LAEs exhibit a low metallicity independently of redshift
or cosmic time. Additionally, LAEs also show the Z evolution present in the full galaxy
population. Their metallicity distributions peak around ∼ 10−2.5Z⊙ at z = 2.2 and 3.0,
while at z = 5.7 it peaks at ∼ 10−2.75Z⊙. There also differences between the Thin Shell
and Galactic Wind models at low redshift. At z = 2.2 and 3.0 the Thin Shell predicts
a higher number of LAEs with Z ∼ 10−1.25Z⊙. Finally, very little differences are found
between the LAE samples including RT in the IGM and excluding it.

4.5 LAE IGM properties.

In this section we study how large scale properties of the IGM affect our full RT LAE
samples (FLAE). Later, in §4.7, we compare our results with previous works.

We analyze the Lyα IGM escape fraction computed as the ratio of the observed
Lyα emission and the total Lyα flux escaping galaxies, i.e,
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f IGM
esc =

LDisk
Lyα × fDisk

esc + LBulge
Lyα × fBulge

esc

LDisk
Lyα + LBulge

Lyα

, (4.22)

as a function of the density ρ (Eq. 4.8), the IGM line of sight (LoS) velocity Vz, the
IGM gradient along the LoS of the velocity ∂zVz

5 and density ∂zρ. The gradients are
computed from their respectively fields by a 3-point derivative method.

4.5.1 The Transmission of the IGM

In Fig.4.10 and Fig.4.11 we show the f IGM
esc behaviour of the Thin Shell and Galactic

Wind models against the IGM properties at different redshifts. Overall, we find that
the Thin Shell and Galactic Wind exhibit the same global trends. Since most of the
Lyα photons are redshifted by the ISM, the IGM absorbs only a small fraction of
the Lyα flux that escaped from galaxies. For both geometries, f IGM

esc is close to unity.
The median f IGM

esc increases with the age of the Universe, as the IGM becomes more
transparent to Lyα photons. We find that at z = 2.2 and 3.0 the IGM absorbs more
photons in the Thin Shell model than in the Galactic Wind, while at z = 5.7 the
absorption is comparable. In particular, for the Thin Shell, f IGM

esc ≳ 0.99 , ∼ 0.96
, ∼ 0.92 at redshift 2.2, 3.0 and 5.7 respectively. Meanwhile, the median f IGM

esc for
the Galactic Wind rounds ∼ 0.9999 , ∼ 0.999 and ∼ 0.92 at redshift 2.2, 3.0 and 5.7
respectively.

The differences between the Thin Shell and Galactic Wind are mainly due to their
different Lyα line profiles. Our model is calibrated by fitting the luminosity function
of our model with observations. There are two actors converting the intrinsic Lyα LF
into the observed one: the RT in the ISM and in the IGM. As seen in Fig.4.8 the IGM
effect in the LF is small at any redshift, which puts most (but not all) of the weight
of the fitting in the ISM component. Roughly speaking, the shape of the observed
LF determines the Vexp and NH distributions (see Appendix) in our model through
equations 4.1 and 4.2. Moreover, these distributions determine the properties of the
Lyα line profiles and, therefore, the IGM absorption. Galaxies emitting more flux
bluewards of Lyα would be more obscured than if they were emitting only redwards of
Lyα. In practice, we find that the Vexp and NH distributions make the Thin Shell to
be more coupled to IGM at z = 2.2 and 3.0 while the opposite happens at z = 5.7,

5 Throughout this paper we use the Einstein notation for partial derivatives, i.e., ∂z := ∂
∂z .
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Fig. 4.10 IGM escape fraction for the Thin Shell as a function of the density, density
gradient, velocity along the line of sight and velocity along the line of sight gradient
(from top to bottom) for redshift 2.2, 3.0 and 5.7 (from left to right). The dark solid
line shows the median, while the 1σ and 2σ values of the distributions are shown in
dark and light shaded regions respectively.

where the Galactic Wind is more affected.

The median f IGM
esc varies over the dynamical range of the large scale IGM properties

studied in this work. We note that the f IGM
esc variation is smaller than the dispersion

around the median. However, the scatter is not caused by uncertainties, but by the
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Fig. 4.11 Same as Fig. 4.10 but for the Galactic Wind geometry.

great diversity of combinations of ρ, ∂zρ, Vz and ∂zVz. This points in the same direction
as Fig. 4.5, where the great variety of the IGM transmission curves is shown. These
trends are statistically significant, i.e., they are not caused by noise or sample variance
in our data set. In general, we find the same trends in the Thin Shell and Galactic
Wind models. The strength of the correlations evolves with redshift. As the IGM
becomes more transparent the trends become weaker. In fact, the lower the redshift,
the weaker are the dependencies on f IGM

esc . In particular, for the Thin Shell, the typical
changes in f IGM

esc are ≲ 1%, ∼ 2% and ∼ 5% at z = 2.2, 3.0 and 5.7 respectively.
Meanwhile, in the Galactic Wind modes, the f IGM

esc variations are ≲ 0.01%, ≲ 0.1% and
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∼ 10%.

We find an anti-correlation between the IGM transmission and the local density.
This is more apparent at z = 2.2 and dilutes at higher redshift. In particular, at z = 5.7
the median f IGM

esc is quite flat and the dispersion becomes greater at higher densities.

In general, f IGM
esc correlates with ∂zρ at all redshifts. In addition to this trend, at

redshift 2.2 and 3.0, f IGM
esc peaks at ∂zρ = 0, where the IGM transmission is slightly

higher. However this peak is not present at z = 5.7.

We find a clear correlation between the IGM transmission and the IGM velocity
along the line of sight at all redshifts. Galaxies in IGM regions moving towards the
observer (Vz < 0) suffer, statistically, greater absorption than galaxies moving away
from the observer (Vz > 0). The amplitude of the correlation augments towards
higher redshifts, when the IGM becomes more optically thick. In particular, the IGM
transmission variation in the Vz dynamical range rounds < 1%, ∼ 1% and ∼ 5% in
the Thin Shell at redshift 2.2, 3.0 and 5.7 respectively.

Finally, at z = 2.2, f IGM
esc correlates with ∂zVz. However, at z = 3.0 no correlation

is found. At z = 5.7 we find a small anti-correlation that produces variations of ∼ 2%
in the IGM transmission in the ∂zVz dynamical range.

4.5.2 The IGM-LAE coupling.

In Zheng et al. (2011) (from now on ZZ11) the authors present a model that features the
LAEs coupling with the large scale properties of the IGM. The LAE models presented
in this work exhibit similar trends to the relations found by ZZ11. In this section we
discuss the origin of the IGM-LAE coupling, that matches ZZ11 interpretation for
some IGM properties (ρ, ∂zρ, Vz) while differs in others (∂zVz).

IGM Density.

At low redshift, f IGM
esc anticorrelates with the density. This is caused by the column

density along the line of sight between the galaxy and the distance where the IGM
becomes transparent due to the Hubble flow. In regions of high density the amount of
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Fig. 4.12 In this figure the observer is always at the left edge. Galaxies are represented
as grey circles with a spiral inside. The green arrows indicate the gradient. Lyα
photons emitted toward the observer are shown with sinusoidal curves. The longer the
photon arrows are, the higher the received flux and IGM transmission. Cartoon of
how the ρ and ∂zρ modify the Lyα transmission. The dark line represents a density
fluctuation along the line of sight.

HI that Lyα photons have to go through is greater than in environments with lower
density. This causes a greater number of scattering events and absorptions, in the high
density regions. Actually, this can be seen in Fig.4.6, where underdense regions exhibit
a higher transmission than denser regions.

However, at z = 5.7 the trend reverses, and f IGM
esc is higher the greater the IGM

density is. It is still true that the HI column density is systematically higher in over
dense regions. However, independently of the environment the IGM transmission at
wavelengths bluer than Lyα is below 1%. This causes that the IGM selection effect
on the density less important. At the same time, the impact of the IGM increases
with redshift, causing strong selection effects on other IGM properties. Therefore, the
correlation found between f IGM

esc and density is caused by the other IGM properties.

IGM density gradient.

Our models predict a correlation between f IGM
esc and ∂zρ. This trend is caused by the

difference in HI column density between the galaxy and the distance where the IGM
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becomes transparent. This scenario is illustrated in Fig.4.14. On one hand, for a source
of Lyα photons at a fixed ρ, if the density gradient is positive (galaxy ’c’), then the
IGM density decreases as the photons travel through it, allowing more photons to
escape. On the other hand, in the case that ∂zρ < 0 (galaxy ’a’), the IGM density
increases as photons go through the IGM, causing a higher number of lost photons.

Additionally, there are two main different regimes with ∂zρ = 0: i) the peak of
overdensities (galaxy ’d’ of Fig.4.12) with low IGM transmission due to the high column
density; and ii) the bottom of underdensities (galaxy ’b’) with high f IGM

esc . The relative
occupancy of these regions changes due to the RT in the IGM and ISM. LAE are
preferentially observed in underdense environments. This is caused by two main reasons.
First, the low IGM transmission in overdense regions. Second, the RT in the ISM
prevents very massive galaxies (which would lie in overdense regions) to be observed
as LAEs (see Fig.4.9). Therefore, most of the galaxies observed in environments with
∂zρ = 0 are in underdense regions. Meanwhile, the IGM transmission is higher the
lower the density is. This causes the transmission peak found at ∂zρ = 0 for z = 2.2, 3.0.

IGM kinematics

When the relative velocity between the galaxy and the IGM is zero only photons
bluewards of Lyα are absorbed, as seen in Fig. 4.5. However, if the IGM and the
galaxy are moving towards each other, the Lyα line is blueshifted in the IGM rest
frame, causing greater absorption. In the opposite scenario, where the galaxy and the
IGM are moving away from each other, the Lyα photons are redshifted and escape the
nearby IGM more easily.

The relative motion between the IGM and galaxies causes selection effects. On
average, galaxies moving away from the observer are more likely to be observed as
LAE. In Fig. 4.13 we list the different combinations of velocities between IGM and
galaxies along the LoS.

• Case 1) Both the galaxy and the IGM are moving away form the observer.
However, the galaxy velocity is greater. The IGM only absorbs bluer photon
than Lyα.
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• Case 2) Both the galaxy and the IGM are moving away form the observer. Addi-
tionally, the IGM moves faster than the galaxy. In this case, redder wavelengths
than Lyα are absorbed.

• Case 3) The galaxy goes away while the IGM approaches the observer. Lyα
photons are redshifted when they reach the IGM. Only bluer frequencies than
Lyα suffer absorption.

• Case 4) Both the IGM and the galaxy approaches the observer. In this case the
galaxy moves faster and the IGM absorbs redder wavelengths than Lyα.

• Case 5) Both the galaxy and IGM come towards the observer, but the IGM
travels faster. The absorption only happens in bluer frequencies than Lyα.

• Case 6) The IGM moves away from the observer while the galaxy approaches it.
The Lyα photons are blueshifted when they reach the IGM. Wavelengths redder
than Lyα get absorbed.

Additionally, we have computed the relative abundance of these six scenarios in the
galaxy population of GALFORM. We find that the cases 1) and 4) are equally probable,
as well as 2) with 5) and 3) with 6). In particular, cases 1) and 4) constitute the 25%
of the galaxy population each. Moreover, 2) and 4) represent 20% each, while 3) and
6) only 5% each.

On one hand, among the three scenarios where galaxies are moving away from
the observer (cases 1, 2 and 3), in two of them (cases 1 and 3) the relative velocity
between the IGM and galaxy is positive. In these cases the Lyα line profile is received
redshifted in the IGM frame, causing low absorption. On the other hand, when the
galaxy is approaching the observer (cases 4, 5 and 6) in two scenarios (4 and 6) the
IGM sees Lyα blueshifted and absorbs Lyα photons. In addition, 60% of galaxies
moving away from the observer are redshifted in the frame of the IGM. Meanwhile
the 60% of galaxies approaching the observer are seen blueshifted by the IGM. This
asymmetry causes that galaxies with Vz > 0 (getting away from the observer) are more
likely to be observed as LAEs.

IGM velocity gradient.

A further level of complexity is given by the cosmological velocity structure of the
Universe (see Fig.4.2). The IGM is divided into regions of coherent motion of hundreds
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Fig. 4.13 Illustration of how the peculiar velocities of galaxies and the IGM change the
Lyα observability. The observer is at the left edge. The figure is divided in six panels,
one for each of the different combinations of IGM and galaxy motion (see §4.5.2). The
clouds represent the IGM close to the galaxy along the LoS direction. The arrows are
the velocity vectors of each component. The small plots are the IGM transmission in
the galaxy rest frame versus wavelength. The dotted line within indicates the Lyα
wavelength.

of cMpc that can be collapsing or moving away from each other. Additionally, the
areas with VLoS ∼ 0 between these regions are small (∼ 5cMpch−1), causing a great
contrast of velocity on scales critical6 to the IGM absorption.

There are two opposite effects controlling the IGM transmission dependence on
∂zVz. On the one hand, the transition between coherent motion regions facilitates
the escape of Lyα photons emitted in clouds with ∂zVz > 0, as illustrated in the left
panel of Fig.4.14. For example, if a given galaxy lies in the border of the IGM cloud
with Vz > 0 (bottom panel), Lyα photons are observed strongly redshifted in static
(Vz ∼ 0) regions, and even more in clouds with Vz < 0. In this case the Lyα escapes
more easily. Meanwhile, in the opposite scenario, where the galaxy lies in a region
with ∂zVz < 0, the neutral hydrogen increases the velocity towards the galaxy as the
photon travels. This would result in a greater absorption. On the other hand, in

6 Typically, the Hubble flow redshifts the Lyα line 1Å per ∼ 3cMpc at z = 3.0.
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Fig. 4.14 In this figure the observer is always at the left edge. Galaxies are represented
as grey circles with a spiral inside. The green arrows indicate the gradient. Lyα
photons emitted toward the observer are shown with sinusoidal curves. The longer the
photon arrows are, the higher the received flux and IGM transmission. Illustration
of the ∂zVz influence on the Lyα observability. The background color maps represent
IGM regions with a velocity gradient. The velocity along the line is color coded from
negative (blue) to positive (red).

regions with ∂zVz < 0 the Hubble flow effect is enhanced and photons escape more easily.

The Hubble parameter determines which of these effects prevail. If H(z) is low, the
typical distance that Lyα photons have to travel before the IGM becomes transparent
is greater. In this case, this distance is compatible with the transition region between
Vz < 0 and Vz > 0. Therefore, the Lyα transmission correlates with ∂zVz < 0. We
find that in our model this happens at z=2.2 and 3.0. Meanwhile, if H(z) is high,
then the distance at which the IGM becomes transparent is smaller than the transition
region. In this scenario regions with ∂zVz > 0 exhibit greater transmission. We find
that this last scenario dominates z = 5.7 in our models.

4.6 The clustering of LAEs

In this section we analyze how the coupling of Lyα detectability and the IGM large
scale properties modify the clustering of LAEs. To do so we compare the full RT LAE
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Fig. 4.15 Top: 2-point Correlation function in real space for different samples at
different redshits (2.2, 3.0 and 5.7 from left to right). In dashed blue and green we
show the SLAE Galactic Wind and Thin Shell respectively, while on the colors and
solid line show the full RT models for the Galactic Wind and Thin Shell. Bottom:
Bias of the different models as a function of distance.

sample (FLAE) and the SLAE. The SLAE populations inherit the mass function from
the FLAE population. In contrast with the FLAE galaxies, by construction, the SLAE
positions do not depend on the IGM transmission.

4.6.1 2-point 3D Correlation function.

In this section we analyze the clustering of our samples in real space. Note that similar
result are found in redshift space.

In Fig. 4.15 we show the real-space 3D 2-point correlation function ξ(r) and the
bias computed as

b(r) =
[
ξ(r)
ξm(r)

]1/2

, (4.23)
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where ξm(r) is the matter correlation function.

By comparing LAE samples that include the full RT processes (FLAE) and their
shuffled samples (SLAE) we can understand the IGM impact. We note that, by
construction, our SLAE samples do not isolate the IGM effects but also includes
assembly bias processes. However, we have checked that if we create shuffled sam-
ples from the PLAE populations (only RT in the ISM) the clustering measurements
are identical, i.e., no evidence of assembly bias is found. Therefore, we attribute the
differences in the clustering between FLAE and SLAE samples to only the IGM impact.

Overall, we find that the SLAE populations (both, Thin Shell and Galactic Wind
geometry) behave in the same way in every redshift bin. Below ∼ 5cMpch−1 the
bias of SLAE is not constant and decays with distance. From ∼ 5cMpch−1 on, their
bias becomes scale-independent at a very similar value for both geometries. The bias
increases with redshift. In detail, the bias of the SLAE on scales larger than 10cMpch−1

is ∼ 1.8, ∼ 2.4 and ∼ 5.2 at redshift 2.2, 3.0 and 5.7 respectively.

Meanwhile, the FLAE samples exhibit different behaviours at different epochs. On
one hand, at redshifts 2.2 and 3.0, the FLAE and SLAE clustering exhibit the same
trends and they are almost indistinguishable. Therefore, we find that the IGM does
not shape the LAE clustering at these redshifts.

On the other hand, at larges distances, we find that the IGM increases the cluster-
ing of FLAEs at z = 5.7. At scales smaller than ∼ 5cMpch−1 the FLAE and SLAE
clustering are identical. However, the FLAE samples including RT in the IGM exhibit
a scale dependent clustering excess on scales > 20cMpch−1. The boost is present in
both outflow geometries. However, its amplitude changes with the geometry. We find
that the Galactic Wind geometry exhibit a more powerful boost than the Thin Shell.
We attribute this to the greater coupling with the IGM in the Galactic Wind than in
the Thin shell. In particular, the clustering at 50cMpch−1 is boosted a factor of ∼ 1.1
and ∼ 1.3 in the Thin Shell and Galactic Wind geometry respectively. We study the
origin of the clustering boost in next section.
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Fig. 4.16 Ratio between the bias as a function of distance and the median bias measured
from 10 to 30cMpch−1 at redshift 5.7. In dots we show our simulation clustering while
in solid curves the output of the MCMC analysis fitting the ZZ11 clustering description
is illustrated. In blue and green we show the Galactic Wind and Thin Shell respectively.

4.6.2 The LAE clustering at large scales.

In this section we interpret our clustering measurements with the physical model
presented in ZZ11. They described the overdensity field of galaxy population correlated
with the large scale properties of the IGM as

δg = bδm ×
[
1 + α̃1δm + α̃2

1
aH

∂zVz+

+α̃3
1
aH

(∂xVx + ∂yVy) +

+α̃4
1
aH

Vz

rH
+ α̃5rH∂zδm

]
, (4.24)

where a is the scale factor, δm is the overdensity of matter in the universe, rH is a
length scale set the coefficients dimensionless and the parameters α̃i are free parameters
that quantify the coupling with the IGM properties.

From this expression, the monopole of the galaxy power spectrum can be expressed
in real space as a function of the matter power spectrum Pm :
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P0(k) =
[
γ2

1 + 2
3γ1γ2 + 1

5γ
2
2 + 1

3γ
2
3

]
b2Pm(k), (4.25)

where

γ1 =
(

1 + α̃1 − α̃3f

b

)
, (4.26)

γ2 = (α̃3 − α̃2) β, (4.27)

and

γ3 =
(
α̃4β

1
krH

+ α̃5
krH

b

)
, (4.28)

where f the growth factor and β = f/b. Meanwhile in redshift space, due to the
redshift-space distortions (Kaiser, 1987) γ2 is rewritten as

γ2 = (1 + α̃3 − α̃2) β. (4.29)

In this description the monopole (P0) exhibits other additional dependencies on
scale rather than Pm. There are two terms modifying the shape of the LAE power
spectrum. First, a term proportional to α̃4/k that enhances the clustering at large
scales if the velocity field and LAE distribution are coupled. Second, a term propor-
tional to α̃5k that amplifies the clustering in small scales if the LAEs are coupled to
the gradient of density along the line of sight. Finally, the terms proportional to α̃1, α̃2

and α̃3 are scale independent and they only modify the clustering amplitude, leaving
the monopole shape unaffected.

We perform a MCMC fit to Eq.4.25 using our model predictions at z=5.7 in real
space. We assume that the bias b of the halo population hosting the FLAE samples is
the same as their derived SLAE sample. In practice we compute b for each geometry
outflow comparing the SLAE clustering to the matter clustering through Eq.4.23
and averaging between 10cMpch−1 and 30cMpch−1. Additionally, we set α̃1, α̃2, α̃3

and α̃5 to zero, while α̃4/rH is the only free parameter. In fact, we checked that the
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Fig. 4.17 Comparison between the 2PCF of our models and the matter 2PCF around
the BAO peak. The clustering amplitudes are renormalized so that the maximun of
the 2PCF between 90 and 110cMpch−1 match unity.

Table 4.3 Parameters of the the ZZ11 analytic expression (Eq.4.24) to the clustering
measurements of our model at redshift 5.7.

Redshift Geometry b log α̃4/rH

z = 5.7 Thin Shell 4.82 -0.44
Galactic Wind 4.87 -0.2

quality of the fit does not improve when the other parameters are included in the analy-
sis. Finally, we restrict our analysis to the linear regime, i.e., between 5 and 60cMpch−1.

The bias measurements and fitting results are listed in Table 4.3. In general, we
find that the Thin Shell and Galactic Wind exhibit similar bias, as seen in Fig.4.15.
Additionally, α̃4 is greater in the Galactic Wind than in the Thin Shell, indicating that
the LAE model with the first one is more coupled to the IGM.

In Fig. 4.16 we compare our FLAE models (dots) with the MCMC output (solid
lines). The ZZ11 description matches our simulations remarkably well for both outflow
geometries. The extension of our models to larger scales highlights the complicated
shape of the clustering at cosmological scales. In general, the ratio between the ξLAE(r)
and ξDM(r) shows a hill at ∼ 80cMpch−1 and a valley at ∼ 100cMpch−1, while it
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increases at even larger scales.

Also, in Fig. 4.17 we compare the matter 2-point correlation function (2PCF) with
the analytic clustering description (calibrated with the MCMC analysis) of our Thin
Shell and Galactic Wind FLAE samples. For the sake of a better comparison, we
have renormalized the clustering of the different samples so that the 2PCF maximum
between 90 and 110cMpch−1 matches in all cases. In the matter 2PCF we find the
baryon acustic oscilation (BAO) peak, which is produced by the balance between
gravity and pressure in the early Universe (e.g. Chaves-Montero et al., 2018). However,
in the analytical description calibrated using our FLAE model, the shape of the BAO
peak is distorted. In particular, it becomes broader in the Thin Shell geometry and
even wider in the Galactic Wind geometry, as it is more affected by the IGM. Not only
that, but also, the position of the maximum in our fits shifts by up to 1cMpch−1 and
3cMpch−1 respectively.

4.6.3 Clustering parallel and perpendicular to the line of
sight.

In this section we study the clustering of LAEs in the perpendicular and parallel
directions to the line of sight. In order to understand the role of the IGM we compare
directly our FLAE and SLAE samples.

First, we make our analysis in real space to quantify the impact of the IGM on
the LAE apparent spatial distribution. We perform our analysis at z = 5.7, where
the coupling with the IGM is strong. Note that we find similar results at the other
redshifts too. In Fig.4.18 we show the real space clustering of our LAE populations
split in parallel and perpendicular to the line of sight of the IGM. We find that the
LAE parallel and perpendicular clustering are symmetric. No angular dependence is
apparently found in any of our models.

We also analyze the clustering of our LAE samples in redshift space. In order to
convert from real space to redshift space we modify the galaxy positions with their
peculiar motion along the LoS of the IGM (Z axis of our simulation) following

s = xZ + vZ

a(z)H(z) , (4.30)
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Fig. 4.18 LAE 2-point correlation function as a function of parallel (π) and perpendicular
(r⊥) distance to the line of sight in real space (top) and redshift space (bottom) at
redshifts 5.7. From left to right we show the FLAE Thin Shell, the SLAE Thin Shell,
the FLAE Galactic Wind and the SLAE Galactic Wind. The contours are curves of
iso-clustering amplitude, divided in 15 bins from ξ = 100.5 to ξ = 10−2.5 equispaced in
logarithmic scale and are color-coded coherently. Additionally, the black curve indicate
ξ(π, r⊥) = 0.01.

where xZ is the galaxy position along the LoS and VZ is the galaxy peculiar velocity
along the same direction.

In the bottom panel of Fig.4.18 we show the 2D clustering of our LAE samples
at z = 5.7. In general, we find that in redshift space the clustering of all our models
is suppressed along the LoS and conserved in the direction perpendicular to the LoS
in every redshift bin. Additionally, the suppression along the LoS increases at lower
redshift. In general, the peculiar velocity of galaxies points towards overdensities.
Hence, the fluctuations along the line of sight are enhanced, which translates into the
distortion of the clustering along the LoS.

Furthermore, we also analyze the clustering quadrupole of our FLAE and SLAE
samples. In particular, the quadrupole is computed as
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Fig. 4.19 Quadrupole of our different LAEs samples in real (top) and redshift space
(bottom panels) at redshift 2.2, 3.0 and 5.7 from left to right. The Thin Shell and
Galactic Wind are displayed in green and blue respectively. FLAE population are
shown in continuum lines while dashed lines represent the SLAE samples.

ξℓ(r) = 2ℓ+ 1
2

∫ 1

−1
dµ ξ(r, µ) Lℓ(µ) (4.31)

where ℓ = 2, Lℓ is the Legendre’s polynomial of degree ℓ and µ = cos θ, where θ is the
angle between the line of sight and the sources.

In Fig.4.19 we show the quadrupole of the FLAE (continuum lines) and SLAE
(dashed lines) samples at different redshifts in real space (top panels) and in redshift
space (bottom panels). Overall, we find that at all redshifts the FLAE and SLAE
quadrupoles are compatible in both, real and redshift space. Additionally, in real
space (top panels) the quadrupole is null at all scales. This implies that the LAE-IGM
coupling affects the parallel and perpendicular clustering in the same fashion, and no
asymmetry is created. Then, in redshift space, we find a non-null quadrupole that
evolves with redshift. The quadrupole becomes steeper on scales lower than 30cMpch−1

at higher redshifts.
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4.7 Discussion.

In this section we compare our results to other theoretical works and current LAE
observations.

4.7.1 Comparison with previous theoretical works.

In ZZ11the authors studied the coupling of the LAE observability and the IGM large
scale properties. Later, Behrens et al. (2017) (from now on BC17) made the same anal-
ysis with similar techniques implemented in a simulation with higher spatial resolution.
In this context, we compare our approach and results to these works.

Simulations

ZZ11 used a hybrid approach, where first a high resolution dark matter only N-body
simulation was evolved while, in the fly, the hydrodynamic physics were run at lower
resolution. The size of their simulation was (100cMpch−1)3 with a constant spatial
resolution of the neutral hydrogen density field close to 0.13cMpch−1. For further
detail about the simulation we refer the reader to Zheng et al. (2010).

Meanwhile, BC17 implemented the IGM RT in the Illustris simulation (Nelson
et al., 2015), a high resolution full hydrodynamic simulation using an adaptive mesh
refinement approach. BC17 rebinned Illustris to a uniform grid of resolution 2cKpch−1.
The size of this simulation was (107cMpch−1)3. There are further information see their
original work (Behrens et al., 2017).

Neither ZZ11 or BC17 were able to resolve the complex ISM structure due to its sub-
kpc nature. Additionally, the volume of their simulation was not large enough to trace
the large scale variation of the velocity field. In fact, their simulation could be enclosed
within one of the many coherent motion regions populating our simulation (see Fig.4.2).

In contrast, our work uses a dark matter N-body simulation and implements the
baryons in a post-processing flavour. Our resolution for the neutral hydrogen density
is 0.2cMpch−1. However, our simulation size is 542.16cMpch−1, which translates into
more than 125 times more volume than previous studies. This allow us to make accurate
clustering predictions up to ∼ 60cMpch−1 and resolve the large scale structure of the
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velocity field of the Universe.

IGM radiative transfer methodology.

Both, ZZ11 and BC17 implement the RT in the IGM using post-processing Monte
Carlo approaches similar to other works in the literature studying the Lyα RT in the
ISM (e.g. Verhamme et al., 2006; Orsi et al., 2012; Gronke et al., 2016; Gurung-Lopez
et al., 2018). In particular, in galaxy locations they generate photons in random
directions and frequencies assuming a Gaussian line profile centered on Lyα. Then
they track the photon’s trajectory and changes in frequency. Finally, photons are
collected and an f IGM

esc is computed for each galaxy comparing the number of emitted
photons and the number of photons received within a given aperture centered on the
galaxy position. Additionally, the Lyα luminosity emitted to the IGM by each galaxy
is assumed to be directly proportional to the SFR (although in a different way in each
work). For further details, we refer the reader to ZZ11 and BC17 original works.

Meanwhile, here we use a different approach also explored by Weinberger et al.
(2018). We divide our simulation into thin cells along the line of sight and analytically
compute the IGM transmission of each cells. Then we compute an absorption profile
for each galaxy by summing all the small contribution of each cell. Finally, we convolve
the IGM transmission with the Lyα line profile that depends on galaxy ISM properties
such as the cold gas mass or the metallicity, as well as the Lyα luminosity emitted to
the IGM (Gurung López et al., 2018).

IGM transmission

In comparison, ZZ11 and BC17 predict an IGM escape fraction well below that in our
models. ZZ11 and BC17 RT approaches greatly overestimate the IGM absorption in
comparison to our work for two main reasons:

1. The assumption of a Gaussian line profile centered on Lyα in contrast to much
observational evidence supporting that the Lyα line profile is modified (and
normally redshifted) by the ISM (e.g. Verhamme et al., 2008; Gronke, 2017;
Sobral et al., 2018b). In this way, too much flux is put at bluer frequencies than
Lyα, where the IGM is more efficient at absorbing photons (see Fig. 4.5).
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2. The assumption that the LLyα emitted by a galaxy is directly proportional to the
SFR. In fact, in our previous work (Gurung López et al., 2018) we found that
the Lyα RT in the ISM breaks this relation. Their assumption places LAEs in
more massive DM halos, hosted in denser environments, thus with lower median
transmission (see Fig.4.6).

However, our model also has limitations. For example, we assume that every photon
that interacts with the IGM is lost. In this way, we underestimate f IGM

esc since we do not
take into account photons that are scattered out of the LoS and thanks to consecutive
scatters are sent back in the LoS again. The contribution of these photons to the
received LLyα is predicted to be small (Zheng et al., 2010).

We note that at z = 5.7 the galaxy stellar mass distributions for our LAE samples
truncates abruptly at M∗ = 107M⊙h−1. This is caused by the cut in GALFORM at this
stellar mass imposed to ensure a good resolution of galaxies. This suggests that a
fraction of the LAE population at z = 5.7 would inhabit galaxies with M∗ < 107M⊙h−1.
However, as our galaxy population lacks these low mass galaxies, other more mas-
sive galaxies are selected as LAEs. Computing the precise number of LAEs that
should host galaxies with M∗ < 107M⊙h−1 is challenging. As a simple calculation,
we rescale the stellar mass distribution at z = 3.0 towards smaller M∗ so that the
peak of the distribution matches the one at z = 5.7. Then, the fraction of galaxies
below the resolution limit is ∼ 0.04. This hints that only a small part of the LAE
population would lie in galaxies not resolved in our model. However, this limitation of
our model might cause an overestimation of the clustering bias at this epoch (see below).

On one hand, ZZ11 found a strong correlation between the IGM and the LAE
population. Their model predicted a relatively small dependence on Vz, ρ and ∂zρ

and a tight relation between ∂zVz and f IGM
esc , causing differences in f IGM

esc greater than 1
order of magnitude across the ∂zVz dynamical range.

In their model, the strong coupling between LAEs and ∂zVz has dramatic conse-
quences in the clustering of LAEs at z = 5.7. Their model predicts a scale independent
enhancement in the clustering along the line of sight, which created an asymmetry
between the clustering parallel and perpendicular to the LoS in real space. Moreover,
in their model, the amplitude of this effect outpowers the Kaiser boost. Hence, even in
redshift space the clustering along the LoS is more powerful than in the perpendicular
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direction.

On the other hand, BC17 claimed to find only a marginal coupling between the
LAE and the IGM large scale properties at z = 2.0, 3.0, 4.0 and 5.85. Additionally,
they studied the clustering of LAE samples and did not find any asymmetry between
the directions parallel and perpendicular to the LoS clustering, nor any other strange
clustering feature. Additionally, BC17 claimed ZZ11 results to be a consequence of
poor spatial resolution. In particular, they recovered the strong selection on ∂zVz after
lowering their resolution to match ZZ11 simulation.

In this work we find a coupling between the Lyα observability and the large scale
IGM properties. The amplitude of the coupling depends on redshift and on the outflow
structure assumed in the ISM. Indeed, typical variations in f IGM

esc are < 1% , ∼ 2%
and ∼ 5% at z = 2.2, 3.0 and 5.7 respectively. In other words, we detect a LAE-IGM
coupling but it is small, in particular at z = 2.2 and 3.0 where it has negligible effect
on the clustering.

We do not find the dramatic asymmetry of clustering parallel and perpendicular
to the line of sight (see Fig. 4.18) that ZZ11 measured in their original work. Our
models do not predict any other clustering modification on scales where ZZ11 or BC17
simulations allowed them to measure the clustering accurately (∼ 10cMpch−1). Hence
our clustering predictions are in agreement with BC17 and differ from ZZ11.

Our model predicts a strong boost of the LAE clustering at scales > 20cMpch−1.
This feature comes from the coupling with the IGM velocity field (see from eq.4.24 to
eq.4.29). We attribute the detection of this effect in our work and the non-detection in
BC17 to the difference in volume probed by the different simulations. Meanwhile, our
simulation resolves the velocity large scale structure of the Universe, ZZ11 and BC17
simulations are small enough to be enclosed in one of the huge regions of coherent
motion (see Fig. 4.2).

4.7.2 Comparison with current observations.

In this section we compare our model’s clustering with current LAE clustering ob-
servations across cosmic time. In order to make a fair comparison we mimic the
observations performed by Ouchi et al. (2010, 2018), Bielby et al. (2016) and Kusak-
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Fig. 4.20 Comparison between the clustering of our models (full RT Thin Shell, full RT
Galactic Wind from top to bottom) and different observational data sets at redshift
2.2, 3.0 and 5.7 from left to right. At redshift 5.7, Ouchi et al. (2010) is shown in
green dots while Ouchi et al. (2018) is plotted in blue dots. The solid colored line
indicated the median angular 2PCF of our mocks while the 1σ and 2σ are shown as
shade regions. The different observations are shown as dots. Finally, the dashed black
line indicate illustrate the best fitting clustering model presented within the original
works.

abe et al. (2018). These surveys select LAE candidates by combining narrow and
broad band photometric filters. The main differences between the different surveys
are the flux depth, the sky coverage and the redshift of LAE candidates. The differ-
ent properties of the observations used in this work are listed in Table 4.5 and Table 4.4.

Here we summarize the mock construction and refer the readers to Gurung López
et al. (2018) for a deeper explanation. In short:

1. We convert the galaxy coordinates to redshift space along the same line of sight
(LoS) used to compute the IGM absorption (Eq.4.30).

2. We divide our box into rectangular subvolumes. The faces perpendicular to the
LoS are squares with the same area as the survey sky coverage. The depth along
the LoS is determined by the narrow band full width half maximum of each
survey.
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3. We make a rest frame equivalent width (EW0,cut) and luminosity cut (LLyα,cut).
We choose the closest EW0,cut and LLyα,cut to the survey cuts that best match
the observed LAE number density. These cuts are listed in Table 4.5.

The mock properties are listed in Table 4.4. At z = 2.2 and 3.0 the survey volumes
are small in comparison with our simulation and there are about 450 mocks in each
redshift bin. Hence, we get a good estimate of the cosmic variance of these observations.
However, at z = 5.7 the number of mock catalogs decreases to 18 and the constrain on
cosmic variance is weaker. Additionally, the observed number density is well reproduced
in our mocks. In particular, the median number of LAEs in each mock is within 1σ of
the observed value.

In Fig. 4.20 we compare our full RT model mocks clustering with measurements at
several redshifts. Overall, we find a good agreement with observations. In particular,
at redshift 2.2, our RT models match very well observation at all scales. Meanwhile,
at z = 3.0 the clustering is perfectly reproduced within the cosmic variance at angu-
lar separations higher than θ ≳ 10 arcsec, while at smaller scales is underpredicted.
Finally, at z = 5.7 we find that the full RT LAE samples exhibit a higher bias at all
scales. This small disagreement is not caused by LAE-IGM coupling predicted by our
model. If this was the case, only the large scales would disagree. In fact, the clustering
excess here is partially caused by the overpredicted stellar masses at z = 5.7 in our
FLAE samples, as described above (see Fig.4.9).

The characteristic excess of power in the clustering of FLAEs populations has been
tentatively detected in Ouchi et al. (2018). For example, in Fig. 4.20 we show the
LAE clustering measurements of SILVERRUSH (Ouchi et al., 2018) (in blue dots).
The clustering at angular separations > 102arcsec is boosted. However, this trend is
not found in Ouchi et al. (2010) (green dots). We attribute this to the different volume
traced by surveys. On the one hand, Ouchi et al. (2010) only covered ∼ 1 deg2, an
area small enough to fall inside one region of coherent motion (see Fig.4.2). On the
other hand (Ouchi et al., 2018) explored ∼ 13 deg2 with contiguous patches of up to
∼ 5 deg2, big enough to begin to resolve these regions.
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Table 4.4 Properties of our mock catalogs. In particular we list the redshift z, the redshift bin width δz, the size along and
parallel to the line of sight ( L∥ and L⊥ respectively), the Number of mock catalogs within our simulation volume and the
median number of LAE in the catalogs for different models as well as the ±1σ dispersion.

Authors z ∆z L∥ L⊥ Nmocks ⟨NLAE⟩
(cMpc) (cMpc) Survey Thin shell Wind

Kusakabe et al. (2018) 2.2 0.0773 104.9 93.6 448 1248 1197+96
−86 1193+96

−76
Bielby et al. (2016) 3.0 0.0633 60.0 119.1 468 643 633+49

−52 633+55
−47

Ouchi et al. (2018) 5.7 0.0954 43.5 401.5 18 734 714+53
−28 723+53

−51

Table 4.5 Rest frame equivalent cut EW0 and Lyα luminosity cut LLyα,cut in the different surveys and FLAE mocks.

Authors EW0,cut[ Å] LLyα,cut [erg s−1]
Survey Thin Shell Wind Survey Thin Shell Wind

Kusakabe et al. (2018) 20.0 19.52 20.3 1.62 1042 1.47 1042 1.77 1042

Bielby et al. (2016) 65.0 38.45 46.27 1.62 1042 1.32 1042 1.52 1042

Ouchi et al. (2018) 20.0 20.06 20.06 6.3 1042 6.98 1042 6.64 1042
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4.8 Conclusions

We have created a cosmological model of Lyman-α emitter galaxies that includes
Lyman α radiative transfer physics in both, the interstellar and intergalactic medium.
The cosmological background is imprinted by the N-body simulation P-Millennium.
Meanwhile, the semi-analytic model of galaxy of formation and evolution GALFORM
populates the P-Millennium DM halos with galaxies. For the ISM transmission we
used FLaREON (Gurung-Lopez et al., 2018), an open Python package based on a Monte
Carlo RT code (Orsi et al., 2012) that predicts the Lyα line profiles and escape fractions
of photons in outflows of different characteristics. Meanwhile, the RT in the IGM is
implemented by computing the Lyα transmission at each position of our simulation.
Our main conclusions are:

1. The RT in the ISM produces a strong selection effect over galaxy properties such
as metallicity or SFR. Meanwhile, the RT in the IGM leave nearly unchanged
the galaxy property distributions. In fact, LAEs tend to have a low-intermediate
metallicity, moderate SFR and intermediate stellar mass. For further analysis on
the galaxy properties of LAEs we refer the reader to Gurung López et al. (2018).

2. Our models predict that the Lyα IGM escape fraction depends on the large scale
properties of the IGM such as the IGM density, motion, the density and velocity
gradient along the line of sight, as first studied by Zheng et al. (2011). While at
low redshift (z = 2.2 and 3.0) the correlations are weak and lead to variations in
f IGM

esc of a ∼ 1%, it intensifies at higher redshifts (z = 5.7), reaching variation on
f IGM

esc around ∼ 5%.

3. The level of coupling between the LAE distribution and the large scale IGM
properties depends on the RT inside the ISM. Our model predicts that if the
outflows driving the Lyα photons escape from galaxies have a Thin Shell geometry
the coupling is greater than if it is driven by a Galactic Wind at low redshift.
However, this the opposite is found at z = 5.7.

4. The IGM-LAE coupling can have an impact on their clustering. At redshift 5.7
the shape of the 2-point correlation function is modified, introducing extra power
at scales larger than ∼ 20cMpch−1 in a scale-dependent fashion. Meanwhile, at
z = 2.2 and z=3.0 we do not find any modification in the 2PCF, as the IGM-LAE
coupling is too weak.
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5. In order to study the LAE clustering at large scales we fit our model 2-point
correlation function (2PCF) to an analytic clustering model including the IGM-
LAE coupling (Eq.4.25) introduced by Zheng et al. (2011). The IGM-LAE
coupling disrupts the LAE clustering and modify the shape of the 2PCF at the
baryon acustic oscilation (BAO) peak scales, which becomes broader and modify
the position of the maximum by ∼ 1cMpch−1.

6. We have made a comparison between current LAE clustering measurements
and our LAE models. Overall we find good agreement between our model and
observations, even at z = 5.7. This suggests that a greater sky coverage is
necessary to detect the clustering excess presented in this work. However, hints
of a scale dependent bias at z = 5.7 can be found in the literature (Ouchi et al.,
2018).

In future works we plan to implement the model presented in this work to a
larger simulation to determine the IGM-LAE coupling impact in the clustering
at low redshifts. Additionally, we will also implement the physics of reionization
to understand the clustering of LAEs during this interesting epoch.

4.9 Extra material

4.9.1 The NH, Vexp and τa distributions

In our model, the Lyα radiative transfer physics inside galaxies are integrated through
FLaREON. FLaREON is open source code that predicts escape fraction and the emerging
Lyα line profile from different outflow configurations among several gas geometries. In
particular, FLaREON is based on pre-computed {NH, Vexp, τa } grids of the full radiative
transfer Monte Carlo code LyaRT (Orsi et al., 2012). Then, different algorithms such
as multidimensional interpolation are used to obtain the line profile and fLyα

esc . Hence,
the high performance of FLaREON is limited to the space covered by the grid. In the
following we study the fraction of LAEs in our model that fall within the FLaREON range.

In Fig. 4.21 we show the NH − Vexp distributions at different redshifts (solid colored
lines) and the FLaREON accuracy boundaries (black lines). Over all, the Thin Shell and
the Galactic Wind models behave likely and there is always some overlap between them.
Additionally, as described above, there is little variation between the properties of the
samples including the full RT (FLAE) and galaxies with only RT in in the ISM (PLAE).
At low redshifts the NH −Vexp distributions are quite compact. In particular, at redshift



4.9 Extra material 163

2.2 both geometries have a similar NH distribution that peaks at ∼ 1020.5cm−2, while
the velocities of the Thin Shell (∼ 102km s−1) are slightly above the Galactic Wind
distribution (∼ 101.8km s−1). Meanwhile, z = 3.0 the velocity rounds ∼ 101.5km s−1

and ∼ 101.8km s−1 in the Thin Shell and Galactic Wind respectively, while NH are
close to ∼ 1020.2cm−2 and ∼ 1020.8cm−2.

Finally, at z = 5.7 the distributions become broader. The velocities are higher and
similar in both geometries, rounding ∼ 102.4km s−1, while the Thin Shell have higher
NH (∼ 1019.8cm−2) than the Galactic Wind (∼ 1018.8cm−2). We find that at that the
fraction of LAEs outside the FLaREON range is less than a 3% in any of our samples.

In Fig. FLaREON we show the resulting τa distribution after calibration for our
LAE samples. The τa distribution both geometries at z = 2.2 are narrow and centered
at ∼ 10−1.5. At redshift 3.0 the distribution becomes slightly broader. Additionally,
the Thin Shell exhibits lower dust optical depth (∼ 10−1.8) than the Galactic Wind
(∼ 10−1.5). Meanwhile, at z = 5.7 the distribution become wider and the Galactic
Wind have lower τa (∼ 10−3.5) than the Thin Shell (∼ 10−2.5). We also show the
accuracy border of FLaREON at log τa = 0.0. We find that less than 1% of the LAE
in our sample lie outside FLaREON τa dynamical range. All together we find that the
fraction of LAEs outside FLaREON accuracy range is negligible.
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Chapter 5

Imprints of reionization in Lyα
selected samples

Abstract

The epoch of reionization is one of the most interesting time windows in the evolution
of the Universe. Before the formation of the first stars and galaxies the intergalactic
medium (IGM) was in a neutral state. Then, the energetic photons emitted by astro-
physical sources progressively ionize the IGM. This transition is known as reionization.
Here, we study the imprints that different histories of reionization leave in Lyα selected
samples, by making use of the LAE model introduced in previous chapters. For this
goal, we mimic the typical topology of the local fraction of neutral hydrogen during the
epoch of reionization. This divides the simulation volume in two kind of regions: HI

clumps and HII bubbles. Lyman-α emitters are mainly observed in HII regions, while
they avoid HI clouds. We find that the history of reionization affects different properties
of Lyman-α emitters. The amplitude of their luminosity function anticorrelates with
the global fraction of neutral hydrogen. Moreover, we find that the clustering of this
galaxy population depends on the stage and duration of reionization in different ways.
First, the time of reionization modifies mainly the clustering amplitude, while the
duration modifies the clustering shape. We conclude that Lyman-α emitters are a
galaxy population that can help to determine the history of reionization with the help
of future surveys.
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5.1 Introduction

The Cosmic Dark Ages finished with the birth of the first stars. By this time the
gas in the intergalactic medium (IGM) was cold and neutral. Then, hot OB stars
and quasars started emitting photons capable of ionizing atomic hydrogen. This led
to the progressive reionization of the Universe, affecting the topology of the local
fraction of neutral hydrogen. At the beginning only small volumes around galaxies are
ionized. However, as time passes these regions grow larger. Eventually, the HII bubbles
surrounding galaxies overlap with each other ionizing all the IGM. This scenario is
known as inside-out reionization.

Additionally, different studies have found that the IGM topology during the reioniza-
tion epoch may affect to the clustering of LAEs (e.g. McQuinn et al., 2007; Weinberger
et al., 2019). This has motivated the use of this population of galaxies to put constrains
in the history of reionization of the universe. Observational experiments such as
SILVERRUSH (Ouchi et al., 2018) have already given an estimate of the global neutral
fraction of the Universe using LAEs.

In this chapter we implement the LAE models presented in the previous chapter to
the epoch of reionziation. In particular, we track the evolution of the global fraction of
neutral hydrogen along the line of sight of our simulation assuming different histories of
reionization. Then we study different properties of Lyα selected samples. This chapter
is structured as follows: in §5.2 we explain in detail how we implement out model into
the epoch of reionization. Then, in §5.3 we analyze the results of our model and we
make our conclusions in §5.4.

5.2 Model description

In this chapter we implement the model introduced in Chapter 4 to the epoch of
reionization. Our model is based on the N-body P-Millennium simulation, the semi-
analytic model of galaxy formation and evolution GALFORM, FLaREON and the IGM
absorption. Here we focus our analysis on the simulation snapshot produced at redshift
6.7.
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5.2.1 Radiative transfer inside the interstellar medium

In order to implement the radiative transfer inside galaxies we use the same approach
as described in § 4.2.1. In this chapter we only analyze the Thin Shell, as results are
found to be similar for the Galactic Wind. In detail, we assign an outflow velocity Vexp,
a neutral hydrogen column density NH and a dust optical depth τa to each galaxy com-
ponent (disk and bulge) of the galaxies produced by GALFORM, by using Eq. 4.1, 4.2 and
4.3 respectively. The free parameter of these expression are calibrated later in §5.2.4.
In this way, using FLaREON, each component of each galaxy is assign a different es-
cape fraction and a Lyα line profile that depends on their individual galactic properties.

5.2.2 Radiative transfer inside the intergalactic medium

The radiative transfer in the IGM is treated as in §4.2.2.

Fraction of neutral hydrogen

The main difference with the model presented in the previous chapter is the computa-
tion of the fraction of neutral hydrogen. During the epoch of reionization the global
fraction of neutral hydrogen in the Universe ⟨XHI⟩ is close to unity. However, this does
not mean that the local fraction of neutral hydrogen XHI(−→x ) is uniformly distributed
close that value. Instead, the IGM is divided in two kind of regions: HI clumps and HII

bubbles. The first regions are self-shielded against ionizing radiation, which causes that
very energetic photons are not able to penetrate the gas. In this case the local fraction
of neutral hydrogen is close to 1 all over the clump. In the second case, the HII bub-
bles are regions that ionizing photons are able to penetrate. In this regions XHI(−→x ) ≪ 1.

To implement these two different environments in our model we assume that re-
gions below a certain phonotionization rate threshold Γcut are self-shielded. In these
regions the local phonotionization rate Γ(−→x ) is attenuated an arbitrary factor. As a
consequence, the flux of ionizing photons in self-shielded regions is negligible.

In short, in order to compute the local fraction of neutral hydrogen XHI(−→x ) in our
model we

1. First: We compute Γ(−→x ) assuming that there are no self-shielded regions. For
this we follow the methodology described in § 4.2.2. In detail, we compute the
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Fig. 5.1 Global fraction on neutral hydrogen in the whole simulation volume at z = 6.7
as a function of the threshold of ionizing rate.

contribution of each galaxy to Γ(−→x ) and then we fit the ⟨Γ⟩ predicted by Haardt
and Madau (2012). This requires logKa = 5.23.

2. Second: We attenuate Γ(−→x ) in the regions where Γ(−→x ) < Γcut.

3. Third: the local fraction of neutral hydrogen XHI(−→x ) is computed by using
equation 4.13.

Then, the global fraction of neutral hydrogen in the Universe is computed as

⟨XHI⟩ =
∑

XHI(−→x ) nH(−→x )∑
nH(−→x )

(5.1)

where the sums are over the simulation volume and nH(−→x ) is the number density of
hydrogen (neutral and ionized) computed as in the previous chapter (see §4.2.2).

In Fig. 5.1 we show the global fraction of neutral hydrogen in our simulation as a
function of the threshold in the photoinization rate used. In general, the higher Γcut is,
the higher is ⟨XHI⟩, as a grater volume of the simulation is considered shelf-shielded. In
the high Γcut extreme ⟨XHI⟩ tends to unity. Meanwhile, in the low Γcut extreme ⟨XHI⟩
flats around 2 × 10−4 that corresponds with the global fraction of neutral hydrogen
when the Universe is considered in the post-reionization epoch. Note, that if ⟨XHI⟩
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Fig. 5.2 Two examples of the photoionization field of our model in a slice of 3.6cMpc h−1,
where we have considered that all the simulation volume is at redshift 6.7. In the left
we show a model without a photoionization threshold and in the right one where the
global fraction of neutral hydrogen is 0.5.

was identically null, then Lyα photons and the IGM would not interact at all, making
the transmission close to Lyα identically equal to unity.

Additionally, in Fig. 5.2 we compare two different computations of Γ(−→x ), one using
a Γcut = 0 (left), which will be denoted from now on as ’⟨XHI⟩ = 0.0’ (even if in reality
⟨XHI⟩ ∼ 2 × 10−4). In the right panel Γcut was chosen such as ⟨XHI⟩ = 0.5. There
are remarkable differences between both photoionization spatial distributions. For
⟨XHI⟩ = 0.0 the distribution is smooth. Most of the volume has Γ < 2 × 10−12s−1 and
only a small regions exhibit strong ionizing flux. In contrast, when ⟨XHI⟩ = 0.5, Γ(−→x )
is no longer smooth. The ionizing background is divided in two different environments:
i) regions with high ionizing background which surrounds the regions with high Γ and
ii) self-shielded regions which extend where Γ(−→x ) < Γcut.

Although we make use of a very simple approach, the topology of XHI(−→x ) in our
models resembles qualitatively to the one computed using more sophisticated techniques
(Weinberger et al., 2018; Kulkarni et al., 2019).

Histories of reionization

In this chapter our main goal is to study how different histories of reionization affect
Lyα selected samples. Up to now we have assumed that all the volume of our simulation
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was at the same redshift. However, from now on we will assume that the center of the
simulation is exactly at redshift 6.7 and we let the redshift change along the line of
sight. Given the size of our simulation the closest box face is placed at z ∼ 5.7 and the
farthest at z ∼ 7.9.

We consider that the intrinsic Γ(−→x ) does not evolve along the simulation box. As
can be seen in Fig. 4.3, ⟨Γ⟩ is quite flat from redshift 6 to 7 and it keeps flattening to
higher redshifts. Additionally we also consider that the velocity field and the comoving
dark matter density field are redshift independent. However, when we use the hydrogen
density field in proper distance units we take into account the redshift dependence. In
this way, the IGM is denser (in a proper frame) the further it is to the observer.

We use a very simple toy-model for the history of reionization. Our model assumes
that ⟨XHI⟩ = 1 until the Universe starts to be ionized (z > zX=1) at a constant rate
in redshift. After reionization is completed (z < zX=0), the global fraction of neutral
hydrogen remains a few times 10−4 as already discussed. In particular, the redshift
dependence of ⟨XHI⟩ is

⟨XHI(z)⟩ =


1 when z > zX=1

z ϕX + ψX when zX=0 < z < zX=1

∼ 2 × 10−4 when z < zX=0

, (5.2)

where ϕX is the rate at which the Universe gets ionized and ψX is chosen such as the
global fraction of neutral hydrogen in the center of our box (z = 6.7) takes a certain
desired value, i.e.,

ψX = ⟨XHI(z = 6.7)⟩ − 6.7ϕX, (5.3)

where ⟨XHI(z = 6.7)⟩ is simply ⟨XHI⟩ at the center of the box.

We build a total of 48 different reionization histories resulting from all the possible
combinations of ⟨XHI(z = 6.7)⟩ = 0.0, 0.1, 0.2 , 0.3, 0.4 , 0.5 , 0.6, 0.7 and ϕX = 0.0,
0.125, 0.25, 0.5, 1.0 and 2.0. The choice ϕX = 0.0 gives an scenario where the global
fraction of neutral hydrogen does not evolve in our simulation. The value of ϕX = 0.5
roughly corresponds to the slope that is needed to start reionization at one edge of
our simulation and finish it by the other edge, i.e., reionization take place between
z ∼ 7.9 and ∼ 5.7. The other ϕX values were chosen as the quarter (ϕX = 0.125), the
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half (ϕX = 0.25), the double (ϕX = 1.0) and the quadruple (ϕX = 2.0) of this value.

In Fig. 5.3 we show the different histories of reionization used in this work. Our 48
reionization histories include very different cases. In some of them, a fraction of the
volume of our simulation has ⟨XHI(z)⟩ = 1 and then reionization stars, lowering ⟨XHI⟩.
In other cases the IGM at z ∼ 7.9 is partially ionized as reionization is already ongoing.
In other, reionization ends in the redshift range that our simulation covers and in other
cases it finish later. Each panel of Fig. 5.3 shows all the different choices of ϕX for a
given ⟨XHI(z = 6.7)⟩, which causes that the different histories intersect at z = 6.7.

The photoionization rate topology during reionization

For each of the reionization histories we compute a different Γ(−→x ) field. In order to
do so, we calculate ⟨XHI⟩ at each position along the line of sight of our simulation
accordingly to a certain reionization history. Then, to each position we assign a different
Γcut value that comes from the dependence on ⟨XHI⟩ shown in Fig. 5.1. Then, Γ(−→x ) is
attenuated if it is lower than the assigned Γcut value.

In Fig. 5.4 we show Γ(−→x ) in the same simulation slice for all the possible combina-
tion of ⟨XHI(z = 6.7)⟩ and ϕX studied in this work. There is a great variety of XHI(−→x )
topologies. In the cases where ϕX = 0.0, ⟨XHI⟩ is constant along the line of sight and
the typical size of the HII bubbles is maintained in the whole simulation. When ϕX

increases the evolution of ⟨XHI⟩ along the line of sight becomes apparent. In these
cases the typical size of the HII and HI regions changes with line of sight distance. The
HII are smaller the further they are from the observer.

On one hand, in some cases where our simulation includes volume where reionization
has not started yet. This corresponds to the cases where zX=1 ∈ (5.7, 7.9). On the
other hand, there are cases in which ⟨XHI⟩ drops to ∼ 0 up to a certain distance.
Theses cases correspond with zX=0 ∈ (5.7, 7.9). Additionally, these two last scenarios
are found together when ϕX is big enough (e.g. ϕX = 1.362 and ϕX = 2.724) and the
simulation is divided in two clear regions: before and after reionization. The transition
between these regimes depends on ϕX. The higher ϕX is, the faster it is. In the most
extreme cases where ϕX = 2.724 reionization takes place in only ∼ 200cMpc h−1.
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Fig. 5.3 All the reionization histories considered in this chapter. Each panel shows a
fixed value of global fraction of neutral hydrogen at z=6.7, while the different colored
lines shows a different values of ϕX as labeled.
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Finally, for each reionization history, the local fraction of neutral hydrogen XHI(−→x )
is computed as before (using equation 4.13). In this way, the regions that were
attenuated result in HI clumps. Meanwhile, the other regions remain as HII regions
with a fraction of neutral hydrogen close to 2 × 10−4.

5.2.3 IGM Transmission

In the model presented in this chapter we compute the IGM transmission as in the
previous chapter (see § 4.2.2).

In Fig. 5.5 we compare the transmission curves of galaxies placed in HII bubbles
and HI clumps. The original sample is composed by the 150000 galaxies with the
highest sSFR, as representatives of emission line galaxies. Then this sample is split in
two depending on whether the galaxy lies in a neutral or an ionized region. To make
this comparison we used the history of reionization with ⟨XHI(z = 6.7)⟩ = 0.3 and
ϕX = 0.0. The transmission inside the HII bubbles is 1 at wavelengths bluer than Lyα,
then it drops very fast close to Lyα and at redder wavelengths it is close to 0. Indeed,
they look like the transmissions in the post-reionization epoch (see Fig. 4.5), where
all the IGM is ionized. In contrast, the IGM transmission inside HI clumps behave
different. While the transmission at wavelengths redder than Lyα is also close to 0, the
transmission at bluer wavelengths is lower than 1. In detail, the IGM absorption is so
strong that the red wing of the Lyα-HI cross-section causes that photons redder that
Lyα are also scatter out of the line of sight. We have checked that the transmission
keeps increasing towards redder wavelengths until the cross-section becomes negligible
and T = 1.

In this way, galaxies lying in HI clumps will have a huge attenuation of the Lyα line.
Most of the galaxies that are intrinsically LAE are not observed as such. Meanwhile, if
the Lyα luminosity is great enough the galaxy might still be observed as LAE. This
depends strongly on the Lyα line profile.

5.2.4 Model calibration

Our implementation of the RT inside galaxies has some free parameters that control
the Lyα escape fraction from galaxies and the Lyα line profile injected into the IGM
through Vexp and NH. These properties are computed by using the recipes in Eq. 4.1
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Fig. 5.4 Photonization rate field for each of the histories of reionization considered in a
slice of 3.6cMpc h−1. The color map is the same as in Fig. 5.2. Columns have a fixed
value of ϕX and rows a fixed value of global fraction of neutral hydrogen at redshift
6.7. The horizontal direction represents the line of sight.
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Fig. 5.5 Comparison of the IGM Lyα transmission during the epoch of reionization.
In blue we show regions inside HII bubbles and in red, regions inside HI clumps. This
data were taken from the ⟨XHI(z = 6.7)⟩ = 0.3 and ϕX = 0 model.

and 4.2. The calibration of these free parameters is made as in the previous chapter
(see§ 4.3.1). In short we set the value of the free parameters by fitting the observed
luminosity function of LAEs at z = 6.7 Ouchi et al. (2008); Konno et al. (2018). For
each combination of free parameters we compute for each galaxy the Lyα luminosity
after the ISM and IGM absorption by using Eq. 4.18.

To calibrate our model we make use of a XHI(−→x ) that assumes that i) all the
simulation is at z = 6.7, i.e, there is no line of sight redshift dependence and ii) the
global fraction of neutral hydrogen in the Universe is ⟨XHI(z = 6.7)⟩. Our choice of
the XHI(−→x ) used in the calibration is motivated by three factors:

1. First, the specifics of the LAE surveys performed by Ouchi et al. (2008) and
Konno et al. (2018). These experiments used a photometric narrow band to detect
Lyα emission. The FWHM (full width half maximum) of their narrow band
allowed them to detect LAEs at z ∼ 6.7 in a redshift window of ∆z = 0.1078,
which translates in roughly L∥ = 41cMpc along the line of sight. There is the
possibility that the volume of the Universe they measured had different ⟨XHI(z)⟩.
Considering that ⟨XHI⟩ is constant in a range of ∆z = 0.1078 is appropriate for
our models with low ϕX , where the typical ∆z necessary to complete reionization
is greater than 1.5. However, in our models with a fast history of reionization this
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Table 5.1 Free parameters as defined in equations 4.1 and 4.2 after the calibration with
the luminosity function observed by Ouchi et al. (2008); Konno et al. (2018).

redshift Geometry ⟨XHI⟩ log κV,disk log κV,bulge log κN,disk log κN,bulge

z = 6.7 Thin Shell 0.3 4.77 4.05 -15.47 -12.11

is not longer valid since the typical time to completely reionized in the Universe
is ∆z ∼ 0.2. However, as we will see later (Fig. 5.10), for fixed value of ⟨XHI⟩,
the LAE luminosity function does not depend strongly on ϕX (specially if ⟨XHI⟩
is high). We do not expect that this variation affects heavily to our calibration.

2. Second, by assuming that all the box is at 6.7 we increase by a factor of ∼ 20
the volume available to compute the LF and calibrate our model. This reduces
the cosmic variance that volumes replicating the depth of the surveys(i.e., ∆z =
0.1078) would suffer.

3. Third, the Planck mission (Planck Collaboration et al., 2016) determined that
⟨XHI(z = 6.7)⟩ ∼ 0.3. As we will see later, the LF amplitude depends strongly
on ⟨XHI⟩. Variations on the ⟨XHI⟩ value used in the calibration would result in
different values for the free parameters.

The values of the calibrated free parameters are listed in Table 5.1. Addition-
ally, in Fig. 5.6 we show the Vexp, NH and τa distributions for the LAE population
when ⟨XHI⟩ = 0.3 and ϕX = 0.0. We find that the distributions are bimodal and
that less than a 5% of the LAEs are outside the FLaREON accuracy regions (black
dashed lines). On one hand, intrinsically bright LAEs have to decrease their number
counts to fit the observed LF and they exhibit high Vexp, NH and τa values. On
the other hand, due to the IGM absorption the number density of LAEs struggle
to fit observations. As discussed in previous chapters (see Fig. 2.3), the observed
and intrinsic LAE LF are very close in the faint end at high redshift. As a Universe
with ⟨XHI⟩ = 0.3 has less volume where to place faint LAEs our model predicts that
these galaxies exhibit high Vexp but low NH and τa. In this way, our model tries to
mitigate the decrease of faint LAE due to the IGM by boosting the ISM escape fraction.

After calibration, for each history of reionization we build our LAE samples.
We select only galaxies with rest frame Lyα equivalent width EW > 20Å and
LLyα > 3 × 1042 erg/s. We have tested several Lyα luminosity cuts and we find
the same results. Additionally, we have also tested different number density cuts
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Fig. 5.6 Outflow properties of the LAE population for ⟨XHI(z = 6.7)⟩ = 0.3 and ϕX = 0.
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distribution. Right: τa distribution. In both panels the black dashed line indicates the
high accuracy region of FLaREON.

ranking galaxies by observed Lyα flux and we obtained similar results.

In the previous chapter we placed the whole simulation at the same redshift. This
allowed us to compute the IGM transmission at the edge (LoS∼ 0) of the simulation
using that the simulation was periodic. However, here, this condition no longer holds
when we include the redshift dependence on the line of sight. This causes that there is
a small fraction of the volume z ∼ 5.8 which has a very short line of sight inside the
simulation. In fact, we normally compute the IGM transmission up to ∼ 35 cMpc h−1,
where the Lyα line is already strongly redshifted by the Hubble flow. To be safe we
select only galaxies with coordinate along the line of sight greater than 42.16 cMpc h−1,
which reduces the simulation size along the line of sight to 500 cMpc h−1. Therefore
we also cut the simulation along the other two spatial directions. The final size of
the volume populated by LAE is (500 cMpc h−1)3. This corresponds to a 78% of the
original volume of the simulation.

5.3 Results

In this section we analyze the main results of the LAE models during the epoch of
reionization.



178 Imprints of reionization in Lyα selected samples

0

100

200

300

400

500

φX =0. 0 φX =0. 5

〈 X
H

I

〉 =
0
.0

φX =1. 0

0

100

200

300

400

500

〈 X
H

I

〉 =
0
.1

0

100

200

300

400

500

〈 X
H

I

〉 =
0.

3

0

100

200

300

400

500
〈 X

H
I

〉 =
0.

5

0 100 200 300 400 500
0

100

200

300

400

500

0 100 200 300 400 5000 100 200 300 400 500

〈 X
H

I

〉 =
0.

7

LoS[cMpc h−1]

Y
[c

M
p
c

h
−

1
]

Fig. 5.7 Examples of spatial distribution of LAEs in comparison with the neutral
hydrogen topology for different models (as labeled) in a slice of 3.6cMpc h−1. In yellow
rings we show observed LAEs. In dark blue we show neutral regions, while in light
blue we show ionized bubbles.



5.3 Results 179

5.3.1 LAE spatial distribution

In our model the history of reionization determines the Γ(−→x ) topology, which has a
direct impact in XHI(−→x ). Additionally, the IGM transmission depends strongly on
whether the galaxy is placed in a HII bubble or a HI clump. In the case in which the
galaxy lies in a HII regions the transmission redder to Lyα is 1, while it becomes lower
than 1 if the galaxy is located in a HI region. This causes that LAEs are preferentially
observed in HII bubbles.

In Fig. 5.7 we show the spatial distribution of LAEs for different reionization
histories. In general, we find that LAEs (yellow rings) inhabit mainly in HII regions
(light blue areas) while they avoid HI clumps (dark blue areas). Indeed, we find that
the LAEs, in first order, follow the topology of XHI(−→x ). Additionally, the number of
galaxies detected as LAEs depends on the history of reionization. For a reionization
history with ⟨XHI(z = 6.7)⟩ = 0.0 and ϕX = 0.0 the LAE distribution is relatively
homogeneous in the whole volume. However, as a bigger fraction of the volume is
covered by HI the number of LAEs decreases and their spatial distribution becomes
very inhomogeneous.

There is a small fraction of galaxies observed as LAEs that lie in HI regions. These
are galaxies that inject such a great flux of Lyα photons into the IGM that despite the
large IGM attenuation, they are still detected as LAEs.

5.3.2 Number density of LAEs

In this section we study how the number density of LAE with Lyα luminosity greater
than 3×1042 erg s−1 evolves along the line of sight for different histories of reionization.

In Fig. 5.8 we show the number density of LAEs along the line of sight nLAE(LoS).
In general, nLAE(LoS) depends on the history of reionization. The number density
along the LoS for the model with ⟨XHI(z = 6.7)⟩ = 0.0 and ϕX = 0.0 represents the
population with the greatest abundance of LAEs at any redshift. All the other histories
of reionization can only remove LAEs from this sample.

In the models with ϕX = 0.0 (purple lines), nLAE(LoS) remains almost flat. How-
ever, there are more LAEs detected at lower redshifts. This would be caused by the
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Fig. 5.8 Number density of LAEs along the line of sight for all the reionization histories.
Each panel shows a fixed global fraction of neutral faction.
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dependence of the IGM density on redshift. Indeed, at high redshift the IGM would
be denser, thus more opaque to Lyα photons and less galaxies would be detected as
LAEs. Additionally, increasing ⟨XHI(z = 6.7)⟩ while keeping ϕX = 0.0 causes a LoS
independent decrease in nLAE(LoS), as a greater fraction of the volume is covered by HI.

When ϕX ̸= 0.0 the global fraction of neutral hydrogen evolves across the volume,
being higher at larger LoS distances. Indeed, in these models, nLAE(LoS) depends on
the distance. The higher the redshift is, the lower nLAE(LoS) becomes. In particular,
the higher ϕX is, the steeper is the evolution of nLAE(LoS). Additionally, for a fixed
value of ⟨XHI(z = 6.7)⟩, the number density of all the models with different ϕX intersect
in the same point. This behaviour is very similar to the one shown in Fig. 5.3. The
intersection corresponds with z = 6.7, where all the ⟨XHI⟩ match. The number density
value where these model intersect decreases with increasing ⟨XHI(z = 6.7)⟩, as a smaller
fraction of the volume is covered by HII.

For the half of the volume at highest redshift, at a given ⟨XHI(z = 6.7)⟩, the number
density of LAEs decreases as ϕX increases. Meanwhile in the half of the volume at the
lowest redshift the opposite trend is found. This causes that the total number of LAEs
in the whole volume depends on the combination of ⟨XHI(z = 6.7)⟩ and ϕX .

5.3.3 Luminosity function

In Fig. 5.9 we show the LAE luminosity function of our models for fixed values of ϕX.
Fig. 5.10 shows the different LAE LF for fixed values of ⟨XHI(z = 6.7)⟩ .

There is a clear dependence of the amplitude of the LAE LF with ⟨XHI(z = 6.7)⟩.
In particular, we find that, for a fixed ϕX, the amplitude of the LAE LF decreases as
⟨XHI(z = 6.7)⟩ increases. However, this behaviour depends on the rate at which the
Universe gets ionized. The amplitude variation are smaller the higher ϕX. As seen
in the previous section, this is caused by the decrease in the ionized volume when
augmenting ⟨XHI(z = 6.7)⟩ for a fixed ϕX.

For a fixed value of ⟨XHI(z = 6.7)⟩ we find that the amplitude of the LAE LF
also depends on the rate at which the Universe gets ionized. At low ⟨XHI(z = 6.7)⟩
the total number of LAEs anti-correlates with ϕX. However, for the highest value of
⟨XHI(z = 6.7)⟩ considered here, this trend reverses. In these cases, the amplitude of
the LF is higher for higher values of ϕX. In particular, in the extreme case where
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Fig. 5.9 LAE luminosity function for all the reionization histories. Each panel shows a
fixed value of ϕX while ⟨XHI(z = 6.7)⟩ changes as labeled.



5.3 Results 183

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
gL

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 0

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
gL

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 1

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
gL

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 2

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
gL

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 3

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
gL

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 4

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
gL

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 5

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
g
L

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 6

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

1043 1044

LLyα [erg s−1]

10-7

10-6

10-5

10-4

10-3

φ
[(
∆

lo
g
L

L
y
α
)−

1
cM

p
c−

3
]

〈
XHI

(z= 6. 7)
〉
= 0. 7

φX =0. 0

φX =0. 125

φX =0. 25

φX =0. 5

φX =1. 0

φX =2. 0

Fig. 5.10 Same as Fig. 5.9 but for fixed values of ⟨XHI(z = 6.7)⟩.
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⟨XHI(z = 6.7)⟩ = 0.7 and ϕX = 2.0 the amount of HII volume is greater than in the
case of the same ⟨XHI(z = 6.7)⟩ and ϕX = 0.0, which translates into the different LF
amplitudes.

5.3.4 Spherically averaged 2-point correlation function

In this section we study how the observed 3D clustering of LAEs depends on the history
of reionization. For this, we compute the 3D 2-point correlation function (2PCF) of our
models. In particular, we use the Landy-Szalay estimator (Landy and Szalay, 1993),
i.e.,

ξ(r) = DD(r) − 2DR(r) +RR(r)
RR(r) (5.4)

where DD(r) is the number of pairs of LAE-LAE at a given separation r. DR(r) is
the number of pairs of LAE and random particles uniformly distributed in the volume.
Finally, RR(r) is the number of random-random pairs. We set the integrated number
density of random particles to be 10 times the integrated number density of the LAE
sample with ⟨XHI(z = 6.7)⟩ = 0.0 and ϕX = 0.0.

In Fig. 5.11 we show the 2PCF in real space of all the reionization histories used
in this work. Overall, we find that the amplitude of the clustering increases with
⟨XHI(z = 6.7)⟩. The change in amplitude also depends on the reionization rate. For
small values of ϕX the changes in clustering amplitude are greater. As ϕX increases, the
differences between different ⟨XHI(z = 6.7)⟩ is smaller. This is caused by the similarity
on the topologies of Γ(−→x ) between models with high ϕX, which translates in a similar
spatial distribution of LAEs. Therefore, in similar clustering.

For fixed values of ϕX not only it changes the amplitude of the clustering, but also
the shape of the 2PCF. The higher ⟨XHI(z = 6.7)⟩ is, the greater the modification
in the shape is. This behaviour also depends on ϕX. For example, in models with
ϕX = 0.0 the 2PCF exhibit a bump around ∼ 25 cMpc h−1. This bump is more bigger
the bigger is ⟨XHI(z = 6.7)⟩. This trend is the bump is not found for ϕX > 0.25.

In Fig. 5.12, where we show the 2PCF in real space for fixed values of ⟨XHI(z = 6.7)⟩.
In general we find that the shape and the amplitude of the 2PCF also depend on ϕX.
In particular, As we increase ϕX the 2PCF flattens at large scales. Additionally, at low
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⟨XHI(z = 6.7)⟩ the clustering amplitude of the clustering increases with ϕX. However,
this trend progressively reverses towards higher ⟨XHI(z = 6.7)⟩.

5.3.5 Clustering parallel and perpendicular to the line of sight

In this section we study the clustering of LAEs along and perpendicular to the line of
sight and how different reionization histories modify them.

In Fig. 5.13 we show the clustering of our LAE samples in real space divided in
parallel and perpendicular to the LoS components. Over all, the clustering amplitude
depends on both, ⟨XHI(z = 6.7)⟩ and ϕX. In particular, the clustering increases towards
higher values of ⟨XHI(z = 6.7)⟩ and ϕX, as explored in the previous section.

We also find that the clustering amplitude long the parallel and perpendicular
directions along the LoS behave different. For example, when ⟨XHI(z = 6.7)⟩ = 0.0 and
ϕX = 0.0, both components are symmetric, as they were at lower redshifts (see Fig. 4.18).

However, as we increase ϕX the clustering parallel to the line of sight grows faster
than the perpendicular one. This trends keeps up to ϕX ∼ 0.5, and from there on,
the clustering perpendicular to the LoS is the strongest components. In contrast we
find that increasing ⟨XHI(z = 6.7)⟩ makes the clustering parallel component grow
faster for all the ⟨XHI(z = 6.7)⟩ explored in this work. Finally, the ratio between
the clustering components is scale-dependent. This can be seen, for example, at
⟨XHI(z = 6.7)⟩ = 0.7 and ϕX = 1., where on scales smaller than ∼ 20 cMpc h−1 the
clustering is symmetric, while on larger scales the perpendicular components dominates.

The behaviours found in real space have direct impact in the clustering in redshift
space. In Fig. 5.14 we show the LAE clustering in redshift space divided in parallel
and perpendicular to the line of sight. In this case, the amplitude of both components
also increases with increasing ⟨XHI(z = 6.7)⟩ and ϕX. However, the shape has also
the contribution of the redshift space distortions (Kaiser, 1987). Indeed, while in real
space the LAE clustering in our model with ⟨XHI(z = 6.7)⟩ = 0.0 and ϕX = 0.0 was
symmetric, in redshift space the perpendicular component is boosted. Additionally, in
some cases (such as ⟨XHI(z = 6.7)⟩ = 0.0 and ϕX = 0.5) the redshift space distortions
compensate the excess of clustering power parallel to the line of sight produced by the
IGM, making the clustering symmetric.



186 Imprints of reionization in Lyα selected samples

100 101

r[cMpc h−1]

10-3

10-2

10-1

100

101

102

ξ

φX =0. 0

〈
XHI

(z= 6. 7)
〉
=0. 0〈

XHI
(z= 6. 7)

〉
=0. 1〈

XHI
(z= 6. 7)

〉
=0. 2〈

XHI
(z= 6. 7)

〉
=0. 3

〈
XHI

(z= 6. 7)
〉
=0. 4〈

XHI
(z= 6. 7)

〉
=0. 5〈

XHI
(z= 6. 7)

〉
=0. 6〈

XHI
(z= 6. 7)

〉
=0. 7

100 101

r[cMpc h−1]

10-3

10-2

10-1

100

101

102

ξ

φX =0. 125

〈
XHI

(z= 6. 7)
〉
=0. 0〈

XHI
(z= 6. 7)

〉
=0. 1〈

XHI
(z= 6. 7)

〉
=0. 2〈

XHI
(z= 6. 7)

〉
=0. 3

〈
XHI

(z= 6. 7)
〉
=0. 4〈

XHI
(z= 6. 7)

〉
=0. 5〈

XHI
(z= 6. 7)

〉
=0. 6〈

XHI
(z= 6. 7)

〉
=0. 7

100 101

r[cMpc h−1]

10-3

10-2

10-1

100

101

102

ξ

φX =0. 25

〈
XHI

(z= 6. 7)
〉
=0. 0〈

XHI
(z= 6. 7)

〉
=0. 1〈

XHI
(z= 6. 7)

〉
=0. 2〈

XHI
(z= 6. 7)

〉
=0. 3

〈
XHI

(z= 6. 7)
〉
=0. 4〈

XHI
(z= 6. 7)

〉
=0. 5〈

XHI
(z= 6. 7)

〉
=0. 6〈

XHI
(z= 6. 7)

〉
=0. 7

100 101

r[cMpc h−1]

10-3

10-2

10-1

100

101

102

ξ

φX =0. 5

〈
XHI

(z= 6. 7)
〉
=0. 0〈

XHI
(z= 6. 7)

〉
=0. 1〈

XHI
(z= 6. 7)

〉
=0. 2〈

XHI
(z= 6. 7)

〉
=0. 3

〈
XHI

(z= 6. 7)
〉
=0. 4〈

XHI
(z= 6. 7)

〉
=0. 5〈

XHI
(z= 6. 7)

〉
=0. 6〈

XHI
(z= 6. 7)

〉
=0. 7

100 101

r[cMpc h−1]

10-3

10-2

10-1

100

101

102

ξ

φX =1. 0

〈
XHI

(z= 6. 7)
〉
=0. 0〈

XHI
(z= 6. 7)

〉
=0. 1〈

XHI
(z= 6. 7)

〉
=0. 2〈

XHI
(z= 6. 7)

〉
=0. 3

〈
XHI

(z= 6. 7)
〉
=0. 4〈

XHI
(z= 6. 7)

〉
=0. 5〈

XHI
(z= 6. 7)

〉
=0. 6〈

XHI
(z= 6. 7)

〉
=0. 7

100 101

r[cMpc h−1]

10-3

10-2

10-1

100

101

102

ξ

φX =2. 0

〈
XHI

(z= 6. 7)
〉
=0. 0〈

XHI
(z= 6. 7)

〉
=0. 1〈

XHI
(z= 6. 7)

〉
=0. 2〈

XHI
(z= 6. 7)

〉
=0. 3

〈
XHI

(z= 6. 7)
〉
=0. 4〈

XHI
(z= 6. 7)

〉
=0. 5〈

XHI
(z= 6. 7)

〉
=0. 6〈

XHI
(z= 6. 7)

〉
=0. 7

Fig. 5.11 LAE 2-Point correlation function for all the reionization histories. Each panel
keep ϕX fixed, while ⟨XHI(z = 6.7)⟩ varies as labeled.
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Fig. 5.12 Same as Fig. 5.11 but for fixed values of ⟨XHI(z = 6.7)⟩.
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Fig. 5.13 Clustering divided in parallel and perpendicular to the line of sight components
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Fig. 5.14 Same as Fig. 5.13 but in redshift space.
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5.3.6 The clustering quadrupole of LAEs

In this section we analyze the quadrupole of our different LAE samples in real and
redshift space. We compute it by Eq. 4.31.

In Fig. 5.15 we show the LAE quadrupole in real and redshift space for fixed values
of ϕX. Over all, we find that the shape and amplitude of the quadrupole depends on the
history of reionzation. In our model with ⟨XHI(z = 6.7)⟩ = 0.0 and ϕX = 0.0 we find
that the quadrupole is very close to 0 in real space. However, increasing ⟨XHI(z = 6.7)
for low values of ϕX creates a valley around ∼ 25 cMpc h−1. For greater values of ϕX,
increasing ⟨XHI(z = 6.7) results into a big increase in the quadrupole amplitude on
scales larger than ∼ 35 cMpc h−1. Moreover, the higher the global fraction of neutral
hydrogen is at the center of our box, the higher is the boost that experiments the
quadrupole. Additionally, we find that in real space the quadrupole is close to 0 for
distances close to 0.

In redshift space the quadrupole is modified and the amplitude of the quadrupole
increases on scales smaller than ∼ 15 cMpc h−1. Then, the redshift space distortions
do not contribute significantly on larger scales.

In Fig. 5.16 we show the quadrupole for different reionization histories in real and
redshift space for fixed values of ⟨XHI(z = 6.7). The LAE samples with ⟨XHI(z =
6.7)⟩ = 0.0 and low values of ϕX exhibit a quadrupole flat a comparable with zero.
However, even if ⟨XHI(z = 6.7)⟩ = 0.0, for high values of ϕX the quadrupole exhibits a
boot on large scales. Additionally, we find that for a fixed ⟨XHI(z = 6.7)⟩, increasing
ϕX always increases the amplitude of the boost. Finally, the same trends are found in
redshift space.

5.4 Conclusions and future work

In this chapter we have studied how different histories of reionization change the
properties of Lyα selected samples. For this goal we have implemented a reionization
scenario in the LAE model presented in Chapter 4.

In order to mimic the typical topology of the local fraction of neutral hydrogen
during the epoch of reionization we have introduced a method by which the regions
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Fig. 5.15 Quadrupole of LAEs for all the reionization histories studied in this chapter in
real and redshift space. Each panel has a different fixed value of ϕX while ⟨XHI(z = 6.7)⟩
varies as labeled.
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Fig. 5.16 Same as Fig. 5.15 but for fixed values of ⟨XHI(z = 6.7)⟩.
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with the lowest photoionization rate are considered shelf-shielded. This divides the
simulation volume in two kind of regions: HI clumps and HII bubbles. Inside the first
ones almost all the hydrogen is neutral, while in the second ones ⟨XHI⟩ ∼ 2 × 10−4.
The HI clumps have lower transmission around Lyα than the HII bubbles. This causes
that galaxies lying in HII regions are preferentially observed as LAEs.

Then, we have made a simple toy-model for producing different histories of reion-
ization. Our toy-model is based on the global neutral hydrogen fraction at the center
of our simulation (⟨XHI(z = 6.7)⟩) and a parameter that controls how fast reionization
is completed (ϕX). We have sampled theses parameters to create several histories of
reionization, generating a total of 48 ⟨XHI(z)⟩ evolutions. We have computed the IGM
transmission for each position of our simulation for each of them. Then we have run
our LAE model for each reionization history.

Consecutively we have studied how the different histories of reionization affect the
properties of LAEs. For example, the LAE luminosity function changes its amplitude
with ⟨XHI(z = 6.7)⟩ and ϕX . We find that the LF amplitude always correlates with
⟨XHI(z = 6.7)⟩, while the dependence with ϕX is not that clear. However, the shape is
maintained across different histories. In this way, the effects of changing ⟨XHI(z = 6.7)⟩
and ϕX are degenerated, which makes the LAE LF a poor tool to estimate the history
of reionization.

A promising tool to unravel the history of reionization is the clustering of LAEs.
We find that changing the reionization rate and its time changes differently the 2-point
correlation function of LAEs. In particular, the clustering amplitude correlated with
⟨XHI(z = 6.7)⟩ and the shape on large scales with ϕX . Additionally, we find that
when diving the clustering in parallel and perpendicular to the line of side, changing
⟨XHI(z = 6.7)⟩ and ϕX impact in different ways too. These behaviours could help to
constrain the history of reionization with future LAE surveys.

In a near future we plan to upgrade the model presented here. For building this
model we have assumed several things that could be improved. We plan to build a light
cone in our simulation from z=5.7 to z=7.9. This will improve the model in different
ways. For example, the population of galaxies will evolve with distance to the observer
(here we assumed it constant). Also, the comoving density field will change along the
distance to the observer.





Chapter 6

HiRULE : High Redshift Universe
Lyman-α survEy

Abstract

We present the first results of HiRULE: High Redshift Universe Lyman-α survEy,
a program targeting LAEs and QSOs at z ∼ 2.2 to study their cross-correlation
over an unprecedented volume. In its initial phase, HiRULE consists in observing
20 deg2 with the narrow band J0395 at T80Cam in the Observatiorio Astrofísico de
Javalambre, allowing us to perform various cross-correlation studies of these two high-z
populations. Key science cases include: a) Cross-correlation function of LAEs and
QSOs, to quantify baryonic environmental effects acting at this redshift and affecting
the small-scale clustering around QSOs; b) Lyα fluorescence around QSOs, from
neutral gas surrounding QSOs; c) the properties of bright Ly-alpha emitters at z ∼ 2.2,
including their luminosity function and auto-correlation function. Here we present the
data analysis and the measured LAE luminosity function.

6.1 Introduction and scientific rationale

Multiwavelength studies of high redshift galaxies are typically performed over small ar-
eas, exploiting large telescopes to reach faint, numerous objects. Pioneering campaigns
attempting to study the nature of Lyman-alpha emitters at high redshifts are the LaLa
survey (Malhotra and Rhoads, 2002), the MUSYC survey (Gawiser et al., 2006), SXDS
(Ouchi et al., 2005) and HiZELS (Geach et al., 2008). These studies have revealed
the nature of Lyα emitters (LAEs) as compact, young and typically dust-poor objects
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(Gronwall et al., 2007; Guaita et al., 2010). Some groups have attempted to measure
the clustering of this galaxy population with a few hundred objects at most, despite
these measurements being evidently dominated by cosmic variance (Orsi et al., 2008).

The High Redshift Universe Lyman-alpha survey (HiRULE) is an initiative to
obtain and characterize a big LAEs sample at redshift 2.2 using deep J0395 narrow
band photometry reaching a high number density. Compared to previous narrow-band
surveys, HiRULE is shallower, but covers a sky area that is between 1 and 2 orders of
magnitude larger than any previous Lyα survey at this redshift, making it the largest
photometric survey of LAEs. In addition, the completion of HiRULE, if executed in
due time, should anticipate the results from HETDEX, an IFU (integral field unit)
survey of LAEs at 1.9<z<3.8 over ∼ 300 deg2 being currently carried out.

With such large area, the data can be used to explore science cases that were
impractical in previous surveys due to their prohibitively small area. In particular,
the cross-correlation with QSOs at the same redshift is a science topic that has not
been explored at this redshift before. In the standard hierarchical galaxy formation
scenario, QSOs are typically regarded as being hosted by dark matter haloes of masses
around 1012M⊙/h. Hence, it is typically expected that these extreme objects might
be pinpointing the progenitors of massive galaxy clusters. Such scenario, however,
depends on the assumed physical mechanisms driving the coevolution of super-massive
black holes and their host galaxy. This is why a cross-correlation clustering study of
QSOs at high redshifts should reveal the typical halo masses that these objects are
hosted by, and any environmental baryonic mechanism that might already be in place
at high redshits. This is the backbone of the motivation for HiRULE.

The strategy of HiRULE takes advantage of the unique features of the Observatiorio
Astrofísico de Javalambre (OAJ) telescopes, namely the large FoV and narrow band
photometry.

The scientific goal of this survey is to measure the cross correlation between LAEs
and QSO at redshift 2.2. The big area and great depth will allow us to compute this
cross-correlation for the first time ever. Previous attempts to cross-correlate QSO and
high redshift galaxies have been made in significantly smaller areas (García-Vergara
et al., 2017; Garcia-Vergara et al., 2019).
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Table 6.1 Description of each of the different field composing the HiRULE survey. This
table lists the area overlapping with HSC (Aihara et al., 2018), the depth, number of
LAEs and median color in each of the field.

Field ra dec Area Depth NLAEs ⟨g − J3950⟩
[deg] [deg] [deg2] (S/N=5) [mag]

HiRULE-00 331.1962 -0.1934 0.2654 22.40 24 -0.84
HiRULE-01 331.1962 1.2002 0.7941 22.20 95 -0.63
HiRULE-02 331.1962 2.5933 0.1308 22.00 9 -0.64
HiRULE-10 332.5920 -0.1934 1.3797 21.90 81 -0.77
HiRULE-11 332.5920 1.2002 1.6909 21.95 180 -0.55
HiRULE-12 332.5920 2.5933 0.3070 21.83 28 -0.64
HiRULE-20 333.9878 -0.1934 1.3471 21.68 48 -0.69
HiRULE-21 333.9878 1.2002 1.6179 22.12 133 -0.68
HiRULE-22 333.9878 2.5933 0.2798 22.21 13 -0.85
HiRULE-30 335.3832 -0.1934 1.3258 22.39 96 -0.79

HiRULE (total) - - 9.3247 - 707 -

Lyα emission gets attenuated by the circumgalactic (CGM) and intergalactic
medium (IGM). Additionally it is also thought that QSO might be one of the main
sources of ionizing photons for z<4 so if this is the case the cross-correlation between
these two galaxy population should be positive. In the opposite direction, as we studied
in Chapter 4 the observability of Lyα is coupled to the IGM large scale properties.
In the case of star forming galaxies emitting Lyα, their line profile is relative narrow
and normally the FWHM of the lines is below 10Å. In comparison, QSOs exhibit
much broader lines that extend redder than Lyα, reaching ∼ 100Å of FWHM. In this
scenario star forming galaxies are more affected by the IGM than QSO, as only a very
small fraction of the Lyα flux in QSO is actually close to Lyα. This makes that the
coupling with the IGM is weaker in QSO. Star forming LAEs thus tend to populate
regions with Vz > 0 (see Chapter 4), while QSO are distributed without any selection
effect on the IGM. This could decrease the cross-correlation between these populations.
Garcia-Vergara et al. (2019) studied the cross-correlation between star forming LAEs
and QSO and found that it was lower than expected.

Recombination of ionizing photons by the neutral CGM around a QSO, and sub-
sequent Lyα scattering is expected to result in fluorescent emission. Such effect can
be measured by stacking the photometry of QSOs, and this constitutes another key
project within HiRULE.
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Fig. 6.1 System response of the narrow band J0395.

Other key scientific cases are

1. The auto-correlation function of LAEs at z ∼ 2.2.

2. The bright end of the LAEs Luminosity function is a quite controversial at the
moment. While some work detect a bump Konno et al. (2016) in the bright
end in others is not present Sobral et al. (2017b). The HiRULE wide area can
manage to solve this controversy.

3. As we will use also broad band photometry the EW distribution of LAEs could
also be studied.

The narrow-band J0395 will provide LAEs between redshift 2.205 and 2.275. In
order to determine the source redshift we will also use broad band Hyper Suprime
Cam Subaru Strategic Program (HSC-SSP) photometry (Aihara et al., 2018).

In a future phase, we plan to increase the volume with adjacent redshift windows
using the J-PAS narrow band filter set or even use HiRULE as a starting point to
perform a larger and deeper study of LAEs with JPCAM@JST.
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6.2 Technical description

The data acquisition took place in the second half of 2017 during several nights. The
typical seeing during these nights was 1.2 arcsec and the sky quality was dark. A
total of 10 different fields were observed with the narrow band J0395 at T80Cam in
the OAJ. The system response, i.e., the convolution of the T80Cam response and the
J0395 transmission curve, is shown in figure 6.1. The full width half maximum of the
filter is 101Å and the filter is centered at 3950Å.

T80Cam has a square field of view of ∼ 1.4 × 1.4 deg2. Therefore, the total sky cov-
erage of HiRULE is 20 deg2. The coordinates of the different field are listed in Table 6.1.
Additionally, in Fig. 6.2 we display the footprint of HiRULE and the HSC overlapping
region and the code name of each field. The fields are named as follows : ’HiRULE-’
+ ’a’ + ’b’, where a labels the position of the field in right ascension (RA) and b in
declination (DEC). In this way, HiRULE-00 is the field with lowest RA and DEC. We
also present a logarithmic render of the field HiRULE-30 at the end of this chapter (6.7).

Each of the 10 fields were observed in rounds of 6 exposures of 10 minutes. The
individual exposures were slightly shifted, making a dithering pattern to eliminate
spurious sources and background inhomogeneity. Then, using J-PLUS (Cenarro et al.,
2019) pipeline they were combined into single co-added images from which the source
catalogs were extracted. The depth, defined as the magnitude at which the detection
reach a signal to noise ratio of 5, of each field is listed in Table 6.1.

We masked regions contaminated by bright stars and the edges of the images, where
the noise is higher due to the dithering pattern. The mask in the overlapping regions
of HSC and HiRULE is shown in Fig. 6.3. The blue areas correspond to regions where
the quality of the photometry was good. From now on we will work only with the
sources that lie in these sky patches.

The final sky coverage of each of the HiRULE fields overlapping HSC is very different
(see Table 6.1). Additionally HiRULE does not cover the whole HSC footprint even if
the HiRULE total sky coverage is sufficient for it. The original idea for HiRULE was
to observed a total of 18 field and cover completely the HSC footprint. Sadly, due to
the weather conditions of the second half of 2017 the acquisition of the full data set
was unfeasible.
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Fig. 6.2 Footprint of HiRULE (red) and the HSC overlapping field (blue). The red
number indicate the code-names each HiRULE field.
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Fig. 6.3 Mask of the overlapping regions between HiRULE and HSC. In blue we show
the high quality regions and in white the unused/unobserved ones.

6.3 LAE candidate selection

In this section we describe how the LAE candidate selection is made from the HiRULE
observations.

HiRULE is composed by 10 different fields. The quality of the nights when these field
were observed changed from night to night. Then, the data reduction was done field by
field following J-PLUS pipe line (Cenarro et al., 2019). As a consequence each field has a
different depth. Therefore, for the candidate selection we treat each field independently.

In short, we make a candidate selection based on colors. We make use of magnitudes
measure in apertures of 3 arcsec. A source has to full fill all of the next four requirements
in order to be consider a LAE candidate:

1. The signal to noise ratio of the source has to be greater than 5.

2. Their magnitude in J0395 has to be less than 19.5 to avoid stars and artifacts.
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3. The color g-J0395> 0.19, where g is the broadband photometry from HSC (Aihara
et al., 2018). This color cut translate in a threshold in rest frame equivalent
width of 20Å

4. The color excess respect to the median color of the field has to exceed 3 times
the 1σ error of the color. This is,

∆(g − J3950) = (g − J3950) − ⟨g − J3950⟩ > 3 × σ(g − J3950), (6.1)

where ⟨g − J3950⟩ is computed in 14 < J0395[mag] < 19.5. As a result,
⟨g − J3950⟩ is slightly different in each field. Its values are listed in Table 6.1.

The LAE candidate selection is shown is Fig. 6.4. The position of each panel
matches with the sky disposition oh HiRULE (see Fig. 6.2). In colors we show all
the sources subtracted from the HiRULE images and in black those selected as LAE
candidates. Over all, the cut in S/N=5 avoids the selection of spurious sources present
at greater magnitudes with colors up to 5 magnitudes. These are faint detections with
great uncertainty in HiRULE with a counter part in HSC with very low continuum.
This combination makes that these objects apparently have a huge color excess. Addi-
tionally, in most of the cases the cut in equivalent with is more restrictive than the one
in color. As a result, most of the sources are just selected by their equivalent width
and S/N.

The number of LAE candidates in each field is listed in Table 6.1. The abundance
of candidates varies from field to field. There are mainly two reasons for this: i) the sky
area covered by each field is different and ii) the sky coverage of each field is different.
As a result, field with lower depth and sky coverage exhibit a lower number of LAEs
(as HiRULE-02).
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Fig. 6.4 Color selection of LAE candidates. Each panel is a different HiRULE field. The disposition is the same as in the
sky (see Fig. 6.2). In this way purple shows HiRULE-00, red shows HiRULE-30 and so on. In colored dots we show all the
sources detected in each field. Black dots are sources selected as LAE candidates. The dashed black line shows the mean
color in each field. In dashed red we show the color cut corresponding to a rest frame equivalent width of 20Å. The solid
black line shows the 3σ error with respect the median color. This is different in each field since the depth is different.
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Fig. 6.5 Observed LAE luminosity function for each of the HiRULE field in different
colors as labeled. For comparison we show the LF measured by Konno et al. (2016)
and Sobral et al. (2017a) at the same redshift in black.

6.4 LAE Luminosity function

In this section we compute the LAE luminosity function in HiRULE and we compare
to other surveys.

We compute the measured Lyα flux simply as

FLyα = FWHMJ0395 × (Fλ,J0395 − Fλ,g), (6.2)

where FWHMJ0395 is the full width half maximum of the J0395 filter, Fλ,J0395 is the
flux in units of wavelength measured in the J0395 filter and Fλ,g is the flux in units of
wavelength measured in the g band of HSC. Then, the Lyα luminosity LLyα is computed
assuming that the source is at redshift 2.24, which corresponds to the redshift necessary
to shift Lyα to the pivot wavelength of J0395.

First we present the LAE LF field by field in Fig. 6.5. The volume of each field has
been computed taking into account the FWHM of the J0395 filter and the sky coverage
of HiRULE in each field, as listed in Table 6.1. Then the error bars are computed
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Fig. 6.6 Same as Fig 6.5 but for the whole LAE sample of LAEs in HiRULE.

assuming Poisson noise.

We compare our luminosity functions with the observations carried by Konno et al.
(2016). HiRULE is pretty shallow in comparison with Konno et al. (2016) and Sobral
et al. (2017a). HiRULE only reaches LLyα ∼ 1043.2erg/s. The size of the error bars
on each of the individual field of HiRULE is comparable with the error bars of Konno
et al. (2016) and Sobral et al. (2017a). Additionally, the HiRULE LF distributes as a
cloud around observations.

the LAE luminosity function of HiRULE improves when all the field are combined.
In Fig. 6.6 we shoe the LAE LF of the whole HiRULE volume. Thanks to the large
volume scanned by HiRULE the error bars become smaller than the ones in Konno
et al. (2016) and Sobral et al. (2017a). Additionally, our LF falls on top of the one
measured by Konno et al. (2016). Meanwhile, our LF predicts a larger number of
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LAEs at LLyα ∼ 1043.5erg/s than Sobral et al. (2017a). However, the error bars of
Sobral et al. (2017a) LF at this luminosity are relatively big, so our measurements are
not strongly incompatible. This suggested that our candidate selection is successful in
retrieving LAEs. In this way, HiRULE confirms the already observed bright end of the
LAE LF.

HiRULE’s luminosity function drops very fast for LLyα < 1043.5erg/s. This suggests
that the completeness of our candidate selection starts decaying around the same Lyα
luminosity.

6.5 Conclusions and future work

In this chapter we have described HiRULE (High Redshift Universe Lyman-α sur-
vEy), a program targeting Lyman-α emitters at redshift z ∼ 2.2. The main goals
of this project is to probe the interplay between QSO and LAEs. HiRULE is based
on narrow band imaging. Up to now 20deg2 have been observed across 10 different fields.

The LAE candidate selection is based on the combination of the HSC (Aihara et al.,
2018) broad bands and observations using the narrow band J0395 at T80Cam at the
Observatorio Astrofísico de Javalambre. With this data set we perform mainly color
cuts to retrieve a population of LAE candidates at z ∼ 2.2.

We have computed a preliminary LAE luminosity function. But comparing our
result with the measurements by Konno et al. (2016) and Sobral et al. (2017a) we
reach the conclusion that our candidate selection works well up to LLyα ∼ 1043.5erg/s,
where the number counts of LAE candidates in HiRULE drops. Indeed, our LAE LF
agree very well with the result obtain by Konno et al. (2016) up to this luminosity.

HiRULE is at a very early stage of development. In the future, we plan to

1. Improve the measurements of LLyα by using more sophisticated methods (e.g.
Vilella-Rojo et al., 2015).

2. Extend the sky coverage of HiRULE.

3. Estimate the completeness and contamination of HiRULE.



6.5 Conclusions and future work 207

Fig. 6.7 Logarithmic render of HiRULE-30 in J0395. The Field of view is ∼ 2 deg2.

4. Compute the auto-correlation function of LAEs.

5. Compute the cross-correlation function between LAEs and QSO in the HiRULE
footprint.

6. Study the Lyα florescence around the QSO found in HiRULE footprint.





Chapter 7

Summary, conclusions and future
work

7.1 Summary and Conclusions

In this thesis we have tackled the problem of determining the role of properties of the
interstellar and intergalactic medium in the Lyα transmission and how this reflects
into the LAE observed population. We have explored various aspects of the radiative
transfer that Lyα radiation experiences in astrophysical environments. Particular
attention has been paid to the impact of these processes to the selection function of
Lyα selected samples. The Lyα RT modulates the Lyα flux that reaches observers
on Earth. In principle, the large cross-section between Lyα and atomic hydrogen
causes Lyα to be very sensitive to any cloud of HI encountered during its trajectory.
This causes Lyα radiation to scatter inside both, the intergalactic and the interstellar
medium. Therefore, the galaxies that we observed as Lyα emitters are sources for
which Lyα photons manage to escape from the original galaxy and travel through the
intergalactic medium unperturbed.

In order to study the selection function of LAEs due to the Lyα RT, we have
developed a theoretical model that includes Lyα RT in the interstellar and intergalactic
medium. Our model description begins at Chapter 2, where we explain how the Lyα
RT in the interstellar medium can be implemented in big cosmological volumes. Our ap-
proach relies on the combination of a Radiative Transfer Monte Carlo code, the N-body
simulation P-Millennium (Baugh et al., 2019) and the semi-analytical model of galaxy
and formation GALFORM (Lacey et al., 2016). The P-Millennium simulation provides
an accurate description of of the hierarchical growth of structures in the standard
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cosmological model (ΛCDM). GALFORM populates the simulation with galaxies follow-
ing a fully-fledged, physical physically motivated set of differential equations that are
able to provide a realistic description of different galaxy populations (Lacey et al., 2016).

Radiative Transfer Monte Carlo codes have proved to be an useful tool to understand
the behaviour of Lyα radiation in the presence of HI (e.g. Ahn et al., 2000; Zheng and
Miralda-Escudé, 2002; Orsi et al., 2012). These algorithms simulate the radiative trans-
fer processes that Lyα radiation suffer inside HI clouds. In this way, properties such as
the escape fraction of Lyα photons or the Lyα line profile can be studied for different
gas configurations. These codes become very useful when studying the Lyα radiation
that emerges from the ISM of galaxies. The gas geometry and properties of the simu-
lated HI clouds can be set to replicate the ISM structures. It is of particular importance
the study of outflows. Because of their expansion velocity, radiation initially emitted at
Lyα is received Doppler shifted, which facilitates its escape. We have built a big sample
of simulation with LyaRT, the radiative transfer Monte Carlo code introduced by Orsi
et al. (2012). From this grid of simulations we derived analytical expressions to com-
pute the Lyα escape fraction for different outflow configurations in a every efficient way.

Afterwards, we link the outflow properties to the properties of each galaxy provided
by GALFORM. In this way, we assign to every simulated galaxy a different ISM escape
fraction that depends on its unique properties. This allows us to study the selection
function of Lyα selected samples in a large cosmological volume. We find that LAEs
constitute a very particular galaxy population. LAEs are galaxies with intermediate
mass and, more importantly, they are metal-poor and exhibit moderate star formation.
The intrinsic Lyα radiation generated in regions of star formation increases with the
star formation rate. However, due to the SFR-metallicity relation, galaxies with the
strongest SFR are also the most metal-rich. Additionally, Lyα radiation is strongly
attenuated by dust due to its RT. This creates a balance between metallicity (Z) and
SFR in Lyα selected samples. For the galaxies with the highest Z (and SFR) the Lyα
radiation does not manage to escape the ISM, making theses galaxies not visible as
LAEs. Metallicity and SFR are thus the main properties controling the Lyα radiation
that escapes from the galaxy. However, we find that the mass of the galaxy also plays
an important role. In particular, less massive galaxies have a higher escape fraction,
but a lower intrinsic Lyα emission. This causes galaxies with moderate mass to be
more likely observed as LAEs. This has a direct impact in the clustering amplitude of
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LAEs.

The next step to build a comprehensive model of LAEs is the implementation of
the Lyα RT in the intergalactic medium (IGM). In order to make this upgrade we need
to include several new pieces to our model. As the IGM transmission depends on the
frequency of the photons, it becomes crucial to model properly the line profile of LAEs
when implementing the RT inside the IGM. For this we design FLaREON in Chapter 3,
a public Python software that predicts a large number of Lyα escape fractions and
line profiles in a short amount of time. Our new tool is based on the Monte Carlo
radiative transfer code LyaRT. In order to save computational time, FLaREON takes
a completely different approach and makes use of a set of pre-computed property
grids for different outflow geometries with LyaRT. Then it uses machine learning and
multidimensional interpolation techniques to predict the Lyα escape fraction and line
profile for a arbitrary outflow configuration. This decreases more than 7 orders of
magnitude the computational time while the accuracy remains excellent. Additionally,
FLaREON is not only valid for populating large simulation, but it is a great tool to
understand observations. In particular, it is very useful to constrain outflow properties
from observed Lyα line profiles.

The other key piece that we need is the IGM transmission curves for every location
of our simulation. We computed this from the density field, velocity field and the
ionizing background of our simulation. The density and velocity field are calculated
form the dark matter halos. The ionization rate is computed as the superposition of
the ionizing radiation emitted by each galaxy. In this way, the UV background at
a given position depends on its environment. In practice, IGM regions close to big
sources of ionizing photons have a greater ionization rate.

All together, we associate an ISM Lyα escape fraction and line profile to each
galaxy depending on its own properties. Then, we convolve the galaxy Lyα line profile
with the IGM transmission along the line of sight for that particular galaxy. This gives
the escape fraction of Lyα from the IGM. The whole model can thus be used to make
mocks of realistic Lyα flux that an observer could detect.

Analyzing the effects of the IGM at different comic times, we first focus on the
epoch of post-reionization, when the IGM is almost completely ionized in Chapter 4.
We find that the selection function on galaxy properties is not affected by the RT in the
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IGM in Lyα selected samples. However, IGM properties modulate the observability of
Lyα, as the IGM transmission is enhanced in low density environments and in regions
where is more probable galaxies to be distancing the IGM. This causes a coupling
between the Lyα observability and the large scale IGM properties, as first studied by
Zheng et al. (2010, 2011). We find that the RT inside the IGM causes selection effects
on the IGM density ρ, its gradient ∂zρ, the IGM velocity field along the of sight Vz and
its gradient ∂zVz. The amplitude of the coupling depends on redshift. At high redshift
the Universe is denser, which translates into a larger absorption of Lyα photons and a
greater coupling. In general, the amplitude of the trends we find is small. In partic-
ular, the IGM transmission only varies a few percent at the highest redshift studied here.

The coupling between Lyα observability and the IGM large scale properties has a
significant impact in the measured clustering of Lyα selected samples (Zheng et al.,
2011). The coupling of the different IGM properties have different effects in the mea-
sured clustering of LAEs. Our model predicts that only the coupling with the IGM
velocity along the line of sight is strong enough to notably modify the clustering of
LAEs. At high redshift the clustering of LAEs is distorted. Indeed, the clustering
on large scales is boosted non-linearly. This becomes crucial at large scales. In order
to study the clustering of LAE on this scales we fit a clustering model that includes
the coupling with the IGM (Zheng et al., 2011) to our clustering predictions on the
scale range where they are reliable. Then, we extrapolate and find that the BAO peak
shape is also distorted and its maximum is shifted by up to ∼ 1cMpc/h. Finally, we
also study the clustering of LAEs along and perpendicular to the line of sight. We find
that the IGM coupling is not strong enough to induce any asymmetry between these
two clustering components. Overall, this highlights the importance of including Lyα
RT in cosmological studies of LAEs.

In Chapter 5 we move our model to the epoch of reionization. The first main
difference with respect to the previous implementation is the topology of the local
fraction of neutral hydrogen during this epoch. We mimic the HI distribution in the
IGM by considering self-shielded to ionizing radiation (thus, neutral) regions below
a certain photoionization rate threshold. This threshold and the global fraction of
neutral ⟨XHI⟩ hydrogen are directly linked. The higher the threshold is, the larger is
the volume considered neutral and the larger is ⟨XHI⟩.
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The second feature of our model during the epoch of reionization is that the redshift
depends on the line of sight distance. Thanks to this we can assign different global
fraction of neutral hydrogen to a given distance along the line of sight. Indeed, we use
a simple toy-model for generating histories of reionization, which depends on when
and how fast it was. Then, we compute the photoionization rate field for each of these
histories. Finally, we compute the IGM transmission and convolve it with the Lyα
emission lines emerging from galaxies.

The IGM transmission is lower in HI clumps than in HII bubbles. This causes several
of the statistical properties of LAEs, such us the luminosity function and clustering,
to change for each reionization history. In particular, we find that the number of
observed LAEs depends strongly on the global fraction of neutral hydrogen. When
⟨XHI⟩ is large, fewer LAEs are detected. This translates into a modification of the LAE
luminosity function for each reionization history. In general, we find that the lower the
global fraction of neutral hydrogen at the center of our box (⟨XHI(z = 6.7)⟩), the lower
the number counts of LAEs and the smaller the LF amplitude. For small values of
⟨XHI(z = 6.7)⟩ we find that if reionization is fast, then less LAEs are found. However,
if ⟨XHI(z = 6.7)⟩ is high and reionization is fast, a greater number of LAEs is found in
comparison to the case in which reionization is slow. This is due to the greater amount
of ionized volume when reionization is fast for high values of ⟨XHI(z = 6.7)⟩.

Our model predicts that a precise analysis of the clustering of LAEs can provide
constrains on the history of reionization of the Universe. In particular, we find that
the time and duration of reionization modify in a different way the clustering of LAEs.
While the clustering of LAEs on small scales is affected by the value of ⟨XHI(z = 6.7)⟩,
on large scales the speed of reionization plays a great role. The amplitude of the
clustering increases with ⟨XHI(z = 6.7)⟩. Meanwhile, the shape of the clustering is
distorted by how fast reionization takes place. Indeed, if reionization is fast, the 2-point
correlation function of LAEs flattens on large scales.

We also divide the clustering in parallel and perpendicular components. We find
that increasing ⟨XHI(z = 6.7)⟩ boosts the clustering along the line of sight. Meanwhile,
the faster reionization takes place, the more the clustering in the directions perpendic-
ular to the line of sight is enhanced. In this way, the study of the cuadrupole of LAEs
is also very useful to constrain the history of reionization.
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Finally, we have presented the first results of HiRULE (High Redshift Universe Lyα
survEy) in Chapter 6. The main goal of this survey is to study the cross-correlation
between LAEs and QSO at redshift 2.2. For this we make use of photometric narrow
band observations to measure Lyα and broad band photometry to measure the contin-
uum of our candidates. The narrow band data comes from observations using T80Cam
at the Observatio Astrofísico de Javalambre (OAJ). For the continuum detection we
use the Hyper Suprime Cam (HSC) broad bands (Aihara et al., 2018). Therefore,
HiRULE footprint is the overlap between the OAJ narrow band observations and HSC.
The effective sky coverage of HiRULE is ∼ 9.3 deg2. The detection threshold (signal
to noise ratio = 5) in this field is magnitude ∼ 22 in the narrow band. After reducing
the data we make our LAE candidate selection. This selection is based mostly on color
cuts. We recover a total of 707 LAE candidates all over the HiRULE footprint. We
compute the observed luminosity function of our LAE candidates and we find a very
good agreement with other works in the literature. HiRULE is at an early stage and
we will continue working on it.

All together, we have focused our efforts on understanding the effects of the Lyα
radiative transfer on Lyα selected samples. We conclude that the Lyα RT inside the
interstellar and intergalactic medium determines which galaxies are observed as LAEs.
One one hand, the Lyα RT inside galaxies selects metal-poor galaxies with moderate
star formation rate. On the other hand, the RT in the IGM selects galaxies in regions
that are more transparent. This modifies the clustering of LAEs during and after
the reionization of the Universe. In the post-reionization epoch, the coupling of the
Lyα observability and velocity causes a non-linear boost in the clustering at large
scales. The modeling of this feature will be of extreme importance in the up coming
cosmological surveys using LAEs as tracers of the large scale structure of the Universe.
Meanwhile, during the epoch of reionization, the local fraction of neutral hydrogen
topology the modifies the spatial distribution of LAEs. Therefore, the clustering of
LAEs is a promising tool to constrain the history of reionization of the Universe.

7.2 Future work

In this thesis we have studied how to implement the Lyα radiative processes in cosmolog-
ical simulations. The methodology presented here can be applied to other cosmological
simulation with a modest computational cost. This opens a wide variety of possibilities
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to future projects.

Chapters 5 and 6 present work in early stages of development, and thus with great
potential for exploring new avenues of research. Here we list some ideas to improve
and develop the work presented in these chapters as immediate future work. Then, we
also list some other ideas the future.

1. Improving our model of the epoch reionization: The model, as presented
in Chapter 5 can be easily upgraded. As discussed, some over-simplistic assump-
tions can be easily revised.

The redshift of the Universe evolve along the line of sight of our box. However, we
assume that the comoving density field, velocity field and galaxy population are
constant in our simulation box. Some evolution in each of these properties from
z = 5.7 to 7.9 (the edges of our box) is expected. In particular, the comoving
density field is smoother at higher redshifts, as structures collapse hierarchically.
This also affects the galaxy population. Less galaxies are formed at higher
redshifts. Additionally, galaxy properties, such as metallicity or stellar age, also
evolve with redshifts.

To overcome this caveat we plan to compute the IGM properties to all the snap-
shots available of P-Millennium between redshift 5.7 and 7.9. Then we will also
run GALFORM for each of these snapshots. Finally, we will build a new simulation
box. In this new box the properties of the IGM and galaxies will depend on
the distance along the line of sight through its redshift dependence. In this way
the IGM density field will be smoother at the further edge of the box. At the
same time, the galaxy population will be more evolved at the close edge of the box.

Overall, we expect that the main trends shown here remain after improving our
model. Our models, however, will be more robust and the galaxy properties will
be better determined. This will allow us to study the properties of those galaxies
that even if they are hosted in HI clumps, they are still observed as LAEs. These
galaxies are very interesting, as they constitute the most extreme LAEs at a very
early epoch of the Universe.
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2. Cross-correlation between LAEs and HI 21cm emission: Once our model
at the epoch of reionization is refined we can also study the cross-correlation with
21cm emission. This radiation is produced by atomic hydrogen. In particular,
the emission comes from transitions between hiperfine structure energy levels of
the hydrogen atom (see Pritchard and Loeb, 2012, for a review). Therefore, its
brightness is proportional to the neutral hydrogen number density.

During the epoch of reionization a significant fraction of the Universe is in a
neutral estate. This produces that the 21cm radiation is very strong and heavily
correlated with HI clumps. Meanwhile, at the same epoch, LAEs avoid neutral
regions and tend to inhabit HII bubbles. Therefore, the computation of their
cross-correlation can cast additional light about the history of reionization of
the Universe. The predictions of our model might have a great impact in the
forthcoming SKA (Square Kilometer Array, Koopmans et al. (2015)) project,
which will measure the 21cm radiation from the cosmic dawn to reionization.

3. HiRULE: Our survey is at an early development phase and there is much and
more to improve and do. We plan to i) improve the measurements of LLyα by
using more sophisticated methods (e.g. Vilella-Rojo et al., 2015); ii) to extend
the sky coverage of HiRULE; iii) estimate the completeness and contamination of
HiRULE; iv) compute the angular auto-correlation function of LAEs; v) compute
the cross-correlation function between LAEs and QSO in the HiRULE footprint;
vi) and to study the Lyα florescence around the QSO found in HiRULE footprint.
We expect our measurements to complement those produced by the HETDEX
survey (Hill et al., 2008a).

4. Upgrade FLaREON: Up to now most of the observational studies of Lyα line
profiles have focused on the Lyα line profile integrating all the Lyα light of a
source (e.g. Gronke, 2017). However, in the future, new instruments will allow
us to study the Lyα line profile at different regions of the source. In this way
it will be crucial to understand how the Lyα line profile evolves from inner to
further regions.

This can be easily studied with the radiative transfer Monte Carlo code LyaRT, the
progenitor of FLaREON. Later on, we can use the same approach as in Chapter 3
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to implement this into FLaREON. Some early results point out that the radial
evolution of the line profile is quite complex and it depends on the gas geometry
assumed. Therefore, a rigorous comparison between observational data and a
proper model can help to unveil the outflow geometry driving the escape of Lyα
photons.

5. Cross-correlation between LAEs and QSO: There are two main kinds of
LAEs: i) star forming galaxies and ii) galaxies with an active nuclei (AGNs).
Some observational studies have found that star forming LAEs populate the
intermediate and low brightness range of the LAE LF, while AGNs selected by
their Lyα populate the bright end (e.g. Konno et al., 2016).

The Lyα production mechanism is different for each LAE population, as well as
the interstellar environment. This causes differences between the properties of
the Lyα that emerges from the galaxies and enters intro the IGM. In particular,
the Lyα line profiles produced by outflows driven by star formation (as the those
studied in this thesis) have up to a few angstroms of width (see Fig. 1.16). In
comparison, the Lyα line profile of QSOs tends to be broader (about a few tens
of angstroms) and more redshifted (Corbin, 1995).

The differences in width and redshift of the Lyα line before entering into the IGM
are crucial. As QSO Lyα lines are broader and more redshifted, in principle, they
are less attenuated by the IGM. This would lower the coupling between IGM
properties and Lyα observability. Basically, we expect that the AGN LAEs are
almost independent to the IGM, even at the highest redshift, while star forming
LAEs are coupled to their environment.

Moreover, this would cause that LAEs with moderate Lyα luminosity and LAEs
with bright Lyα flux inhabit slight different regions of the Universe, as star
forming LAEs prefer regions with Vz > 0. This would lower the cross-correlation
amplitude between QSO and star forming LAEs (even if both are detected using
Lyα). In particular, the greater is the coupling of the IGM with star forming
LAEs, the lower should be the cross-correlation.
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We plan to incorporate QSOs in our models to be able to make this study. Finally,
if there is a lower coupling (or no coupling at all) between bright LAEs (QSOs)
and the IGM large scale properties, then, the clustering of AGN LAEs would
not be distorted at large scales. This would relax the complexity of extracting
cosmological information from bright Lyα selected samples.

7.3 Final remarks

This thesis focus on the selection function of the galaxy population known as Lyman-
α emitters at several cosmic epochs. Our predictions highlight the importance of
including the Lyα radiative transfer in the analysis of cosmological surveys tracing
the Universe with Lyman-α emitters. The methodology presented here includes the
complex multi-scale problem of the Lyα radiative transfer by implementing, at the
same time, scales of the interstellar and intergalactic medium. This approach will
be very useful to produce realistic mocks for forthcoming surveys such as J-PAS and
HETDEX. Moreover, as a product of our research we have designed FLaREON, an open
source code that predicts the properties of the Lyα emerging from galactic outflows.
FLaREON will assist researchers to interpret Lyα line observations. Additionally, we
have demonstrated that the study of Lyman-α emitters during the epoch of reionization
cloud expand our knowledge about the Universe in the future.
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