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Cover image: Composite image of Mrk1486, a nearby star-forming galaxy located at
z ∼ 0.0338 and observed with the Hubble Space Telescope in 2012. Mrk1486 has a
disk shape which is seen edge-on on this image. The green channel shows the UV con-
tinuum emission from the young and massive stars of the galaxy. The red color shows
the continuum-subtracted Hα emission, which traces the ionized hydrogen nebulae (as
the result of star formation) in which both Hα and Lyα photons are produced. Finally,
the blue color shows the continuum-subtracted Lyα emission of the galaxy. As most
of the Lyα-emitting galaxies identified in the Universe, the Lyα emission of Mrk1486
is very extended and emerges into a large Lyα-halo that surrounds the galaxy. This
is the result of the resonant scattering process experienced by Lyα photons on neutral
hydrogen.



Abstract

This thesis focuses on the intrinsically strongest spectral signature of star-
forming galaxies: the Lyman alpha recombination line of the hydrogen atom
(hereafter Lyα). Located at the wavelength of λLyα = 1215.67 Å in the rest-
frame far-ultraviolet spectra of star-forming galaxies, the Lyα line proves to
be a vital tracer and a powerful emission-line window to discover and to study
the remote young star-forming galaxies of the early the Universe.

Although intrinsically very strong, the Lyα line is also a resonant line. As
a consequence, the transport of Lyα photons inside the interstellar medium
(ISM) of star-forming galaxies is very complex and depends on many ISM
quantities (HI mass, dust content, HI gas kinematics and ISM clumpiness).
All this process has serious effects on the emergent features of the Lyα line
(strength, equivalent width and line profile) that need to be understood for
ensuring a proper interpretation of all very promising Lyα-oriented studies
in astrophysics and cosmology. This is precisely the aim of this thesis to go
deeper into our understanding of the complex radiative transport experienced
by the Lyα line in star-forming galaxies.

In this work, we carry out both numerical and observational studies of Lyα

transport inside the ISM of galaxies.
In Paper I and II, we perform detailed numerical studies that examine the

effects of a clumpy ISM on the strength and the shape of the Lyα line. Al-
though poorly studied until now, the effects of a clumpy ISM on Lyα have
been routinely invoked to explain the origin of anomalously strong Lyα line
observed from high-redshift galaxies. Some analytical studies suggest indeed
an higher transmission of Lyα photons over UV continuum ones from clumpy
ISMs, resulting in an enhanced Lyα equivalent width EW(Lyα). Our results
show that although clumpiness facilitates the escape of Lyα , it is highly un-
likely that any real ISM should result in any enhancement of EW(Lyα). Other
possible causes are discussed in our papers, leading to the conclusion that
the observed high EW(Lyα) are more likely produced by cooling radiation
or anisotropic escape of Lyα radiation.

Both Paper III and IV are related to the LARS project. This is an am-
bitious observational program in which 14 nearby star-forming galaxies have
been observed with the Hubble Space Telescope (HST) with the aim to investi-
gate how Lyα is transported out of galaxies and what effects each ISM quantity
produces on the Lyα line. While Paper III examines the Lyα properties and
morphology of individual galaxies, Paper IV presents a detailed study of the
surprising Lyα emission line of Mrk1486 (the fifth galaxy of the sample).
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1. Introduction

The general context to which this thesis belongs is understanding both the
formation and the evolution of galaxies, one of the illuminating questions of
the modern astrophysics. Since the final decade of the 20th century, and the
first observations of the "Hubble Deep Field" with the Hubble Space Telescope
(HST), a new era in the exploration of the distant Universe has begun. Nowa-
days, several thousand of quasars and galaxies at distances corresponding to
an epoch when the Universe was 5 % of its current age have been identified,
allowing astronomers to constrain more accurately their models of galaxy for-
mation and evolution. Among the observational tools at the origin of this great
advance for probing the remote young galaxies of the early Universe, the use
of the intrinsically strongest spectral signature of these objects: the Lyman
alpha recombination line of hydrogen (hereafter Lyα).

Produced by the most widespread chemical element of the Universe when
the electron makes the transition from the first excited state to the ground-state
(see figure 1.1), the role played by the Lyα line for galaxy and cosmology re-
search is enormous. Thanks to its convenient rest-frame wavelength of 1215.67
Å (making it accessible for optical and near-infrared ground-based telescopes
when observing targets in the far Universe) and its brightness in the spectra of
star-forming galaxies, the Lyα line proves to be a vital tracer and a powerful
emission-line window to discover and to study the young and primordial star-
forming galaxies of the distant Universe. In this way, combined to the advent
of the new generation of very large optical telescopes (VLT, SUBARU, KECK)
and the development of very sensitive cameras since the 90’s, the use of this
bright hydrogen line has allowed both the detection of thousands of galaxies
over a large distance range (Hu and Cowie, 1998; Cowie et al., 2010; Dehar-
veng et al., 2008; Ouchi et al., 2010; Shimasaku et al., 2006) and the study of
their physical properties from the analysis of the Lyα line’s features. More-
over, the Lyα line is widely used by astronomers for cosmological purposes,
such as tracing the large scale structure of the Universe, studying the end of
the "Dark age", probing the ionization state of the intergalactic medium (IGM)
and the epoch of the cosmic reionization (Kashikawa et al., 2012; Malhotra
and Rhoads, 2004; Ouchi et al., 2010).

All the potentials and the versatility of the Lyα line for astrophysical and
cosmological studies is undeniably remarkable, but must necessarily rely on a

1



Figure 1.1: Electronic transitions of the hydrogen atom: when a proton cap-
tures an electron, the newly formed hydrogen atom is in an excited state. The
electron thus falls down to lower energy orbitals before reaching the first (ground)
state of the hydrogen atom (n=1). For each electronic transition, the difference of
energy is reemitted in the form of a photon. In particular, the transition between
the first excited state (n=2) and the ground-state produces a Lyα photon (λLyα

= 1215.67 Å). In the same way, the transitions between both the second and the
third excited states to the first one produce a Hα photon (λHα = 6562.8 Å) and a
Hβ photon (λHβ = 4861.1 Å), respectively.

good astrophysical understanding of all processes that regulate the Lyα line of
distant star-forming galaxies. The latter remains however subject to numerous
incoherence today, questioning seriously the reliability of all our interpreta-
tion based on the Lyα line. Indeed, since the first theoretical predictions of
Partridge and Peebles (1967) on the presence of a bright Lyα emission line
in the spectra of young and primordial galaxies, several questions have been
accumulated from observations of local and remote star-forming objects. In
particular, while intrinsically very bright, how can we explain that the spectra
of a large fraction of very active star-forming galaxies show no evidence of
Lyα emission (or even a pronounced Lyα absorption feature)? What physical
quantities control the Lyα line’s properties (strength and line profile) in the
interstellar medium (ISM) of galaxies? What do explain the strong discrepan-
cies that exist between the theoretical predictions of the Lyα strength and the
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ones observed from star-forming galaxies? It is vital that these problems be
understood nowadays, all the more when studying the physical properties of
distant galaxies from which the Lyα line may be among the only observables
available. Despite several discoveries accumulated during these last twenty
years, there is still a long way to go before getting a definite answer to all
these questions. This is precisely the aim of this thesis to go further into our
understanding of both the complex transport and the changes that the Lyα line
experiences within star-forming galaxies.

1.1 This thesis: studying Lyα radiative transfer in star-
forming galaxies

The complex physics of the Lyα line is at the origin of these observational
complications. More precisely, the Lyα line is distinguished from all other
recombination lines of the hydrogen atom. Due to the particular electronic
transition that gives rise to Lyα photons (see Fig. 1.1), the Lyα line turns out
to be a resonant line. As a consequence, a Lyα photon is very likely to be
absorbed by any neutral hydrogen atom located along its trajectory. This ab-
sorbing atom is then excited (to the first excited state) and instantly falls down
into the ground-state, re-emitting the Lyα photon in a random direction and
with a slightly different frequency. This is called a resonant radiation process.
In the ISM of a galaxy, particularly rich in neutral hydrogen gas, the result of
this resonant scattering is a longer path length which increases the probability
that a Lyα photon be destroyed by a dust grain or other chemical species (H2
molecules, deuterium atoms). Moreover, this very complex transport has many
consequences on the visibility, the strength and the shape of the emergent Lyα

line that need to be understood in order to interpret accurately the Lyα line of
distant galaxies. Therefore, the main questions to answer is under what con-
ditions a galaxy may be bright in Lyα , and how to interpret and calibrate the
Lyα line to derive accurately any property of the host galaxies.

This thesis is structured as follows. In Chapter 2, we give a general presen-
tation of the distant and primordial star-forming galaxies of the early Universe.
More precisely, we first highlight the time period in which both the formation
and the evolution of galaxies occur in the history of the Universe. Then, we
explain in more details the nature of the most important spectral features of
distant star-forming galaxies. In Chapter 3, we focus on the Lyα line of the
remote young galaxies, where we give an overview of the enormous potential
of the Lyα line for both galaxy and cosmology research. In connection with
the articles presented at the end of this thesis, Chapter 4 presents our current
knowledge of the Lyα radiative transfer in the ISM of local and distant galax-
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ies. Finally, in Chapter 5, we provide a more detailed summary of the physics
of the Lyα line. In particular, all elements tackled in this chapter have been in-
cluded in a Lyα radiative transfer Monte Carlo code MCLya (Verhamme et al.,
2006) that has been used throughout each paper presented in this thesis.
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2. Galaxy evolution and spectral
features

The population of distant star-forming galaxies constitutes a central ele-
ment of this thesis. Throughout this section, we first highlight the time period
in which both the formation and the evolution of galaxies occur in the his-
tory of the Universe. That will allow us to specify the exact cosmic time we
will focus on throughout this thesis. Second, we explain both the nature and
the physical mechanisms at the origin of the most important spectral features
of distant star-forming galaxies. In particular, we will focus on the ones as-
tronomers commonly used to detect and to investigate the physical properties
of these objects.

2.1 From the Big Bang to the present-day Universe

The history of the Universe shows radically different phases that succeeded
one another before reaching the present-day Universe we observe today. These
different phases are illustrated in figure 2.1. We describe below each step in
more details.

After the Big Bang, the Universe was extremely hot, dense and completely
ionized. More precisely, it consisted in a dense plasma of electrons and protons
which was effectively opaque to any radiation1. As the Universe expanded,
the temperature of the plasma decreased and reached about 3000 K when the
Universe had aged to 380 000 years. At such a temperature, electrons got
captured by protons, leading to the formation of the first Hydrogen (HI) and
Helium (He) atoms of the Universe (75% of Hydrogen and 25% of Helium in
terms of mass). Most of the newly formed atoms were neutral at the end of
this process and the photons started traveling freely through the neutral gas:
the Universe became transparent. This phase is known as the Recombination
of the Universe and is observed at the redshift2 z = 1100 today (see figure 2.1).

1All photons scattered continuously on both the free-electrons and the free-protons
of the primordial plasma, preventing them from traveling freely through the Universe.

2Due to the expansion of the Universe, the electromagnetic radiation from a distant
source of light is increased in wavelength. The redshift z measures this spectral shift
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Figure 2.1: Evolution of the Universe from the Big Bang (left) to our time (right).
Time is represented in the horizontal axis and is increasing to the right. The
different phases of the Universe are shown in this diagram: the Recombination
of the Universe that occurred 380 000 years after the Big-Bang (at the redshift z
∼ 1100), the Dark age which had continued until the formation of the first stars
and galaxies (at about 400 millions years after the Big Bang, at z ∼ 10), and the
Reionization of the Universe, that occured few million years after the formation
of these primordial objects (the reionization of the intergalactic medium probably
ended about 800 million years after the Big Bang, at z ∼ 7).

The rest-frame spectral energy distribution (SED) of this primordial radi-
ation of the Universe corresponds to the one of a black body heated at about
3000 K (i.e. the temperature of the Universe at the epoch of the Recombi-
nation). Nowadays, due to the expansion of the Universe, these "free" pho-
tons are mostly detected into the Microwaves field and constitute the so-called
"Cosmic Microwave Background" (CMB) radiation. Different space missions
have already studied the CMB with a great sensitivity and resolution, such as

by the relation: λ /λ0 = 1 + z, where λ0 is the rest-frame wavelength of the radiation
and λ is the observed one. Moreover, given that the redshift is directly related to
the cosmic scale factor R(t) (which represents the relative expansion of the Universe),
this parameter can be seen as a tool to estimate both the distance and the time in the
Universe. Its value is z = 0 in the local Universe, and it increases with the distance of
the object.
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the COBE, WMAP and PLANCK missions (Bennett et al. 2012, Planck Col-
laboration et al. 2013). In particular, all these missions revealed very weak
temperature fluctuations in different regions of the early Universe. These vari-
ations in temperature prove to contain an incredible amount of information on
the young Universe. They also correspond to the initial density fluctuations
that gave rise to the formation of the structures we observe today (galaxies,
galaxy clusters, voids and filaments).

Besides the CMB itself, the Recombination also marked the epoch where
the first Lyα emission line of hydrogen was emitted in the history of the Uni-
verse. Indeed, the formation of the first hydrogen atoms was accompanied by
the emission of all recombination lines of this element through the cascade of
the electron to the ground state. Nowadays, the consideration of such a pri-
mordial Lyα emission is important to correct any distortion produced by the
Hydrogen recombination lines on the CMB. We show in figure 2.2 the total
contribution of this early Lyα emission to the CMB, as estimated by Wong et
al. (2006). According to these predictions, the intensity of the primordial Lyα

emission is relatively weak (i.e. almost 5 order of magnitude less bright than
the Cosmic Infrared Background1, CIB), making its detection in far-infrared
wavelengths extremely challenging.

After the Recombination, the Universe entered in a second phase: the Dark
age. During this period, the Universe was only composed of cold and neu-
tral gas whose distribution followed the one of the dark-matter (thus creating
the so-called "cosmic-web"). At that time, the Universe remained completely
transparent to any radiation and no noticeable source of light was formed (de-
spite the formation of some exotic objects, such as the population III stars; see
section 3.2.5). In this way, the Dark-age had lasted for few million years, until
the formation of the first stars and galaxies at about 400 million years after the
Big Bang (corresponding to the redshift z ∼ 10).

The first galaxies of the Universe are believed to form by gravitational col-
lapse of neutral hydrogen clouds inside massive dark-matter haloes. Given
the very turbulent conditions in which these primordial objects were formed
(i.e. experiencing multiple mergers and accreting a large amount of neutral gas
over a large cosmic time; White and Rees 1978, Kereš et al. 2005, Brooks et al.
2009, Dekel et al. 2009), the first models of galaxy evolution suggested that the
remote young galaxies of the Universe were experiencing intense star-forming
events within them (Partridge and Peebles, 1967; Meier, 1976). Nowadays,
such a property of primordial galaxies has been confirmed by a large num-
ber of observations of these distant objects (Madau et al., 1996). Therefore,

1As the CMB, the Cosmic Infrared Background (CIB) is an infrared radiation
coming from all directions in the Universe. Its brightness is mostly due to the bright
infrared radiation of both distant star-forming galaxies and quasars.
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most of the remote young galaxies were intense star-forming galaxies in which
very massive and short lifetime stars (O, B and A type stars) synthesized very
quickly the large amount of heavy elements1 and dust we now observe in the
ISM of evolved galaxies in the local Universe.

Besides the production of heavy elements, the high flux of all primordial
objects shortward of the Lyman limit2 (i.e. the Lyman continuum at λ < 912 Å)
also contributed to ionize the remaining neutral gas of the intergalactic medium
(IGM) of the Universe. This process marked the beginning the Reionization
of the Universe (see Fig. 2.1). It built the Universe we observe today, that
is composed of evolved galaxies embedded in a warm, tenuous and ionized
IGM. The Reionization of the IGM probably ended about 800 millions years
after the Big Bang, that is at the redshift z ∼ 7 (Ouchi et al. 2010, Malhotra et
al. 2004), but large uncertainties still remain on the exact chronology of this
process.

While each phase of the Universe history has been subject of deep obser-
vational studies, either the exact chronology or the mechanisms at the origin of
these events still remain unclear nowadays. In such a context, the strong Lyα

emission line of the primordial star-forming galaxies appears as a very pow-
erful tool to study the most relevant phases of the evolution of the Universe:
the end of the Dark-age, the formation of the first objects, the ionization state
of the IGM and the epoch of the reionization of the Universe. Throughout this
thesis, we thus focus on a very large period of the evolution of the Universe,
that is from the formation of the first galaxies (at z ∼ 10) to the present-day
Universe.

2.2 Spectral features of distant star-forming galaxies

Identifying and studying the physical properties of distant star-forming galax-
ies is a fundamental key to figure out both the evolution of galaxies and the
main phases of the evolution of the Universe. Nevertheless, these different
tasks must necessarily rely on a good understanding of the spectral features
that characterize these distant objects. The SED of distant star-forming galax-
ies shows a multitude of bright and pronounced features at different wave-
lengths. In addition to a very bright UV continuum, which can dominate the
SED of these galaxies, numerous emission lines emerge with a large flux over

1The heavy elements correspond to all chemical elements heavier than hydrogen
and helium atoms.

2The Lyman limit corresponds to the wavelength λ = 912 Å. A photon of this
wavelength has the minimum energy needed to ionize a hydrogen atom (i.e. E ≈ 13.6
eV).
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Figure 2.2: Line intensity of Hydrogen (the sum of Lyα line and two photon
emission, see chapter 5) and Helium lines together with different background
spectra: the CMB (long dashed line) and the CIB (dot-dashed line). The sum of
all the above emission lines of Hydrogen and Helium plus the CMB is also shown
in this figure (thin solid). That allows us to visualize the distortion produced by
the diverse recombination lines of HI and He to the CMB.

a small wavelength interval (see figure 2.3). This subsection explains both the
nature and the origin of the most important spectral features of distant star-
forming galaxies. In particular, we will focus on the most commonly used
ones to detect and to derive the physical properties of these objects: the Lyα ,
Hα and Hβ emission lines, the "forbidden" emission lines of heavy elements
and the "Lyman break" at 912 Å.

2.2.1 The Lyman α line

The Lyα line is a recombination line of the hydrogen atom, corresponding to
the electronic transition between the first excited state and the ground-state of
this atom (see Fig. 1.1). Located at the rest-frame wavelength λLyα=1215.67 Å
(Far-UV field), the Lyα line is a very strong spectral signature of star-forming
galaxies when emitted (Partridge and Peebles, 1967; Charlot and Fall, 1993;
Schaerer, 2003).

As most of the emission lines observed in the SEDs of starburst galaxies,
the Lyα line forms essentially through recombination of hydrogen atoms in-
side the numerous HII regions that surround the most massive and hottest stars
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Figure 2.3: Rest-frame composite spectrum of a sample of distant starburst
galaxies located in the redshift range 2<z<5. All spectra were taken from the
FORS Deep Field spectroscopic survey (Noll et al., 2004). The main spectral
features of distant starburst galaxies are shown in this spectrum : a bright far-
ultraviolet radiation, the presence of numerous emission lines (of hydrogen and
heavy elements) and the "Lyman break" shortward of 912 Å.

of these galaxies (O and B type stars). These stars emit indeed a large amount
of ionizing photons shortward of the Lyman limit which allows them to ionize
the surrounding ISM neutral hydrogen gas. Analyzing in detail the recombina-
tion process in HII regions (case B of the recombination theory1; Osterbrock
1989), it turns out that two-third of the Lyman continuum photons produced
by stars are converted into the Lyα line in star-forming galaxies (see chapter 5
for more details). This line thus becomes the intrinsically strongest hydrogen
recombination one produced in ionized nebulae.

Given the high intrinsic strength of the Lyα line in HII regions, numerous
analytical and numerical studies have examined details of the intrinsic features
of the Lyα line in star-forming galaxies, such as the Lyα equivalent width2

1The case B of the recombination theory assumes that the newly formed Lyα

photons are always re-absorbed by the neutral hydrogen atoms of the HII region. It is
the optically thick case, the most likely configuration in a HII region.

2The equivalent width of a line measures the ratio of the integrated luminosity of

10



Figure 2.4: Predicted temporal evolution of the Lyα equivalent width EW(Lyα)
of the nebular emission for instantaneous burst (solid lines) and constant star
formation (dashed lines). It is assumed here that all ionizing photons emitted
by the stellar population (i.e. at wavelength λ < 912 Å) contribute to ionize
hydrogen atoms in the HII region. The dash-dotted lines show the total EW(Lyα)
(nebular + stellar) for constant star formation. Three different metallicities are
shown in this figure : Z = 0.02 (solar metallicity, black), 0.004 (red) and 0.0004
(blue). A Salpeter IMF is assumed in these models. Although not explicitly
indicated in this figure, the Lyα line always appears in emission in all cases
(i.e. EW(Lyα) > 0 Å) except for an instantaneous burst where EW(Lyα) may
become negative after ∼ 50 Myrs (due to the stellar Lyα absorption component
of the B-type stars). Source : Schaerer and Verhamme (2008)

EW(Lyα), the Lyα luminosity and the time scale of the Lyα emission. Dur-
ing the 1960s, the first calculation of Partridge and Peebles (1967) highlighted
the possible strong luminosity of the Lyα line in the SEDs of primordial star-
forming galaxies. Although based on simplified assumptions (such as assum-
ing that each recombination of hydrogen atoms leads to the emission of a pho-
ton in the Lyman series, or reproducing the radiation of O and B type stars
by a simple black-body emission), their model predicted that ∼ 7 % of the to-

the line over the monochromatic luminosity of the continuum : EW = Lline/Lcontinuum.
Lline can be expressed in erg.s−1 and Lcontinuum in erg.s−1.Å−1. The equivalent width
of a line is thus expressed in Angstrom unit. It is positive for emission lines and is
negative for absorption ones.
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tal bolometric luminosity of star-forming galaxies might be contained into the
intrinsic Lyα line. Nowadays more complex numerical studies that include
more realistic synthetic stellar atmosphere and evolution models have been
carried out over the last two decades (Charlot and Fall, 1993; Schaerer, 2003).
All these recent numerical simulations still predict a very strong intrinsic Lyα

emission line in star-forming galaxies, as shown in figure 2.4 (Schaerer and
Verhamme, 2008). For different stellar metallicities1 Z and star formation
histories for the host galaxy, the intrinsic Lyα equivalent width EW(Lyα) is
predicted to be as high as 240 Å (for normal stellar metallicities; i.e. popula-
tion I stars) or 360 Å (for very metal-poor stars; i.e. population II stars) before
declining due to both the decrease of the Lyman continuum flux and the aging
of the stellar population. Therefore, the Lyα line appears as a strong probe
of the stellar formation activity in galaxies, which explains its importance for
detecting and studying high-redshift star-forming galaxies.

However, although intrinsically very bright, the Lyα line’s strength is also
its weakness as neutral hydrogen is very likely to absorb it. As mentioned
above, Lyα photons undergo a complex resonant radiation process in the ISM
of starburst galaxies, which has strong consequences on the observed features
of the Lyα line (luminosity, EW(Lyα), line profile). Such a complex radiative
transport of the Lyα line has to be taken into account to derive correctly its
intrinsic features and study more accurately the physical properties of distant
star-forming galaxies (age of the starburst, star formation rate, dust attenuation,
ect.).

2.2.2 The Hα and Hβ lines

Both the Hα and the Hβ lines are recombination lines of the hydrogen atom.
They correspond respectively to the electronic transition between the second
and the third excited state to the first one of this atom (see Fig. 1.1). Their
rest-frame wavelength is λHα = 6562.8 Å and λHβ = 4861.1 Å, respectively.

Although intrinsically weaker than the Lyα line2, both the Hα and the Hβ

lines have the advantage of not being resonant transitions. The resonant scat-
tering from the first excited state of the hydrogen atom is indeed negligible in
the ISM of galaxies. Therefore, both the Hα and the Hβ lines are only af-

1The stellar metallicity (Z) measures the mass proportion of "heavy elements"
(elements heavier than hydrogen or helium) in stars. Usually, the metallicity of stars
are compared with the solar value (Z�).

2According to the recombination process in HII regions (case B of the recombi-
nation theory; Osterbrock 1989), the Lyα flux is higher than both the Hα and the Hβ

flux in such ionizing hydrogen nebulae. The expected intrinsic flux ratio are around:
Lyα/Hα ∼ 8.7 and Lyα/Hβ ∼ 27.
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fected by dust attenuation, allowing them to escape from star-forming galaxies
more easily than the Lyα line. As a consequence, when observed, both Hα

and Hβ lines constitute a good alternative to the Lyα line in order to detect
distant star-forming galaxies (Hayes et al., 2010) and to derive precisely their
physical properties.

2.2.3 Forbidden lines of heavy elements

While the recombination process leads to the formation of strong hydrogen
recombination lines in HII regions, collisional excitations are at the origin of
the formation of strong "forbidden" lines of heavy elements in ionized nebula.
Among the forbidden lines that appear in the UV, optical and NIR fields of
the SED of star-forming galaxies, we can easily distinguish the following ones
(see Fig. 2.3): O[III]λλ4959,5007; O[II]λλ3726,3729; N[II]λλ6546,6583;
Ne[III]λλ3869,3968 and S[II]λλ6731,6716 Å. Furthermore, besides the "for-
bidden" lines, a multitude of "semi-forbidden" and "permitted" lines of heavy
elements also appear in the SED of star-forming galaxies. Nonetheless, most
of them are relatively faint and can only be observed under long exposure spec-
troscopic observations (i.e. such as the "semi-forbidden" and "permitted" lines
of OII, CII, CIII, CIV).

Besides using the brightest forbidden optical lines for detecting starburst
galaxies at various redshifts (Maschietto et al., 2008; Tadaki et al., 2012), as-
tronomers pay a special attention to these lines for studying the physical con-
ditions in ionized nebulae. In particular, comparing observations to different
nebular models, the analysis of some forbidden lines allows to derive the chem-
ical composition of the ionized nebulae, the electron temperature, the electron
density, as well as the nature of the excitation source in the host galaxy (Star-
burst or Active Galactic Nucleus; Baldwin et al. 1981, Veilleux et al. 1987,
Stasinska et al. 2006).

2.2.4 The Lyman break at 912 Å

Besides the strong emission lines that compose the SED of distant star-forming
galaxies, the observed far-UV continuum exhibits a strong break at the Ly-
man edge (i.e. at about 912 Å). As shown in figure 2.5, the spectral flux can
drop almost to zero shortward of this limit. This step down, commonly named
"Lyman-break", is due to the strong absorption of the Lyman continuum pho-
tons by the neutral hydrogen atoms located either in the stellar atmosphere, the
ISM of the galaxy or the IGM.

Depending on the physical properties of the host galaxy, the Lyman-break
might be more or less pronounced in the observed SED. At a first estimation,
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Figure 2.5: Composite rest-frame spectrum of deep z ∼ 3 star-forming galaxy
spectra (Shapley et al., 2006). This figure represents the average Far-UV spec-
trum of those galaxies between the Lyman continuum at λ = 800 Å and λ =
1500 Å. An important break of the UV continuum flux can be easily observed
shortward of 912 Å and 1216 Å.

the amplitude of the Lyman break depends mostly on both the UV luminos-
ity and the neutral hydrogen mass of the galaxy. The total mass of a distant
star-forming galaxy thus becomes an important parameter in the detection of
the Lyman break. Indeed, low mass high-z galaxies tend to have very faint UV
luminosity and low HI mass which prevents any observer from detecting both
the UV continuum and the Lyman-break of these objects. However, large and
massive star-forming galaxies (as shown in Fig. 2.5) are very likely to exhibit
both high HI mass and intense star formation activities within them. Such in-
tense star-forming activities must lead to a very bright UV continuum emission
which renders the Lyman-break particularly easy to detect.

A second pronounced step can also be observed shortward of the Lyα line
of the host galaxy (i.e. at the rest-frame wavelength λ < 1215.67 Å). This
attenuation is visible in figure 2.5, where the UV continuum flux shortward
of the Lyα line appears weaker than the one seen redward of the line. This
second attenuation is simply due to the foreground neutral hydrogen clouds of
the IGM. Those IGM clouds, located at any redshift z between the galaxy’s
redshift (zgal) and z = 0, are very likely to absorb a significant flux of the UV
continuum (emitted by the galaxy) at the Lyα wavelength in their own refer-
ential. As a consequence, each successive Lyα absorption reduces the spectral
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flux shortward of the Lyα line of the galaxy. Let’s remark that the density of
IGM clouds tends to increase with redshift (Kim et al., 1997, 2001). There-
fore, the amplitude of this second break increases with the redshift of the host
galaxy. In particular, for the farthest galaxies located at a reshift z correspond-
ing to an epoch earlier than the reionization, the observed UV continuum flux
shortward of the Lyα line is expected to completely drop to zero. This is the
so-called "Gunn-Peterson" effect (Gunn and Peterson, 1965).
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3. Exploring the distant Universe
through the Lyman-α line

Nowadays, the Lyα line has become the most powerful emission-line probe
of the high-redshift Universe. In this chapter, we give an overview of the enor-
mous potential of the Lyα line for both galaxy and cosmology research. First
of all, we discuss the different observational techniques which are commonly
used to detect high-redshift star-forming galaxies, focusing in particular on the
central role played by the Lyα line. Then, we explain how the Lyα line of
those galaxies can be used for astrophysical and cosmological purposes, when
inferring the star-formation rate (SFR) of distant galaxies, probing the ioniza-
tion state of the IGM or identifying the exact epoch of the cosmic reionization.

3.1 Finding distant star-forming galaxies

3.1.1 Selection by the Lyα emission line (LAE galaxies)

As Partridge and Peebles (1967) first suggested, the Lyα line presents many
advantages for the detection of high-redshift starburst galaxies. First of all, the
Lyα line constitutes a very strong intrinsic spectral signature of star-forming
galaxies with an intrinsic equivalent width up to 240 - 360 Å for normal stellar
populations (i.e. population I/II stars; Charlot & Fall 1993; Schaerer 2003).
Furthermore, thanks to its rest-frame wavelength of 1216 Å, the Lyα line is
shifted into the optical and near-infrared (Near-IR) wavelengths for galaxies
further away than z = 2.1, making ground based observations possible. For
several decades, astronomers have thus taken advantage of this strong emission
line to identify star-forming galaxies at different redshifts.

The technique that uses the Lyα emission line to detect high-redshift star-
burst galaxies is called the Narrow-band technique. Figure 3.1 presents a good
illustration of this method, showing the detection of a galaxy at redshift z =
6.96 thanks to its strong Lyα emission line (Iye et al., 2006). The idea of this
technique consists in making several images of the same field of sky: the first
one through a narrow-band filter centered at a wavelength λNF where the Lyα

line should be redshifted (ie. the filter NB973 in Fig. 3.1), and the other ones
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Figure 3.1: This figure shows the detection of a Lyα-emitting galaxy at z = 6.96
using the narrow-band technique (Iye et al., 2006). The upper panel shows a
clear flux excess through the narrow-band filter NB973, compared to the one of
the neighbouring broad-band filters (B, V , R, i′ and z′ broad-band filters). The
flux excess is due to the fact that the Lyα line of the galaxy is seen through
the filter NB973. The middle panel shows a zoom in the observed SED of the
galaxy (red line). The Lyα emission line of the galaxy appears at 9680 Å, which
confirms the detection of a high-z star-forming galaxy at z = 6.96. The bottom
panel just shows the different sky emission lines that are observed in the same
wavelength range.

through different broad-band filters which cover the neighbouring UV contin-
uum of the Lyα line (i.e. the filters B, V , R, i′ and z′ in Fig. 3.1). Measuring the
flux excess in narrow-band compared to the continuum broad-bands, a source
showing a high flux excess in the narrow-band filter is interpreted as a distant
galaxy whose strong Lyα emission line is seen through the narrow-band filter.
Such interpretation needs nevertheless more analysis before confirming the de-
tection of a distant galaxy. It is through a subsequent analysis of the SED of
this object that we can confirm the presence of a Lyα line through the narrow-
band filter (see figure 3.1, middle panel). In practice, astronomers agree on
the same threshold to select a galaxy candidatee on the basis of the flux ex-
cess observed in narrow-band. This threshold corresponds to the flux excess
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produced by a Lyα line showing a rest-frame equivalent width EW(Lyα) >
20 Å. Therefore, all galaxies detected with the Narrow-band technique show a
rest-frame EW(Lyα) > 20 Å and are commonly called Lyα emitters (LAEs).

Since the late 1990s, the detection of LAEs has become quite common with
more than three thousand spectroscopically confirmed LAEs until now. These
have been detected over a wide redshift range 0.02 < z < 7.62 (Hu and Cowie,
1998; Cowie and Hu, 1998; Kunth et al., 1998, 2003; Rhoads et al., 2000; Hu
et al., 2010; Ouchi et al., 2010; Taniguchi et al., 2003; Shimasaku et al., 2006;
Gronwall et al., 2007; Nilsson et al., 2007; Kashikawa et al., 2011; Hu et al.,
2004; Iye et al., 2006; Hibon et al., 2011; Schenker et al., 2014), although the
farthest ones have been mostly detected at some specific redshifts. Indeed,
the strong emission lines of the sky at the Near-IR wavelengths, such as the
OH lines, complicate the detection of the Lyα line when redshifted to such
wavelengths (i.e. for z > 5.7). Therefore, astronomers use different narrow-
band filters placed between the OH lines of the sky to detect LAEs, but such a
strategy strongly reduces the redshift ranges that are accesible to ground-based
telescopes1.

Although the Lyα emission line is nowadays an efficient tool to identify
distant star-forming galaxies, almost three decades had passed between the first
prediction of the existence of bright LAEs at high-redshift and the first detec-
tion of such galaxies. Indeed, all surveys using the narrow-band technique or
a spectroscopic approach between 2 < z < 6 had not given any LAE until the
late 1990s (e.g. Djorgovski & Thompson 1992; Pritchet 1994). At that time,
the lack of detection put into question all theoretical predictions on the pres-
ence of a strong Lyα line in the SED of high-redshift star-forming galaxies.
Nevertheless, thanks to the development of both very large telescopes (KECK
in 1996, VLT in 1998 and Subaru in 1999) and very sensitive CCD cameras,
the first detection of LAEs occurred in 1998 when Dey et al. (1998) and Hu and
Cowie (1998) found respectively one LAE at z = 5.34 and a small sample of
15 spectroscopically confirmed LAEs at z = 3.4 and 4.5. It is thus during this
last decade that we have detected all LAEs known to date (at redshifts 2 < z <
7.62 using ground-based telescopes, and at z < 2 using UV space telescopes;
Kunth et al. 1998, 2003, Deharveng et al. 2008, Cowie et al. 2010).

In parallel to the detection of LAEs, astronomers take an active interest in
studying the physical properties of these galaxies with the aim of constrain-
ing the models of galaxy evolution. The physical properties of LAEs are now
derived precisely thanks to deep observations of these objects (Boone et al.,
2007; Gawiser et al., 2007; Finkelstein et al., 2007; Tapken et al., 2007). Over-
all, LAEs are intrinsically small and very compact (with an effective radius

1The contamination of the sky emission lines renders the following redshifts more
easily accessible for ground-based observations: z = 4.5, 4.8, 5.7, 6.5, 7.7 and z > 8

19



R ∼ 0.6±0.1 kpc at z ∼ 6; Dow-Hygelund et al. 2007). They exhibit a low
stellar mass (between ∼ 108 and ∼ 109 M� at z ∼ 3, or between ∼ 106 and
∼ 1010 M� at z ∼ 5; Gawiser et al. 2007, Lai et al. 2007, 2008, Pirzkal et al.
2007), they are composed of young stellar populations (< 90 Myrs et z ∼ 3)
and they exhibit low dust attenuations (Gawiser et al., 2007; Lai et al., 2008)
(see table 3.1). Due to the low mass of these galaxies, LAEs have moderate star
formation rates (SFR) of about 10 M�.yrs−1 between z∼3 and z∼6 (Gawiser
et al., 2007; Lai et al., 2008; Nilsson et al., 2007). The observed Lyα equiv-
alent width of LAEs is able to reach > 200 Å (Malhotra and Rhoads, 2004;
Shimasaku et al., 2006), especially from the youngest and the most compact
ones (Finkelstein, 2010).

3.1.2 Selection by the Lyman Break technique (LBG galaxies)

As explained in section 2.2.4, the observed far-UV continuum of high-redshift
star-forming galaxies exhibits a strong discontinuity at the Lyman limit, at
about 912 Å (rest-frame wavelength). This spectral feature, also called "Lyman-
break", is caused by the absorption of all photons shortward of 912 Å by neu-
tral hydrogen atoms located either within the galaxy itself or along the line of
sight in the IGM.

The Lyman-break is shifted into the optical wavelengths for redshifts z >
3. Therefore, the use of ground-based optical telescopes makes the detection of
distant galaxies on the basis of this break possible. The Lyman Break technique
is the name given to this method. We give a good illustration of this technique
in Figure 3.2, where we show the detection of a z ∼ 3 galaxy thanks to this
spectral feature. In practice, this technique consists in observing the same field
of sky through different broad-band filters (U, G and R bands in Fig. 3.2).
Then, comparing the images each other, we can identify the objects which
appear through successive filters (G and R bands in Fig. 3.2) and disappear
through others because of the Lyman-break (U band in Fig. 3.2). The SED of
each object is thereafter analyzed in order to confirm the detection of a distant
star-forming galaxy on the basis of its strong Lyman break. The Lyα line
(either in absorption or in emission) is also identified in the SED to derive the
exact redshift of the galaxy.

All galaxies detected with the Lyman-Break technique are commonly called
Lyman break galaxies (LBGs). It is a very effective technique from which few
thousands LBGs have been identified until now. This method is currently used
to detect star-forming galaxies up to z∼ 9-12 (Oesch et al., 2013) and has been
used to identify a large number of galaxies at 1 ≤ z ≤ 8 (Steidel et al., 1996,
1999, 2003; Cooke et al., 2005, 2006; Bouwens et al., 2007, 2013; Madau
et al., 1996; Cristiani et al., 2000; Shapley et al., 2003; Ouchi et al., 2004a,b;
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Figure 3.2: The Lyman Break method. The upper panel shows the UV modelled
SED of a star-forming galaxy located at z ∼ 3 (black line). At this redshift, an
observer sees the Lyman-break at λ ∼ 3700 Å(red dashed line). Three differ-
ent broad-band filters are chosen to detect a galaxy at such a redshift: the U,
G and R broad-band filters, respectively centered at 3650 Å, 5100 Å and 6580
Å. The result of the Lyman Break technique is shown in the bottom panel (Bur-
garella et al., 2006): a z ∼ 3 starburst galaxy (in the circle) is detected thought
the G and R bands, but not in the U one because of the Lyman break. Source:
www.astro.ku.dk/jfynbo/pics/.

Verma et al., 2007; Ly et al., 2009, 2011; Bielby et al., 2012).

Regarding their physical properties, many differences appear with regard
to the ones of LAEs (see table 3.1). Besides the high star formation rates of
LBGs (between 10 - 100 M�.yr−1 at z ∼ 3; Giavalisco et al. 2002), these
galaxies tend to be older (< 300 Myrs at z ∼ 3; Shapley et al. 2001), more
massive (with ∼ 108 < M < 1011 M� between z∼1 and z∼4; Shapley et al.
2001, Verma et al. 2007, Gawiser et al. 2006, Elsner et al. 2008) and dustier
than LAEs (Gawiser et al., 2007, 2006; Pentericci et al., 2007; Kornei et al.,
2010). Furthermore, in the light of their high mass, LBGs tend to be spatially
more extended than LAEs (with a mean effective radius R∼1.8 kpc at z∼3, or
R∼ 0.8±0.6 kpc at z∼6; Akiwama et al. 2008, Bouwens et al. 2006). The two
observational selection techniques used to detect LBGs and LAEs may explain
the differences observed between the physical properties of these two popula-
tions of galaxies. Indeed, due to a spectroscopic magnitude limit of R ≤ 25.5
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for detecting LBGs at z∼ 3 (Shapley et al., 2003), the Lyman Break technique
tends to favor the detection of bright and massive (and possibly dustier) high-z
galaxies than the ones identified with the Narrow-band method.

Concerning the Lyα spectral feature of LBGs, a surprising diversity of
strengths is observed. While the Lyα line is the intrinsically strongest hydro-
gen emission line produced in star-forming galaxies, ∼ 25 % of LBGs at z ∼
3 emit a strong Lyα emission line that would satisfy the Narrow-band excess
criterion commonly used to identify LAEs (i.e. EW(Lyα) > 20 Å). The rest of
LBGs show either a weak Lyα emission line or a strong Lyα absorption line
(Shapley et al., 2003). What could explain this strong Lyα absorption in LBGs
? No clear answer have been reached so far. Nevertheless, it is important to
notice that LBGs showing a Lyα line in absorption tend to be more massive,
dustier and older than the ones showing a Lyα line in emission (Shapley et al.,
2003; Pentericci et al., 2007). This highlights the complexity of the Lyα radia-
tive transfer inside the ISM of star-forming galaxies, as discussed in chapters
4 and 5.

3.1.3 Other selection techniques

Although the techniques discussed above have let to the largest fraction of
high-redshift galaxies identified until now, other methods of detection exist
and lead to the identification of new galaxy populations.

- Selection by other emission lines (Hα , Hβ , O[II] and O[III] emitters)

Besides the Lyα line, a multitude of strong optical emission lines can be
used by astronomers to identify galaxy candidates at high-redshifts. In this
way, several surveys have already detected a multitude of distant star-forming
galaxies at z < 4.5 (spectroscopically confirmed) on the basis of their bright
Hα , Hβ , O[III]λλ4959,5007 or O[II]λλ3726,3729 emission lines (Thomp-
son et al., 1996; Pahre and Djorgovski, 1995; Teplitz et al., 1998, 1999; Droz-
dovsky et al., 2005; Hayes et al., 2010). Especially at low redshifts (i.e. z <
4), the use of these optical emission lines is particularly efficient and appears
as a good alternative to the Lyα line for finding distant star-forming galaxies.
Indeed, let’s mention that recent surveys have showed that about 90 % of z ∼
2.2 star-forming galaxies do not emit sufficiently bright Lyα emission to be
detected by standard selection criteria (i.e. EW(Lyα) > 20 Å; Hayes et al.
2010). Therefore, all low-redshift surveys based on the optical emission lines
give larger galaxy samples than the ones obtained with the Lyα line.

Nevertheless, although very bright relative to their neighbouring contin-
uum, the use of these optical emission lines has certain limitations. On the
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Figure 3.3: This figure illustrates the SED of both nearby (upper panel) and
distant (lower panel) quasars. When we compare both SEDs each other, we can
see the presence of a multitude of absorption lines in the observed spectra of
distant quasars. These different absorption lines are due to the presence of neutral
hydrogen clouds located along the line-of-sight of the quasar in the IGM. source
: http://www.astr.ua.edu/keel/agn/forest.html

one hand, the shift of the optical lines into the Near-IR wavelengths (at z >
0.06 for Hα and z > 0.41 for O[III]λλ4959,5007) requires a high instrumen-
tal sensitivity to be detected. On the other hand, the high atmospheric opacity
of the sky in infrared prevents any detection above z ∼ 4.5 with ground-based
telescopes (redshift limit for the Hβ line; K-band limit). The use of the fu-
ture generation of space telescopes, such as the James Webb Space Telescope
(JWST), will render the exploration of further galaxies on the basis of these
strong optical emission lines possible. Before that, the Lyα line remains one
of our few windows to discover and to study galaxies located at very high-
redshift (i.e. z > 4.5).

- Damped Lyα systems (DLAs)

Besides the strong spectral absorption feature blueward of 912 Å, the inter-
galactic HI clouds produce another type of absorption in the observed SEDs of
distant quasars: the Lyα-forest. Figure 3.3 presents a good illustration of this
phenomenon, where we compare the observed SEDs of both nearby and dis-
tant quasars. As seen in this figure, the Lyα-forest corresponds to a multitude
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of absorption lines shortward of the Lyα emission line of the host galaxy. Each
cloud of neutral hydrogen located along the line of sight absorbs a significant
flux in the SED of the background quasar. This absorption occurs at the Lyα

wavelength in the referential of the HI cloud (λLyα = 1215.67 Å). Taking into
account the redshift zHI of the HI absorbing cloud, the absorption line is seen
at the wavelength λabs = λLyα (1 + zHI) in the observed SED of the quasar. Both
the strength and the width of the absorption lines (in the Lyα-forest) give us
precious information on the hydrogen column density1 (NHI) of the intergalac-
tic HI clouds.

The analysis of the Lyα-forest allows astronomers to identify another class
of distant galaxies, commonly called Damped Lyα absorbers (DLAs). If the
hydrogen column density of the HI absorbing system exceeds 2×1020 cm−2,
the Lyα absorption line that appears in the Lyα-forest is particularly saturated
and characterized by pronounced damping wings in the observed SED of a
distant quasar (see figure 3.4). We classify such an object as a DLA.

Nowadays, DLAs in quasars spectra are assumed to result from the absorp-
tion of radiation by the ISM of foreground galaxies (Djorgovski et al. 1996,
Petitjean 1998). However, the high flux of the background quasars makes
the detection of the DLA host galaxies very challenging (Wolfe et al., 2005).
Therefore, only a few DLA host galaxies have been identified by optical ob-
servations so far. We can mention the DLA host galaxies identified by Moller
et al. (2004) and Rauch et al. (2008) on the basis of their weak Lyα emission
line, as well as a bright DLA host galaxy that corresponds to a luminous LBG
(DLA 2206-19A; Moller et al. 2002). These observations tend to confirm the
nature of DLAs, classified as a class of distant galaxies particularly rich in
neutral hydrogen.

Due to the very few detection of DLA host galaxies, the exact properties
of these objects have not been well established yet. Big efforts are made nowa-
days to understand the similarities between this potential class of galaxies and
the UV/Lyα-selected ones (LBGs and LAEs). The most accurate results de-
rived until now from studies of DLAs is their chemical composition. While
DLAs show weak evidence of dust attenuation, the mean metallicity of these
galaxies is systematically lower than the ones derived for other galaxies at the
same redshift (especially between the redshifts z=0.5 and z=3.0, with a met-
talicity going from 10−3 Z� to ∼ Z�; Pettini 2004, Wolfe et al. 2005). In the
local Universe, some DLAs show similarities with LAEs, especially in terms
of star formation rate and continuum emission properties (Rauch et al., 2008).
Nevertheless, no conclusion can be formulated for the moment on the exact

1The hydrogen column density (NHI) corresponds to the number of hydrogen
atoms located along the line-of-sight. It is expressed in terms of number of hydro-
gen atoms per square centimeters (cm−2).
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Figure 3.4: This figure shows the detection of a Damped Lyα absorber (DLA).
In this figure is shown the spectrum of a quasar located at a redshift z ≈ 0.456,
where we can clearly see the Lyα line of the quasar at λ = 1770 Å. Blueward
of the Lyα-forest, we can clearly distinguish the presence of saturated Lyα ab-
sorption line at z ≈ 0.114 (and some associated metal lines at the same z), which
allows an indirect detection of a DLA and its host galaxy. Source: ?

properties of this population of galaxies.

- Selection in far-infrared and submillimeter wavelengths (SMGs, LIRGs
and ULIRGs)

For several decades, astronomers have also probed high-redshift star-forming
galaxies from observations in far-infrared and submillimeter wavelengths. Such
attempts have allowed to identify new populations of very powerful star-forming
galaxies.

While some starburst galaxies show no evidence of dust extinction (such
as a large fraction of LAEs), there exist high-redshift galaxies in which dust
attenuation fully obscures both the UV and optical radiation. All this absorbed
energy is re-emitted thereafter by dust in far-infrared wavelengths, at about 60
- 100 µm (rest-frame wavelengths). In this way, depending on the redshift of
the host galaxies, an observer will observe this very bright far-infrared radia-
tion into the submillimeter (submm) or millimeter (mm) field. Therefore, the
detection of distant starburst galaxies in far-infrared and submillimeter wave-
lengths consists in detecting the very bright dust emission signature of these
objects.

All galaxies detected on the basis of their thermal dust emission are com-
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monly called Submillimeters Galaxies (SMGs), Luminous Infrared Galaxies
(LIRGs) or Ultra Luminous Infrared Galaxies (ULIRGs). This classification
is just based on both the wavelengths range at which the galaxy is detected1

and the far-infrared luminosity of the object2.
Since the advent of very sensitive detectors, such as SCUBA (Holland et

al., 1999, Arger et al., 1998, Eales et al., 1999) and LABOCA (Kreysa et al.,
2003), a very large number of SMGs have been identified so far (Scott et al.,
2002; Webb et al., 2003; Borys et al., 2003; Geach et al., 2005; Hodge et al.,
2013). In terms of physical properties, it is interesting to notice the differ-
ences that exist between these dust-obscured star-forming galaxies and the
UV/Lyα-selected ones, such as LAEs and LBGs (see table 3.1). SMGs tend to
be the most massive and powerful star-forming galaxies at high-redshift (with
a prodigious SFR of about ∼ 1000 M�.yr−1, as derived from the rest-frame
far-infrared luminosity of SMGs; e.g. Chapman et al. 2005). Furthermore,
they are more luminous and dustier than LAEs and LBGs. However, the exact
nature of SMGs remains still unclear. In particular, in contrast of both LAEs
and LBGs populations, SMGs seem often to show evidence for an AGN con-
tribution in their spectrum (the AGN fraction of z∼2.3 SMGs yields to∼ 17%;
Wang et al. 2013). Nevertheless, the presence of polycyclic aromatic hydro-
carbon (PAH) features in the far-infrared spectra of high-z SMGs suggests also
that starburst activity contributes significantly to the Far-infrared luminosity of
these galaxies (Lutz et al. 2005).

Despite these main differences, few similarities exist between submillime-
ter galaxies and UV/Lyα-selected ones. First, although very dusty, a large
fraction of SMGs still exhibit a relatively bright UV and optical radiation in
their SEDs. Therefore, 80% of SMGs at z ≈ 2 could be found using the Ly-
man Break technique (Reddy et al. 2005). Second, SMGs prove to be particu-
larly bright in Lyα . Using the SCUBA galaxies sample at z = 1.7, about 80 %
of SMGs emit a strong Lyα emission line that would satisfy the Narrow-band
technique criterion used to select LAEs (i.e. EW(Lyα) > 20 Å; Chapman et al.
2005, Nilsson & Moller 2009). Therefore, there exists a clear overlap between
SMGs, LBGs and LAEs.

The strong Lyα emission lines observed in the SEDs of SMGs is surprising
in view of the strong dust attenuation UV and Lyα photons must experience

1While galaxies detected in submillimeter or millimeter wavelengths are normally
referred to as "submm galaxies" or SMGs, the ones detected with far-infrared camera
are classified as "Luminous infrared galaxies" (LIRGs) or "Ultra luminous infrared
galaxies" (ULIRGs).

2The far-infrared luminosity criterium consists in distinguishing LIRGs from
ULIRGs. While ULIRGs correspond to galaxies that exhibit a far-infrared luminosity
above 1012 L�, LIRGs correspond to galaxies showing a lower luminosity.
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in these galaxies. This highlights again the complexity of the Lyα radiative
transfer in the ISM of star-forming galaxies, which is the question at hand in
this thesis. Other physical properties of the ISM of SMGs seem to help Lyα

photons to escape easily from these dusty objects.

3.2 The Lyα line in astrophysics and cosmology

Besides the interest of using the Lyα line in detecting and confirming the red-
shift of distant starburst galaxies, the potential of the Lyα line in cosmology
research is also enormous. In this section we give an overview of the versatility
of the Lyα line for astrophysical and cosmological purposes. In particular, we
will focus on the most important information that is possible to derive by ana-
lyzing the features of the Lyα emission line of distant star-forming galaxies.

3.2.1 The star formation rate of galaxies

The star formation rate (SFR) is one of the most important tools for our un-
derstanding of the evolution of galaxies. The analysis of the SFRs of starburst
galaxies at different redshifts gives precious information on both the phases of
intense star formation in the past of the Universe and its evolution over cosmic
time (Madau et al., 1996; Bouwens et al., 2007, 2008).

The SFR (expressed in solar mass units, M�.yr−1) corresponds to the stel-
lar mass produced per year in a galaxy. Nowadays, different techniques are
used to estimate the SFRs of nearby and distant galaxies, each technique being
developed for different wavelength ranges across the SEDs of galaxies: far-
UV radiation, far-IR radiation (Kennicutt Jr., 1998), radio emission (Condon,
1992) or even X-rays radiation (Ranalli et al., 2003). For high-redshift galaxies
(z > 2), the most commonly used technique to derive the SFRs consists in us-
ing their rest-frame far-UV continuum luminosity between 1500 Å and 2800
Å (Steidel et al., 1999; Giavalisco et al., 2004; Bouwens et al., 2006, 2007,
2008). Firstly, the far-UV continuum radiation of distant galaxies has the ad-
vantage to be redshifted into the optical field for galaxies further away than z≈
2, making ground-based optical observations possible. Secondly, the far-UV
radiation can be seen as an "instantaneous" tracer of the current star formation
rate of galaxies, because produced almost entirely by the newly formed and
shortlived massive stellar populations (M > 5M�; t < 100 Myr). According to
the calibration of Kennicutt (1998), where it is assumed a Salpeter initial mass
function (IMF; Salpeter 1955) and a constant star formation over a period of
> 108 years, the SFR of a star-forming galaxy is proportional to its intrinsic
far-UV luminosity (Lν ). It is given with good approximation by the relation :
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SFRUV (M�.yr−1) = 1.4×10−28Lν (ergs s−1Hz−1) (3.1)

Besides using the rest-frame far-UV luminosity, both the Hα and Lyα re-
combination lines of the hydrogen atom constitute a good alternative to mea-
sure the SFRs of distant star-forming galaxies (Ajiki et al., 2003; Taniguchi
et al., 2005; Tapken et al., 2007). As explained in section 2.2, the hydrogen
lines of a starburst galaxy reemit a large fraction of the stellar luminosity short-
ward of the Lyman limit (i.e. at λ < 912 Å). They provide therefore a direct
and sensitive probe of the young massive stellar populations of the host galax-
ies (O and B-type stars). However, while only the Hα line of low-redshift
galaxies is accessible for ground-based telescopes (this line is redshifted to
wavelengths which cannot be observed easily from the ground beyond z ∼
2.6; K-band limit), the Lyα line has the advantage to be detected in the optical
field for z < 6.5. The Lyα line thus appears particularly useful for deriving
the SFRs of very high-redshift galaxies, where the UV continuum radiation of
these galaxies can be too weak to be measured. Following again the calibration
of Kennicutt (1998) and the same assumptions, astronomers usually derive the
SFRs of star-forming galaxies from the Hα and the Lyα luminosities (L(Hα)
and L(Lyα)) using the following relations :

SFRHα(M�.yr−1) = 7.9×10−42L(Hα) (ergs s−1Hz−1) (3.2)

SFRLyα(M�.yr−1) = 9.1×10−43L(Lyα) (ergs s−1Hz−1) (3.3)

The equation 3.3 is just derived from the equation 3.2 assuming an intrinsic
flux ratio Lyα/Hα = 8.7 in star-forming galaxies (case B of the recombination
theory, Osterbrock et al. 1989). In both equations 3.2 and 3.3, both the Hα

and the Lyα luminosities correspond to the intrinsic ones. This gives an idea
of the reliability of each method to derive the SFR of individual galaxies. On
the one hand, the Hα line provides an accurate and reliable estimate of the
SFRs (as a simple correction for dust extinction allows to derive the correct
intrinsic Hα luminosity). On the other hand, the complexity of the physics of
the Lyα line makes the use of this line less reliable and tends to underestimate
the correct SFR of galaxies. (Tapken et al., 2007). Indeed, the very complex
transport experienced by Lyα photons inside the ISM of star-forming galaxies
makes the Lyα line suffering greater extinction than non-resonant photons,
which implies that a simple dust correction is not enough to go back to the
intrinsic Lyα luminosity. This problem renders the interpretation of the Lyα

line extremely uncertain and prevent us from deriving precisely the SFRs of
galaxies from this line.

In a cosmological point of view, each indicator mentioned above enable to
measure the SFRs at different redshifts, allowing astronomers to study the evo-
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Figure 3.5: This figure illustrates the evolution of the SFR density (or SFRD,
expressed in M� yr−1 Mpc3) of the Universe including only LBGs and SMGs
galaxies with UV luminosities brighter than 0.3L∗z=3 (upper panel) and brighter
than 0.04L∗z=3 (bottom panel) (L∗z=3 ≈ 5.42 × 1028 erg s−1 Hz−1; Bouwens et
al. 2007). The SFR density is shown both with and without a correction for dust
extinction (the upper dots are corrected for dust attenuation, which is not the case
for the other ones). The orange and blue areas show respectively the approximate
uncertainties. In particular, we can clearly notice that the SFR density reached a
maximum in the past, at about z ≈ 2-3.

lution of the star formation over cosmic time. The figure 3.5 presents a good
illustration of the evolution of the star formation rate with redshift (Bouwens
et al., 2007). This figure, commonly called "Madau diagram" (Madau et al.,
1996), represents the star formation rate density (SFRD) (i.e. the star formation
rate measured per unit commoving volume, usually expressed in M�.yr−1.Mpc3)
as a function of the redshift z. Both LBGs and SMGs galaxies are taken into
account in this diagram. While the derived SFRD is estimated with the best
dust correction (orange field) and without any dust correction (blue field), we
can notice the divergence of the indicators at high-redshifts, due to the fact that
some effects are more or less corrected according to the studies (incomplete-
ness for low luminosity galaxies, ...). Nevertheless, we can clearly notice that
the SFR density reached a maximum at about z ∼ 2-3 (that is about ∼ 10 or
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Figure 3.6: Left panel : UV Luminosity functions of LAEs located at redshift
z ∼ 3 (upper panel), ∼ 4 (middle panel) and ∼ 6 (lower panel) (Ouchi et al.,
2008). While no evolution is found between redshift 3 and 4, the UV LF of
LAEs increases between z ∼ 4 and ∼ 6 suggesting an increase in number and/or
in luminosity of LAEs with redshift. Right panel : UV luminosity functions of
LBGs located at redshift z∼ 4, 5, 6 and 7-8 (Bouwens et al., 2007). The opposite
evolutionary trends of LAEs is found for LBGs, where the UV LF decreases with
redshift.

11 billion years ago) before decreasing rapidly to the low present-day value.

3.2.2 The Lyα and UV Luminosity functions of galaxy populations

Both the UV and Lyα luminosity functions of distant star-forming galaxies
(LFs) prove to be two precious observational tools for our understanding of
the evolution of distant galaxies with redshift. In particular, the Lyα one are
also widely used by astronomers to probe the history and the epoch of the
cosmic reionization of the Universe (section 3.2.3).

The luminosity function of a population of galaxies (i.e. for instance
LAEs) describes the number density of galaxies (i.e. the number of galaxies
per comoving Mpc3) showing a luminosity between L and L + dL. Comparing
the luminosity functions of galaxies at different redshift allows astronomers
to identify an evolution in number or in luminosity of galaxies with time. As
shown in figure 3.6, the observed UV luminosity functions (derived between
1300 Å and 1600 Å, in rest-frame) of distant galaxies have a similar shape
at any redshift. This shape is well approximated by the Schechter function
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(Schechter, 1976):

n(L) = φ(L)dL = φ
∗
(

L
L∗

)α

exp
(
−L
L∗

)
dL
L∗

(3.4)

The different parameters that describe the Schechter function (i.e. α , L∗

and φ ∗) can be used to compare more easily the evolution of the UV and Lyα

luminosity function of galaxies at different redshifts.
Due to the detection of a very large number of high-redshift starburst galax-

ies since the end of the 1990s, many groups have taken an active interest in
constructing both the UV and Lyα luminosity functions of LAEs and LBGs
at different redshift z with reasonable accuracy (Malhotra and Rhoads, 2004;
Shimasaku et al., 2006; Kashikawa et al., 2006; Bouwens et al., 2007, 2008;
Ouchi et al., 2008, 2010). In particular, as shown by Ouchi et al. 2008 (see
figure 3.6, left panel), the evolution of the UV luminosity function of LAEs
shows a clear increase in number and/or UV luminosity between z ∼ 3-4 and
5.7. But, on the other hand, the UV luminosity function of LBGs (see fig-
ure 3.6, right panel) tends to show an opposite evolutionary trends of LAEs,
namely, a decrease in number and/or luminosity with increasing redshift. As-
suming no clear evolution in UV luminosity of LAEs and LBGs with redshift,
such a result would imply that the ratio in number density LAEs/LBGs would
increase with redshifts (and that Lyα emission should be more common in the
SED of remote young galaxies at early epochs). Qualitatively, such a trend
has been confirmed after studying spectroscopically different samples of UV-
continuum selected galaxies (LBGs) at various redshifts. Indeed, while Reddy
et al. (2008) found a LAE fraction of 8% at z ∼ 2, Shapley et al. (2003) and
Noll et al. (2004) concluded that 25% of UV-continuum selected galaxies were
LAEs at z ∼ 3. Although different results have been obtained by independent
groups at higher redshifts (due to different selection effects or systematic er-
rors), an increase in the LAE fraction with redshift is always obtained. In
particular, LBGs galaxies with 4 < z < 5 tend to show a LAE fraction of ∼36
% (Nool et al. 2004) and the ones at z ∼ 6 show a fraction up to 60% - 80%
(Vanzella et al. 2006; Shimasaku et al. 2006).

3.2.3 Probing the epoch of the cosmic reionization of the Universe

As mentioned above, the Lyα luminosity function (LF(Lyα)) of distant star-
forming galaxies constitutes a very useful observational tool to probe the his-
tory of the cosmic reionization of the Universe.

After crossing a cold and neutral period without any sources of visual ra-
diation (the dark age), this long period of the history of the Universe had con-
tinued until the formation of the first stars and galaxies (z ∼ 10 - 30) which
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Figure 3.7: Right panel : Evolution of the LF(Lyα) of LAEs up to z = 6.6. The
dark blue, clear blue and red solid lines show respectively the best Schechter
function of the z = 3.1, z = 5.7 and z = 6.6 LAEs (Ouchi et al. 2010). We can
notice a clear decrease of about 30% in luminosity of the LF(Lyα) at z = 6.6, but
this weak decrease just reveals an IGM still highly ionized at z = 6.6 (with xHI
< 0.20). Left panel : Evolution of the Lyα line profiles between z = 5.7 and 6.6
(Ouchi et al. 2010). The red and black lines represent composite spectra of LAEs
at z = 6.6 and 5.7, respectively. Both line profiles are the same, suggesting that
the cosmic reionization is still not reached at these redshift.

emitted energetic enough photons to ionize the surrounding neutral hydrogen
gas of the IGM. This process marked the beginning of the cosmic reionization
of the Universe (see figure 2.1). Unfortunately, no observation has identified
either the sources at the origin of the cosmic reionization of the Universe or
the exact chronology of this process so far.

Until now, different observations have provided many constraints on the
epoch of the reionization. Firstly, the Lyα-forest and the Gunn-Peterson ef-
fect observed on the SEDs of distant quasars (see section 2.2.4) indicate that
the IGM was highly ionized at z ∼ 5.7 (Gallerani et al. 2008). This suggests
that the reionization of the IGM took place before z ∼ 6. Secondly, another
constraint can be provided by the polarization of the Cosmic Microwave Back-
ground (CMB), which is produced by Thompson scattering of CMB photons
on the free electrons of the IGM. Thus, the analysis of the CMB polarization
allows to derive directly the ionization fraction of hydrogen xHI in the IGM
and the exact epoch of the reionization. According to Spergel et al. (2007), the
CMB observations by WMAP indicates an early reionization of the Universe
at about z ∼ 11.

Another tracer of the epoch of reionization is the Lyα emission line of
LAEs at high-redshift. This method is based on the fact that the Lyα pho-
tons are very sensitive to the neutral hydrogen gas and can therefore undergo a
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strong attenuation getting through a neutral IGM. Therefore, a clear decrease
in the Lyα luminosity of LAEs is expected at the redshift zreion of the cosmic
reionization due to the strong attenuation undergone by the Lyα photons in
the neutral IGM. However, such approach assumes no evolution of the physi-
cal properties of LAEs with redshift. This assumption allows astronomers to
interpret any decrease of the Lyα luminosity function as an increase in the
IGM opacity. Following this method, Ouchi et al. (2010) analyze a sample
of 207 LAEs at z ∼ 6.6 and found a decrease of LF(Lyα) of 30% between
z = 5.7 to z = 6.6 in the case of pure luminosity evolution (see figure 3.7).
Nevertheless, comparing the evolution of the LF(Lyα) with various reioniza-
tion models including analytic, semi-analytic, and radiative transfer models,
Ouchi et al. (2010) concluded that the IGM was not highly neutral at z = 6.6
(xHI < 0.20), indicating that the major reionization process took place early,
at z > 7. These conclusions are consistent with the ones reached from other
observations, as discussed above.

The Lyα line profile of LAEs can also be used to identify some effects
of the cosmic reionization. As shown by Haiman (2002), the Lyα line of a
LAE embedded in an IGM prior to the reionization epoch can be still detected
if it is surrounded by a large intergalactic HII region1. In this configuration,
only the Lyα photons shifted to the red side of the line center would be able
to get through the IGM and be detected by an observer. As a consequence,
a particular Lyα line profile would emerge, showing a redshifted emission
and strong asymmetry. Furthermore, another proof of the cosmic reionization
would be the observation of a clear anti-correlation between the width of Lyα

line profile and the Lyα luminosity of LAEs, if these galaxies lie in a neutral
IGM (Haiman and Cen, 2005). This effect is simply due to the fact that fainter
LAEs, preferably residing in smaller HII regions, are affected by stronger Lyα

scattering within the IGM.

Comparing their observations with the model of Haiman and Cen (2005),
Ouchi et al. (2010) did not find any clear evolution of the Lyα line profiles
between z∼ 5.7 and 6.6 (see figure 3.8, right panel), nor any anticorrelation
between the Lyα luminosity and the width of the Lyα line profiles. These re-
sults indicate that the reionization process took place earlier (at z > 7), which is
well consistent with the conclusions obtained from the analysis of the LF(Lyα)
of LAEs.

1This large HII region corresponds to a large ionized region produced by the ionis-
ing photons (λ < 912 Å) emitted by the LAE. The galaxy is thus located at the center
of this large HII region.
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Figure 3.8: Cosmological simulations (from a large-scale dark-matter simula-
tion; Bolshoi simulation, by Anatoly Klypin and JOEL Primack) that show the
filamentary distribution of the barionic matter (red channel) in the early epochs of
the Universe. While the distribution of all filaments follows the one of the dark-
matter, the barionic gas is progressively infalling by gravity towards the more
massive dark-matter halos, where galaxies are forming. The inset is a zoomed-
in, high-resolution image of a smaller part of the "cosmic web" (3 million parsec
across), from the cosmological simulation that includes barionic gas and dark
matter. Galaxies are forming in the highly contrasted central region. Source:
Cantalupo et al. (2014).

3.2.4 Studying the circumgalactic medium of galaxies

Besides using the Lyα line for studying both the evolution of galaxy properties
and the epoch of the cosmic reionization, the Lyα line offers a unique probe
of the extended atomic hydrogen gas that surround galaxies at high-redshift.

The environment of high-redshift galaxies is likely full of neutral hydro-
gen gas. Indeed, as shown in figure 3.8, cosmological simulations of struc-
ture formation in the Universe suggest that galaxies were formed in massive
dark-matter haloes, themself connected each other by long filaments of hy-
drogen that were progressively infalling towards the most massive haloes over
the cosmic time. Such a structure of the early Universe is usually called the
"cosmic web". Measuring the properties of the neutral hydrogen gas located in
the environment of galaxies (i.e. inside the Circumgalactic Medium, or CGM)

35



would provide therefore important information for different purposes, such as
understanding either the galaxy formation and evolution or the formation of
large structures in the Universe.

While the filaments of the "cosmic web" have never been observed directly
(their existence remains only the results of computer simulations), the proper-
ties of the HI gas located in the CGM of galaxies is still poorly understood
from an empirical angle. In order to measure the properties of circumgalactic
HI halos (i.e. the HI mass, density, distribution and kinematics), we must find
a way of observing it. A direct method would consist in observing the 21cm
emission line of the circumgalactic neutral hydrogen atoms. However, while
such observations are relatively easy in the local Universe, such attemps re-
main either extremely chalenging or impossible at very high-redshift. Then,
another method used by astronomers for mapping the circumgalactic HI of in-
dividual galaxies consists in using any strong resonant lines of hydrogen, such
as Lyα line. The idea of this method consists in taking advantage of the very
high probability of scattering of the Lyα line on HI atoms. Therefore, while
the central galaxy is considered as a source of Lyα photons, these photons are
expected to scatter on the circumgalactic HI atoms and "illuminate" this sur-
rounding medium of galaxies. Such scattering effect produced the so-called
"Lyα halo" around star-forming galaxies (see figure 3.9, right panel; Ostlin et
al., 2009).

Based on a numerical approach, Dijkstra and Kramer (2012) succeed to re-
produce the large Lyα halos surrounding several z∼ 2.65 LBGs (Steidel et al.,
2011). From their numerical work, they could constrain for the first time the
properties of the cold circumgalactic HI gas (radius, velocity, HI mass, den-
sity). In particular, their results highlighted the strong feedback of the stellar-
formation of galaxies on the CGM, where the reproduction of the Lyα halos
around LBGs require outflows in which the HI gas decelerate at large radii af-
ter their initial acceleration (the HI gas being outflowing at a radial velocity up
to Vexp = 400 km.s−1 from the central starburst).

Besides producing an extended Lyα haloes by pure scattering around star-
forming galaxies, Lyα photons can also be produced by recombination within
the circumgalactic gas that surrounds bright quasars. Indeed, the very strong
ionizing power of quasars can ionize the HI gas located in both the galaxy and
in the circumgalactic medium. As shown in figure 3.9 (left panel), Cantalupo
et al. (2014) discovered a very extended Lyα halo of 460 physical kpc of diam-
eter around the quasar UM287 located at z ∼ 2.3. This large Lyα halo, whose
Lyα emission is produced by fluorescence of the circumgalactic HI atoms, is
extended well beyond the virial radius of any plausible associated dark matter
halo which confirms the first detection of a "cosmic web" filament. From their
analysis, Cantalupo et al. (2014) conclude that the amount of cold gas observed
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Figure 3.9: Mapping of the circumgalactic hydrogen gas surrounding galaxies
and quasars using the Lyα line. Left panel: Deep imaging of the Lyα emis-
sion (blue color) around the z = 2.3 quasar UM287 (at the center of the image),
obtained with the Keck telescopes (Cantalupo et al., 2014). The ionizing radia-
tion from the quasar makes the surrounding intergalactic gas glow, revealing the
morphology and physical properties of a "cosmic web" filament. Right panel:
Color composite image of the nearby star-forming galaxy ESO 338-04 (z = ), as
observed with the HST (Östlin et al., 2009). While both the green and the red
channels show the UV continuum emission at 1500 Å (rest-frame) and the neb-
ular ha emission of the galaxies, the blue color shows the continuum-subtracted
Lyα emission observed from this object. Let’s remark the extended Lyα emis-
sion (i.e. Lyα halo) that surround ESO 338-04.

in the nebula is at least ten times larger than what is expected from cosmolog-
ical simulations. Such a result suggests that a population of intergalactic gas
clumps with sub-kpc sizes might be missing within current numerical mod-
els, providing therefore useful test-bed to refine the current model of structure
formation in cosmological simulations.

3.2.5 Identifying the first generation of stars

Another illustration of the great potential of the Lyα line in cosmology re-
search concerns the search for the first generation of stars in the early Universe.
As predicted by the current theories, the first generation of stars are expected to
form by gravitational contraction of primordial gas clouds either within small
dark matter halos at redshifts z ∼ 10 - 60 (Trenti and Stiavelli, 2009) or within
more massive halos hosting some of the first galaxies at z < 15 (Johnson et al.,
2008; Stiavelli and Trenti, 2010). This first generation of stars is commonly
called population III.

The roles that astronomers allocate to population III stars in cosmology
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Figure 3.10: This figure shows the theoretical intrinsic SED including Hydrogen
and Helium recombinaison lines for zero metallicity population III stars (Far-UV
and optical fields). The solid line takes into account both the nebular and the
stellar contributions to the SED. We can notice the presence of strong He II lines
(λ = 1640, 3203 and 4686 Å, thick red dashed lines) and the importance of the
Lyα line. source : Schaerer (2002).

are important, either for explaining the metal enrichment of the most metal-
poor stellar populations of the local Universe (i.e. population II stars) or for
explaining the cosmic reionization of the Universe. However, despite intense
research, the existence of population III stars remains entirely hypothetical.
While the first population III stars (formed beyond z ∼ 10) seem too faint to
be detected, even with the future generation of telescopes (Greif et al., 2009;
Rydberg et al., 2012), the existing telescopes could be used to detect the second
generation of Population III stars (the ones formed at z < 15) using their partic-
ular Lyα spectral signatures that set them apart from usual objects (Schaerer,
2002; Zackrisson et al., 2011).

During their formation, the particular chemical composition of the popu-
lation III stars (i.e. only composed of hydrogen and helium) tends to suppress
the fragmentation of the first collapsing gas clouds that gives rise to them.
Therefore, population III stars are expected to be very massive (10 M� < M
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Figure 3.11: This figure shows the temporal evolution of the Lyα equivalent
width EW(Lyα) for instantaneous bursts and different metallicities (those ex-
pected for population III stars) : Z = 0 (short-dashed line), Z = 10−7 (solid line)
and Z = 10−5 (dotted line). The expected values of EW(Lyα) for a constant star
formation history (SFR = const.) and metallicities Z < 10−5 are ploted on the
right using open squares. Source: Schaerer (2003).

< 100 M�; e.g. Clark et al. 2011), with a very short lifetime (t < 2 × 107 yrs
for M = 9 M�). Furthermore, the very high effective temperature of population
III stars, on the order of T > 105 K, implies a very high flux shortward of the
Lyman-limit (at λ < 912 Å). As a result, such stars are surrounded by a result-
ing HII region with several characteristic spectral properties (see figure 3.10).
Indeed, a multitude of Hydrogen and Helium recombination lines are expected
from this surrounding nebula, such as an extremely large Lyα line and notice-
able He II lines (1640, 4686 Å). As shown in figure 3.11, the Lyα rest-frame
equivalent width displayed by Population III stars could be higher than 1000
Å, while normal stellar population models predict a maximum value of 240 Å
(i.e. population I stars). For the HeIIλ1640 line, a large range of equivalent
widths up to 80 Å have been predicted for very young and pure population III
stars (schaerer03, Raiter 10, Hayes11).

Interestingly, several surveys have already revealed the existence of EW(Lyα)
higher than 240 Å in the spectra of a large fraction of high-redshift LAEs. In
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particular, among the LAEs detected in the large LALA survey at z = 4.5, ap-
proximately 60 % of them exhibited EW(Lyα) > 200 Å, with a median value
of 450 Å (Malhotra and Rhoads, 2002). Shimasaku et al. (2006) also found a
sample of 28 LAEs at z∼ 5.7 showing a median equivalent width of EW(Lyα)
∼ 233 Å. This observed value proves to be anomalously large if we take into
account the transmission of the IGM at this redshift (0.3 - 0.5; Dijkstra et al.
2007), increasing this value by a factor of 3. Finally, more recently Kashikawa
et al. (2012) detected a LAE with an extremely large EW(Lyα) of∼ 900 Å at z
= 6.5. Although these large Lyα equivalent widths seem to be consistent with
the presence of population III stars in the host galaxies, this explanation proves
to be dismissed by other observations. Indeed, supplementary observations of
the LALA survey have shown the absence of the significant HeIIλ1640 line in
all the sample, dismissing the presence of Population III stars in these galaxies
(Dawson et al., 2004; Nagao et al., 2008).

Nowadays, the origin of these very large EW(Lyα) remains unclear. Some
observations have tested the scenario that an Active Galactic Nuclei (AGN)
may explain these very large values. But this hypothesis has also been dis-
missed by some observations of the LALA survey in X-rays, where no more
than 5% of LAEs host an AGN (Wang et al., 2004). Nowadays, several alterna-
tives exist to explain these high EW(Lyα). We can first mention the numerical
studies of Roy et al. (2010), Xu et al. (2011) and Yajima and Li (2012) who
studied the Lyα radiative transfer in spherical galactic clouds of dust-free gas
and found that the Lyα radiation may be appreciably delayed compared to the
UV continuum, resulting in a higher EW(Lyα). Indeed, unlike UV contin-
uum, Lyα photons typically experience many scattering process in the cloud
due to its resonant nature, resulting in a time delay of the Lyα emission. Nev-
ertheless, the most popular explanation to these high EW(Lyα) seems to be a
complex effect of Lyα radiative transfer in a clumpy ISM, as originally pro-
posed by Neufeld (1991). We will come back to this scenario in chapter 4 and
in both paper I and II we present at the end of this thesis.
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4. Studying Lyman-α radiative
transfer in star-forming galaxies

In the previous chapters, the problem of the Lyα radiative transfer in star-
forming galaxies has not been raised in detail. While the Lyα line features
of distant starburst galaxies (luminosity, EW, line profile) are widely used by
astronomers to derive either the physical properties of distant galaxies or the
ionization state of the IGM, these features prove to be strongly affected by the
complex transport experienced by the Lyα photons inside the ISM of galaxies.
It is therefore vital that these problems be understood as well as possible. This
is exactly the aim of this thesis. Throughout this chapter, we first give a large
overview of the physical parameters that enter in the Lyα radiative transport
in the ISM of star-forming galaxies. In particular, we will focus on the effects
produced by each ISM quantity on Lyα , as revealed by deep observations of
low-redshift star-forming galaxies. Second, we focus on the Lyα line of high-
redshift galaxies. We will describe here both the main distortion that the Lyα

line experiences within their ISM and the main physical parameters it is possi-
ble to derive by understanding the Lyα radiative transfer. Finally, we present
a pioneer and ambitious observational project that will allow us to go deeper
into the study of the Lyα transport in the ISM of nearby galaxies. This project,
called LARS, has taken part in my PhD research program.

4.1 Identifying the ISM quantities that enter in the Lyα

transport from observations of nearby star-forming galax-
ies

The first theoretical models of Partridge and Peebles (1967) and Meier (1976)
predicted that high-redshift star-forming galaxies should be detectable thanks
to their strong Lyα emission line. More precisely, this population of distant
galaxies was expected to be detectable with the existing technology prior to
the 1970s, because relatively bright in Lyα (with an intrinsic Lyα line con-
taining ∼ 7 % of the total bolometric luminosity of the host galaxy; Patridge
& Peebles 1967) and numerous (with a possible surface density in the order
of 104 - 105 deg−2 at z ∼ 5; Pritchet 1994). However, the first attempts to
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Figure 4.1: Color composite images of two nearby star-forming galaxies, Haro
11 (left panel) and SBS 0335-052 (right panel), obtained from observations with
the HST (Östlin et al., 2009). The green channel shows the UV continuum emis-
sion at 1500 Å (rest-frame) of the galaxies. This emission traces the most massive
stars (O, B and A stars) that are not affected by dust extinction. In red color shown
the continuum subtracted Hα emission line, which traces the ionized hydrogen
nebulae (as the result of star formation) in which both Hα and Lyα photons are
produced. Finally, the blue color shows the continuum-subtracted Lyα emission
of the galaxies. While most of the ISM of Haro11 prevents Lyα photons from
escaping from the galaxy, a strong Lyα emission emerges from the top left side
of the galaxy. Let’s also remark the large Lyα-halo that surrounds Haro11. Con-
versely, no Lyα emission is detected from SBS 0335-052.

detect high-redshift galaxies in Lyα gave quite meager results with no signi-
ficative detection in Lyα between 2 < z < 5 (Djorgovski and Thompson, 1992;
Pritchet, 1994). The very rare Lyα emitting galaxies detected in such a red-
shift range were always associated in some way with AGNs (either hosting an
active nuclei or being a companion of a high-z quasar; Chambers et al. 1990;
Djorgovski et al. 1985, 1987; Lilly 1988; McCarthy et al. 1987). As a result, in
the early 1990s, it turned out that the Lyα line of distant star-forming galaxies
was either fainter than those predicted or simply absent from the SED of those
galaxies. All these incoherence questioned therefore the real effectiveness of
the Lyα line in detecting high-redshift galaxies.

In order to understand this strong discrepancy between the models and the
observations, astronomers have taken an active interest in studying the Lyα

line of low-redshift star-forming galaxies (Meier and Terlevich, 1981; Neufeld,
1990; Charlot and Fall, 1993; Kunth et al., 1998; Mas-Hesse et al., 2003; Östlin
et al., 2009; Hayes et al., 2013). Thanks to the high resolution observations of
those nearby analogues of the remote young galaxies by means of UV space
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telescopes (i.e. the International Ultraviolet Explorer IUE, and thereafter the
Hubble Space Telescope HST), these studies have highlighted both the im-
portance of the Lyα resonant scattering and the relevant ISM parameters at
the origin of the strong Lyα attenuation in nearby galaxies (see figure 4.1).
These investigations have thus allowed to explain the apparent lack of a strong
Lyα emission line in the SED of high-redshift star-forming galaxies: the Lyα

flux just appears fainter than those expected and it is during this last decade,
thanks to the advent of very large optical telescopes and very sensitive cam-
eras, that all LAEs known to date have been detected (Hu and Cowie, 1998; Hu
et al., 2010; Cowie and Hu, 1998; Kudritzki et al., 2000; Rhoads et al., 2000;
Taniguchi et al., 2003, 2005; Shimasaku et al., 2006; Gronwall et al., 2007;
Nilsson et al., 2007; Guaita et al., 2010; Ouchi et al., 2003, 2008, 2010).

The Lyα radiative transfer in the ISM of nearby star-forming galaxies turns
out to be very complex. Because of its resonant nature, the emergent features
of the Lyα line is very sensitive to many ISM quantities (HI column density,
dust attenuation, neutral hydrogen kinematics, gas geometry and inclination of
disk galaxies). In this section we summarize our current knowledge of the ef-
fects of each ISM parameter on both the strength and the shape of the emergent
Lyα line of nearby star-forming galaxies.

4.1.1 Dust attenuation

In the 1980s and 1990s, the lack of detection of high-redshift galaxies in Lyα

was originally attributed to the strong dust attenuation that the Lyα line must
undergo inside the ISM of galaxies (Meier and Terlevich, 1981; Pritchet, 1994;
Deharveng et al., 1985; Calzetti and Kinney, 1992). This was expected as a
result of the resonant scattering process experienced by the Lyα photons which
implies longer path length and then higher probability of being absorbed by
dust grains inside the ISM.

The first UV observations of nearby star-forming galaxies were carried out
with the UV space telescope IUE in the 1980s and 1990s. From these pioneer
observations, the first results agreed with this scenario. In particular, Charlot
and Fall (1993) and Terlevich et al. (1993) combined different observations
of the IUE satellite (i.e. blue compact galaxies and HII galaxies located at
0.01 < z < 0.06) and found a clear anti-correlation between EW(Lyα) and
the mettalicity [O/H] of the selected galaxies (see figure 4.2, left panel). The
authors thus concluded that the most likely explanation for the weakness of
the Lyα emission line from nearby galaxies was attenuation by dust (assuming
nevertheless that the metallicity and the dust content are well correlated each
other and independent of the galaxy environment, which is not true in general;
Atek et al. 2014).
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Figure 4.2: Left panel : compilation of IUE data showing an anti-correlation
between the Lyα equivalent width EW(Lyα) and the metallicty [O/H] (Charlot
and Fall (1993)). The authors of this study concluded to a clear anti-correlation
between EW(Lyα) and the dust content of these galaxies. Right panel : this
figure shows the evolution of EW(Lyα) as a function of the color excess E(B-
V) measured from 21 nearby starburst galaxies observed by the IUE satellite
(Giavalisco et al., 1996). The color excess is derived from the Balmer decrement
Hα / Hβ . Clearly, no corelation exists between the strength of the Lyα line and
the dust attenuation in nearby star-forming galaxies, suggesting that other ISM
parameter seem to intervene in the obscuration and the escape of Lyα photons in
a galaxy.

However, a few years later, other observational results reached another
conclusion than Charlot and Fall (1993), suggesting that other ISM quantities
might intervene in the attenuation of the Lyα line. First of all, Kunth et al.
(1994) and Thuan et al. (1997) spectroscopically observed two different galax-
ies, IZw18 and SBS 0335-052 (see figure 4.1, right panel), known to be the
most metal-poor star-forming galaxies of the local Universe. While the con-
clusion of Charlot and Fall (1993) may suggest the presence of a strong Lyα

emission line in the SED of these objects (because not affected by dust ex-
tinction), it is rather a pronounced Lyα absorption line that appeared in the
spectra. In parallel to these observations, the same conclusion was reached
by Giavalisco et al. (1996), who studied a local sample of 21 starburst galax-
ies observed with the IUE satellite (some of them being studied previously by
Charlot and Fall 1993 and Terlevich et al. 1993). Nevertheless, instead of us-
ing the oxygen abondance [O/H] as a dust indicator, Giavalisco et al. (1996)
used two more direct estimates of the mean dust attenuation foreground the
ionized gas in galaxies: the Balmer decrement1 Hα/Hβ and the UV spec-

1The Balmer decrement, which corresponds to the flux ratio Hα/Hβ , is a direct
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tral slope β . Following this approach, Giavalisco et al. (1996) found no clear
correlation between Lyα/Hβ or EW(Lyα) and the reddening E(B-V) of these
local galaxies (see figure 4.2, right panel). Furthermore, even correcting both
the Lyα and Hβ lines for dust extinction, the line ratio Lyα/Hβ proved to be
still lower than the intrinsic one (∼ 27), suggesting that Lyα photons suffered
greater attenuation than non-resonant lines. All these results highlighted that
other ISM parameters than the dust extinction intervened in the escape of Lyα

photons from star-forming galaxies. In particular, Giavalisco et al. (1996) pro-
posed that the spatial distribution of both the gas and dust inside the ISM of
galaxies may have a significant effect on the attenuation of the Lyα line (see
section 4.1.4).

Nowadays, the advent of newly space telescopes (such as GALEX and
HST) have enabled the study of larger samples of nearby UV-selected galaxies
at z < 1 (Deharveng et al., 2008; Cowie et al., 2010; Scarlata et al., 2009; Atek
et al., 2009a). That has allowed astronomers to make better conclusions of
a statistical nature concerning the dependency of the Lyα escape to the dust
attenuation. As shown by Atek et al. (2014), a clear trend is now obtained
between the Lyα escape and the dust extinction, but a large dispersion still
suggests the influence of other physical parameters in the attenuation of the
Lyα line inside the ISM of nearby starburst galaxies. This trend is shown
in figure 4.3, where the Lyα escape fraction1 fesc(Lyα) of numerous nearby
Lyα-emitting galaxies (from different surveys) is compared to the nebular dust
attenuation E(B-V)Neb. (derived from the Balmer decrement Hα/Hβ ). This
result confirms both the decrease of the Lyα strength with increasing the dust
extinction and the fact that Lyα photons suffer greater attenuation than the
neighboring UV continuum photons (modeled by the red dashed line in Fig.
4.3).

estimate of the dust attenuation undergone by nebular lines in a galaxy. As the wave-
length dependency of the dust attenuation makes always the Hα line less attenuated
than the Hβ line, a comparison between both the observed line ratio Hα/Hβ obs and the
intrinsic one (Hα/Hβ )int ∼ 2.86 in HII regions) allows us to derive the color excess
E(B-V) suffered by the nebular emission of the galaxy.

1The Lyα escape fraction corresponds to the fraction of Lyα photons that man-
age to escape from the galaxy and is calculated following the relation: fesc(Lyα) =
f(Lyα)obs/f(Lyα)int = f(Lyα)obs/(8.7× f(Hα)C), where f(Lyα)obs is the observed Lyα

flux and f(Hα)C is the Hα flux correction for dust extinction. The factor 8.7 corre-
sponds here to the most likely intrinsic line ratio Lyα/Hα in HII regions (Case B of
recombination, Osterbrock (1989)).
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Figure 4.3: Lyα escape fraction as a function of the nebular dust extinction
for different samples of nearby Lyα-emitting galaxies (z∼0.3 Lyα-galaxies of
Atek et al. (2014) in black circles, z∼0 IUE galaxies in blue triangles, z∼0.3
sample of Scarlata et al. 2009, Cowie et al. 2011 sample in red circles and
z∼0 galaxies of Atek et al. 2008 with purple squares). The solid black line
corresponds to best fit to the relationship f esc(Lyα)-E(B-V), and the yellow area
covers the 1σ uncertainties of the fit. The dashed red line corresponds to the
expected attenuation law at the Lyα wavelength, as derived from the Cardelli et
al. (1989) extinction law. Note that the negative values of E(B-V) corresponds in
reality to E(B-V) = 0.

4.1.2 HI gas kinematics

Among the other ISM parameters that enter in the escape of Lyα photons from
galaxies, the role played by the neutral gas kinematic was revealed during the
1990s by Kunth et al. (1994), Lequeux et al. (1995) and Kunth et al. (1998). In
particular, for 8 local star-forming galaxies observed with the Goddard High
Resolution Spectrograph (GHRS), on board the HST, Kunth et al. (1998) found
4 bright Lyα-emitters (see figure 4.4, left panel) and 4 galaxies showing a pro-
nounced Lyα absorption line. When Lyα appeared in emission, a systemic
blueshift of Low Ionized State (LIS) metal absorption lines with respect to
Lyα was observed (see figure 4.4, right panel), indicative of outflows in the
neutral medium. Furthermore, the shape of the Lyα emission lines proved to
be asymmetric, confirming the presence of outflowing neutral hydrogen ma-
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Figure 4.4: Left panel : Lyα line profiles emerging 4 nearby starburst galaxies
of the sample of (Kunth et al., 1998). Each spectra are plotted in velocity scale
where the zero point corresponds to the systemic velocity as derived from the
optical emission lines. These different Lyα emission line have a P-Cygni profile,
confirming the presence of strong outflows in the host galaxies (Vexp ∼ 200 -
300 km/s). Right panel : Shift of both UV O[I] and Si[II] absorption lines (LIS
absorption lines) relative to the systemic redshift. We can notice that each lines
are blueshifted, indicative of an expanding neutral ISM which helps Lyα photons
to escape the galaxy.

terial inside the ISM of these galaxies. Conversely, galaxies showing Lyα in
absorption showed significantly lower shifts of LIS lines with respect to Lyα ,
indicative of a static ISM from the ionized regions (HII regions). This result
suggests that the kinematical configuration in the ISM plays a significant role
on both the strength and the shape of the observed Lyα line from nearby star-
forming galaxies. Phenomenologically it is easy to understand that an outflow
in the neutral ISM (HI gas) would promote the escape of Lyα photons since
the motion Doppler shifts the line out of resonance and more so for the red
side of the line.

Nowadays, the same conclusions of Kunth et al. (1998) have been reached
by Wofford et al. (2013) when observing the Lyα line of 20 Hα-selected
galaxies at <z> = 0.03. In this sample, seven galaxies prove to be Lya-
emitters, with moderate rest-frame EW(Lyα) between 1 and 12 Å. From this
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study, two main results tend to summarize our current knowledges about the
effects of the ISM kinematics on the Lyα escape. On the one hand, while
all Lyα-emitters of Wofford et al. (2013) show an outflowing ISM, the Lyα-
absorbers of the sample exhibit an almost static ISM from the HII regions.
This result is consistent with the conclusion of Kunth et al. (1998). On the
other hand, when fast outflow velocities are measured, a large diversity of Lyα

escape fraction is still observed by Wofford et al. (2013), revealing the effects
of other ISM quantities on Lyα (dust attenuation and HI content). Therefore,
all these results indicate that an outflowing ISM seems to be a necessary, but
not a sufficient condition, for allowing Lyα photons to escape from nearby
star-forming galaxies.

4.1.3 HI column density

A third ISM parameter that must intervene in the escape of Lyα photons from
nearby star-forming galaxies is the total HI mass, or more precisely the HI
column density NHI of the ISM. Given the physics of the Lyα line (see chapter
5), the more the HI column density, the higher the optical depth of the ISM for
Lyα photons. Therefore, an increase in the total HI mass in a galaxy should
imply a longer path length and a higher probability of being absorbed by dust
grains in the ISM.

Besides this theoretical point of view, very few resolved HI observations
of nearby star-forming galaxies (from which the Lyα radiative transport was
intensively studied) have been carried out so far. Such a lack of observational
data still prevents us from reaching a robust conclusion on the real effect of the
HI mass on the Lyα line of star-forming galaxies.

Nevertheless, very few observational and numerical studies have reached
some conclusions that support the theoretical trend discussed above between
the Lyα strength and the HI content of galaxies. So far, these works mostly
focus on isolated star-forming galaxies of the local Universe. First of all, Atek
et al. (2009b) studied IZw 18, a very metal-poor galaxy discussed in section
4.1.2. The SED of this galaxy exhibits a strong and broad Lyα absorption
line (see figure 4.5) which is surprising given the very low dust extinction
of this galaxy. Using the 3D Lya Monte Carlo code (MClya) of Verhamme
et al. (2006), Atek et al. (2009b) could reproduce the Lyα spectrum of IZw 18
and derived some relevant ISM parameters, such as the dust extinction, the HI
column density and the outflow velocity of the HI gas. Independently to the
geometrical configurations explored in their simulations, the Lyα line profile
of IZw 18 was always reproduced with a small amont of dust (E(B-V) ≈ 0-
0.05), a very high NHI = 3-6.5×1021 cm−2 and an almost static ISM (see figure
4.5). Atek et al. (2009b) thus concluded that the high HI mass was responsible
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Figure 4.5: Best fit of the observed Lyα line profile of IZw 18. The dark line rep-
resents the observed SED of IZw 18, obtained from spectroscopic observations
carried out with STIS, on board the HST. The red dashed line shows the best fit
of the Lyα line profile of the galaxy. It is obtained assuming using the 3D Lyα

Monte Carlo code of Verhamme et al. (2006) and modeling IZw 18 by spherical
shell of HI and dust surrounding a central source of Lyα and UV photons. The
derived parameters of the Lyα fit are: NHI = 6.5×1021 cm−2, E(B-V) = 0.05 and
=0 km.s−1. The blue dotted line represents the input spectrum of the simulation.
The intrinsic Lyα equivalent width adopted here is EWint (Lyα)=60 Å.

for the strong Lyα absorption line of IZw 18. Indeed, the derived HI column
density NHI is very high and comparable to the ones of DLAs (known to be
ones of the most massive galaxies rich in neutral hydrogen of the Universe).
This implies a longer path length for Lyα photons and higher probability of
being absorbed by a very small amount of dust grains.

More recently, Pardy et al. (2014) presented new HI imaging and spec-
troscopy of a small sample of 11 nearby UV-selected star-forming galaxies
(LARS galaxies, see section 4.3). These observations were carried out in ra-
dio wavelengths with the 100m Green Bank Telescope (GBT) and enabled to
estimate the total HI mass of the galaxies from the 21 cm emission line of neu-
tral hydrogen1 (rest-frame wavelength). In parallel to these radio observations,
these galaxies were also imaged and spectroscopically observed in Lyα with
HST. The combination of both observations allowed Pardy et al. (2014) to find
an anti-correlation between the Lyα properties (fesc(Lyα) and EW(Lyα)) and

1The 21cm emission line of neutral hydrogen corresponds to an hyperfine elec-
tronic transition of the HI ground state produced when the spin of the electron changes.
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the total HI mass in the sample. This result seems to support the theoretical
trend, but larger statistical samples would be needed in order to confirm it.

4.1.4 ISM geometry

In parallel to these intense observations of nearby galaxies, both semi-analytical
and numerical studies have highlighted the effects produced by the ISM geom-
etry on the emergent strength of the Lyα line (Neufeld, 1991; Hansen and Oh,
2006).

Overall, several numerical studies have shown that a clumpy and dusty
ISM (where hydrogen and dust are distributed in clumps around sources of
photons) is always more transparent to Lyα and non-resonant photons com-
pared to an equivalent homogeneous ISM of equal dust content (Boisse, 1990;
Hobson and Scheuer, 1993; Witt and Gordon, 1996, 2000; Hansen and Oh,
2006). Therefore, it is known that any photon takes advantage of the weak
opacity of the interclump medium to escape more easily from a clumpy ISM
than any homogeneous dusty one.

However, more interestingly, a clumpy ISM might be at the origin of a
particular effect on the Lyα line, as originally suggested by Neufeld (1991).
Under certain conditions on the ISM, it has been proposed that the Lyα pho-
tons might escape from a clumpy ISM more easily than the non-resonant UV
continuum photons. The result for the emergent Lyα line is an enhancement of
the equivalent width EW(Lyα). As shown in figure 4.6, this scenario assumes
that both the Lyα and the UV continuum photons travel inside a clumpy ISM,
where all neutral hydrogen and dust are mixed together in clumps (leaving the
interclump medium empty or extremely ionized). On the one hand, Lyα pho-
tons would be able to scatter off of the surface of clumps (because scattering
on the HI atoms located on the surface of the clumps), having their journey
confined in the dustless interclump medium. On the other hand, the UV con-
tinuum photons would penetrate into the clumps and would suffer greater dust
extinction than the Lyα photons. Nowadays, this model is commonly used by
astronomers to explained the origin of the very large EW(Lyα) sometimes ob-
served in the SED of high-redshift LAEs (Kashikawa et al., 2012; Shimasaku
et al., 2006).

However, although studied thereafter by Hansen and Oh (2006), the exact
physical conditions under which this model may work in reality remain still
unclear today. This problem needs to be understood in order to figure out both
the way Lyα photons travel inside real clumpy ISMs and the origin of the
unphysically high EW(Lyα) observed from distant galaxies. The Neufeld’s
scenario is the subject to the first two papers of this thesis (i.e. paper I and II).
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Figure 4.6: The Neufeld scenario (Neufeld, 1991). In this scenario, both the
hydrogen and the dust are mixed together in clumps in the ISM. The interclump
medium is however assumed empty (or extremely ionized) allowing Lyα and
UV photons to propagate freely in the interclump medium. In such an ISM, the
Lya photons should scatter off of the surface of clumps (scattering against the
HI atoms localized on the surface), whereas UV photons would penetrate into
the clumps where they would suffer greater extinction than the Lyα photons.
Therefore, Lyα photons would escape more easily such an ISM than the UV
photons, implying an enhancement of the Lyα equivalent width EW(Lyα) (the
observed EW(Lyα) being higher than the intrinsic one).

4.1.5 Summary

The current number of nearby star-forming galaxies samples is significantly
enough to reach robust conclusions on the effects produced by each ISM quan-
tity on the regulation of EW(Lyα) and fesc(Lyα). Overall, four relevant ISM
parameters clearly enter in the complex Lyα radiative transport in nearby star-
forming galaxies: the dust extinction, the HI column density, the ISM kinemat-
ics and the neutral gas geometry. Much attention are now devoted to obtain a
possible "order of precedence" between these different quantities. Regarding
our current knowledge on the effect of each parameter on the Lyα line, the
following scenarios might be proposed:

• From extremely optically thick ISMs: Due to the high optical depth
of the ISMs, either an outflow or a clumpy ISM (i.e. showing a low
covering fraction) may allow Lyα photons to escape from galaxies. In
second precedence, the dust attenuation and the HI column density may
vary the transparency of the ISM for Lyα photons.
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• From moderate opticaly thick ISMs: Lyα photons may take advantage
of the low HI coverage of the ISMs to escape from such galaxies. The
Lyα line might therefore behave more like a non-resonant line. There-
fore, it might be expected that the effect of the dust attenuation on the
Lya line’s strength should be dominant compared to the ones of both the
kinematics and the covering fraction of the neutral gas.

4.2 Investigating the Lyα radiative transport in high-redshift
star-forming galaxies

In the previous subsection, we have seen that deep and wide observations of
low-redshift star-forming galaxies have provided significant information on the
processes that regulate the Lyα line’s features within the ISM of nearby galax-
ies. Regarding now the question at hand in astrophysics, that is understanding
the radiative transport undergone by Lyα photons in the ISM of high-redshift
galaxies, such a process is more challenging to study and remains poorly un-
derstood from an empirical angle. In this section, we summarize first our cur-
rent knowledges in the effects produced by the most relevant ISM parameters
of high-redshift galaxies on the strength of the Lyα line. Second, we focus on
the large diversity of Lyα line profiles observed in the SED of high-redshift
galaxy populations, stressing in particular on the different ISM properties it is
possible to infer from the analysis of these different line shapes.

4.2.1 Any differences to the Lyα transport inferred in low-redshift
galaxies ?

Due to the large distances involved for high-redshift galaxies, the radiative
transport experienced by Lyα photons within the ISM of these objects remains
poorly understood from an empirical point of view. Indeed, such distances
creat two main observational limitations that prevent astronomers from deriv-
ing accurately the ISM quantities involved in the Lyα radiative transfer:

• The very low observed UV and optical continuum surface brightness1 of
individual high-redshift galaxies complicates the measurement of some
fundamental ISM quantities (dust content, HI content, gas kinematics,
...). These problems are typically solved through staking analyses, which
destroys almost all information relating to the diversity of the galaxy
populations.

1The surface brightness (SB) corresponds to radiation flux per solid angle. It is
usually expressed in flux units per arcsecond (erg s−1 cm−2arcsec2) UV and optical
wavelengths.
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• The current impossibility to obtain critical complementary information
in a wide wavelengths range when observing distant star-forming galax-
ies (as only the Lyα line, as well as the faint UV continuum are accessi-
ble to ground-based telescopes when observing high-redshift galaxies).

As a consequence, only the measurement of the stellar dust extinction E(B-
V)Stel. of individual galaxies can be inferred directly from the observed slope of
their UV continuum radiation (and not the nebular dust extinction E(B-V)Neb.
which can be derived from both the non-resonant Hα and Hβ emission lines
and remain only accessible to ground-based telescopes for redshifts below z
= 2.6; K-band limit). Regarding the diagnostics of neutral gas kinematics,
this requires very deep UV continuum spectroscopy to infer low ionization
absorption lines against the very faint UV continuum of galaxies. Such at-
tempts remain very chalenging and very expensive for galaxies at z > 4 (it
is currently out of reach beyond that). Finally, direct observations of HI by
its emission at 21cm remains impossible to measure beyond the local Uni-
verse due to the current sensitivity limits of the radio telescopes. Given all
these observational complications when observing high-redshift galaxies, we
understand why much efforts are put on low-redshift galaxies to figure out the
complex Lyα radiative transfer inside the ISM of galaxies (with the aim to be
able to extrapolate these processes to high-redshift objects).

Despite these observational limitations, some information on the ISM phys-
ical properties of high-redshift galaxies have already been obtained from the
analysis of large samples of LAEs and LBGs. Combined with the study of
their Lyα emission, the effects of some ISM quantities on the Lyα escape can
now be constrained:

• Effect of dust extinction on Lyα: working exclusively on stacked data
of large samples of LAEs and LBGs, Shapley et al. (2003) derived the
mean dust attenuation of large subsamples of z ∼ 3 UV-selected galax-
ies (∼ 1000 LBGs in the total sample). These galaxies samples showed
a significant anti-correlations between the Lyα equivalent width and the
dust extinction. More recently, a similar result was reached by Korney
et al. (2010) and Hayes et al. (2010) who found a clear anti-correlation
between the Lyα escape fraction and the dust content of z ∼ 2 - 3 star-
forming galaxies. The results of Hayes et al. (2011) also confirms this
interpretation when comparing the redshift evolution of fesc(Lyα) be-
tween z = 0 and z = 8 to the one of the dust attenuation E(B-V) in in-
dividual galaxies (for Hα and UV selected galaxies, see figure 4.7). In
particular, between z = 0 and 6, the evolution of the mean fesc(Lyα) can
be purely explained by an increase of the dust content in galaxies with
time. In conclusion, the dust extinction in high-redshift galaxies seems

53



Figure 4.7: Evolution of the Lyα escape fraction fesc(Lyα) as a function of the
redshift z. Different samples of Hα-emitters and Lyman break galaxies (see the
caption) have been used in this analysis. The solid red line shows the best fitting
power-law to points between redshift 0 and 6, which takes an index of α = 2.6 and
is clearly a good representation of the observed points over this redshift range. In
particular, it intersects with the fesc(Lyα)=1 line (dotted line) at redshift z=11.1.
Interestingly, the observed evolution of fesc(Lyα) is consistent with the one of
the dust extinction with time.

to play an important role in the regulation of the observed strength of the
Lyα line.

• Effect of gas kinematics on Lyα: no robust correlation has already
been obtained between the outflow velocity of LAEs and LBGs and
other Lyα quantities so far (fesc(Lyα), EW(Lyα), L(Lyα); Shapley
et al. 2003, Verhamme et al. 2008). Nevertheless, as observed in
low-redshift galaxies, some indications tend to reveal that large scale
outflows/inflows have a noticeable effect on the Lyα line’s strength of
high-redshift galaxies. In particular, most of the distant LAEs and LBGs
exhibit an assymetric Lyα line profile with redshifted peaks (see fig-
ure 4.8, left panel). Such a result is clearly indicative of the presence
of a large scale outflow among Lyα-emitting galaxies at high-redshift.
Further deep observations of large sample of Lyα-emitting and Lyα-
absorbers at high-redshift will be needed in order to explore a possible
trend between the ISM gas velocity and other Lyα parameters.

• Effects of NHI and the ISM geometry on Lyα: while LAEs and LBGs
show clear evidence of galactic outflows, the effects of other ISM pa-
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rameters, such as the HI mass, dust content and the ISM geometry seems
to play a dominant role in the escape of Lyα photons at high-redshift.
Such ISM quantities may indeed explained the large diversity of Lyα-
strength observed between LAEs and LBGs, where the presence of a
bright (weak) Lyα line in the SED of LAEs (LBGs) seem to be the re-
sult of their low (high) HI mass and dust content (Verhamme et al., 2008;
Shibuya et al., 2014).

In summary, all significant and possible trends found between ISM quan-
tities and Lyα properties of high-redshift seem to go in the same way than
the ones observed at low-redshift. Further deep observations of large sample
of high-redshift Lyα-emitters and Lyα-absorbers will be needed in order to
explore the exact effects produced by each ISM parameter on the Lyα line’s
features.

4.2.2 The diversity of the Lyα line profiles: probing the ISM proper-
ties of high-redshift galaxies

As mention above, because of the factors which contribute to the Lyα radiative
transfer inside the ISM of star-forming galaxies, the Lyα line profile encodes
much information on the physical properties of individual galaxies : dust at-
tenuation, gas kinematics, HI column density and geometry of the ISM. It is
therefore particularly interesting to study the Lyα line in the SEDs of high-
redshift star-forming galaxies in view of all precious information it is possible
to derive on the ISM of these objects.

Overall, LAEs and LBGs exhibit a large diversity of Lyα line profiles. In
figure 4.8, we give an example of the most common Lyα emission line profiles
observed from these distant galaxy populations. Due to the complex radiative
transport experienced by the Lyα line inside the ISM, each Lyα line profile
results from particular ISM properties of the host galaxy. For each line profile,
we summarize here the typical physical conditions (Vexp, NHI , E(B-V)) which
prevail in the ISM of these distant galaxies:

• Asymmetric line profiles (left panel): Most of LBGs and LAEs show an
asymmetric Lyα line profile (P-Cygni type profile), characterized by a
steep blue wing, an extended red wing and, sometimes, a peak located at
the middle of the red wing. Following numerical models which study the
transport of the Lyα photons in 3D shell geometries (Verhamme et al.,
2006), such asymmetric line profiles are characteristic of an expanding
ISM with a velocity of about Vexp ∼ 200 - 300 km.s−1. Such strong
outflows allow to Doppler shift out of resonance all Lyα photons whose
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Figure 4.8: Examples of observed Lyα emission line profiles of LBGs (Ver-
hamme et al., 2008). LAEs show the same variety of line profiles. Three different
types of profiles are observed (black line) and can be reproduced by numerical
models studying the Lyα radiative transfer in shell and bubble geometries (blue
line; see figure 4.5). 1) Left panel : Most of the LBGs (and LAEs) for which spec-
tra of sufficient resolution have been obtained show asymmetric profiles, with an
extended red wing. Such a line profile is characteristic of an expanding ISM with
a high expansion velocity of Vexp ∼ 200 - 300 km/s. 2) Middle panel : Part of
the LBGs (and LAEs) show double-peak profiles. This shape is characteristic of
a static ISM (Vexp ≈ 0 km/s). 3) Right panel: in LBGs and LAEs it exists some
intermediate cases showing asymmetric double peak line profiles. Such a profile
is usually characteristic of an expanding ISM with moderate expansion velocities
(typically Vexp ≤ 100 km/s).

frequency is shifted redward of the line center, making an asymmetric
and redshifted profile for the Lyα line.

• Double-peaked line profiles (middle panel): Part of LBGs and LAEs
show a double-peak Lyα line profile, characterized by two symmetric
peaks centered around the center of the intrinsic Lyα line. Such a line
profile is characteristic of a galaxy whose its neutral ISM is static from
the hydrogen nebula giving rise to Lyα photons (i.e. no large scale out-
flow/inflow).

• Intermediate cases (right panel) : Some LBGs and LAEs also show
profiles which appear intermediate between the above two cases. Such
line profiles seem characteristic of an expanding ISM with a moderate
expansion velocity (i.e. Vexp ≤ 100 km/s; Verhamme et al., 2006).

Regarding both the HI column density and the dust extinction of LBGs
and LAEs, some information can be obtained by fitting the Lyα line profile
of galaxies, as shown in Fig. 4.8. First, it seems that LBGs have larger HI
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column densities NHI than LAEs. This can be revealed by the width difference
between the Lyα emission lines of LBGs and LAEs (i.e. FWHM (Lyα) < 500
km/s for LAEs; Rhoads et al. 2003, Venemans et al. 2004). Indeed, several
observations have shown that the HI column density NHI seems to correlate
with the width of the line (Tapken et al., 2007). If this correlation between NHI

and FWHM truly holds in high-redshift star-forming galaxies, Verhamme et al.
(2008) deduces a maximum column density of NHI < (2-4) × 1020 cm−2 for
LAEs. Second, the analysis of the Lyα line profiles of LAEs and LBGs also
suggest that LBGs are dustier than LAEs (Verhamme et al., 2008). All these
results seem consistent with the conclusions of Pentericci et al. (2007) who
suggests that LBGs are more massive (and also older and dustier) than LAEs.

These information on the ISM of galaxies result from the modeling of Lyα

radiative transfer in the framework of galaxy simulations (Ahn et al., 2001,
2002; Cantalupo et al., 2005; Verhamme et al., 2006; Hansen and Oh, 2006;
Laursen et al., 2009a,b). While such numerical investigations are fundamental
for a better understanding of the Lyα transport in the ISM of star-forming
galaxies, they enable to reproduce the Lyα line profile and the UV continuum
observed in the SED of distant galaxies. In this way, useful information can be
derived on the physical properties of LBGs and LAEs.

4.3 The LARS sample: going deeper into the study of
Lyα radiative transfer in nearby galaxies

As explained in the previous sections, our knowledge in the complex trans-
port experienced by Lyα photons inside the ISM of star-forming galaxies has
grown remarquably during the last twenty years. In particular, thanks to deep
observations of nearby star-forming galaxies, astronomers have been able to
identify the main ISM quantities that enter in the complex Lyα transport and
comprehend their effects on this strong hydrogen recombination line.

However, there are still many uncertainties and unknowns concerning im-
portant topics on Lyα , such as understanding the exact effects produced by
each ISM quantity, inferring clear qualitative and quantitative correlations be-
tween the Lyα properties and the ISM ones, or apprehending the tipical Lyα

morphology from Lyα-emitters (i.e. are Lyα-emitters always accompanied by
large Lyα-halos? are the properties of these Lyα-halos always correlated to
the ones of the host galaxies?). All these unknows are mostly due to the small
sample of nearby galaxies that have been imaged in Lyα with very high reso-
lution so far (nowadays, only six nearby galaxies have Lyα imaging available;
Ostlin et al. 2009).

In order to go deeper into the study of Lyα radiative transport inside the
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ISM of nearby star-forming galaxies, we set up a project called LARS during
my PhD program (i.e. for Lyman-alpha Reference Sample). This pioneer-
ing and very ambitious observational project consisted of a sample of fourteen
nearby UV-selected star-forming galaxies, all of them being imaged and spec-
troscopically observed with the HST in cycle 18, 19 and 20 (P.I. Ostlin, pro-
gram 12310). Below, we present in more details the galaxies that compose the
LARS sample, as well as the large array of data and the main scientific goals
of the LARS project.

4.3.1 The sample

The LARS sample is composed of 14 star-forming galaxies at redshift between
0.028 and 0.18. These redshifts are high enough to avoid any overlapping
between the Lyα radiation of the galaxy targets and the strong geocoronal
Lyα emission line (from the Earth’s geocorona). We show in figure 4.9 the
composite images of the LARS galaxies, as obtained from our HST imaging.

All these targets were selected from the cross-correlated GALEX general
release 2 and Sloan Digital Sky Survey (SDSS) DR6 catalogues. More pre-
cisely, two main criteria regarding both the Hα and UV luminosities were
used to select the most convenient star-forming galaxies in these two cata-
logues (Östlin et al., 2014). First of all, we imposed a cut at EW(Hα) > 90
Å to ensure an active star-formation activity within each object (i.e. a strong
Lyα production). AGNs were removed from the sample in order to focus
exclusively on star-formation dominated systems. Then, we also constrained
our selection by populating an UV luminosity range above 109 L�. Finally,
let’s also notice that we allowed for a maximum foreground FUV extinction of
about 30% in order to prevent any strong dust attenuation of the MW on the
SED of these nearby galaxies. This gave some constraints on the coordinates
of the galaxy targets (Right Ascension and Declination).

Morphologically, the LARS sample shows a large diversity of star-forming
galaxies: edge-on disk galaxies (LARS #5, #11), face-on disk galaxies (LARS
#8), irregular galaxies (LARS #1, #4, #6), compact galaxies (LARS #14),
dwarf-like galaxies (LARS #2) and merging systems (LARS #3, #7, #10, #12,
#13). This large diversity makes the LARS sample an interesting test-bed for
understanding the possible effects produced by galaxy morphologies/viewing-
angle on the properties of the emergent Lyα line (EW, luminosity, line profile).

4.3.2 Imaging and spectroscopic observations

A large set of imaging and spectroscopic data were obtained for each galaxy of
the LARS sample. Besides using the HST for imaging (in far-ultraviolet and
optical frequencies) and spectroscopy, a large array of telescopes were used
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Figure 4.10: Left panel: ACS/SBC bandpass combinations used to observe the
LARS galaxies. We add to this figure two modeled spectra of star-forming galax-
ies: the blue spectrum at low-redshift and the red one at high-redshift is. The
geocoronal Lyα line, shown by the dot-dashed vertical line at 1216 Å is not
transmitted by the ACS/SBC long-pass filters. Right panel: effective Lyα band-
passes yielded by our combination of ACS/SBC filters shown on the left panel.
Bandpasses are labeled, as are the synthesized narrowbands that result from the
subtraction of adjacent long-pass filters. The combinations F125LP-F140LP and
F140LP-F150LP sample Lyα at redshifts z = 0.028 - 0.109 (i.e. LARS #1-#12)
and z = 0.134 - 0.190 (i.e. LARS #13 and #14), respectively. Source: Östlin et al.
(2014)

to observe LARS galaxies into various electromagnetic fields (from X-rays to
radio frequencies).

Each LARS galaxy was first imaged with the HST from Far-ultraviolet
(FUV) to optical (8000 A) in rest-frame wavelengths. In optical, the use of the
Wide Field Camera 3 (WFC3) provided optical broadband imaging in U, B and
I bands to cover most of the optical continuum emission from the galaxies. We
supplemented these broadband data with two narrowband imaging that isolated
both the Hα and Hβ lines of the targets. In this way, very useful information
on both the intrinsic Lyα production and nebular extinction E(B-V)Neb. could
be derived for each galaxy. In FUV wavelengths, three HST/SBC broadbands
were used to cover both the Lyα line and the neighboring FUV continuum
of the LARS galaxies (ACS/SBC F125LP, F140LP and F150LP filters). As
shown in figure 4.10, the Lyα line of each galaxy was isolated using a combi-
nation of two FUV filters that generated a synthetic narrow bandpass (i.e. de-
pending on the redshift of the galaxy, either the combination F125LP-F140LP
for LARS#1-#12 and F140LP-F150LP for LARS#13 and #14). This hydrogen
line was hereafter continuum-subtracted using a new SED-fitting method that
used all available FUV and optical data of the galaxies (Hayes et al., 2009).

In order to get useful complementary information on the LARS galaxies,
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a large set of imaging and spectroscopic data have been obtained into a wide
wavelengths range. In particular, Pardy et al. (2014) carried out deep observa-
tions of the LARS galaxies were carried out into radio wavelengths with the
100m Green Bank telescope (GBT). These observations enable us to infer the
neutral hydrogen content of the targets from the 21cm emission line of hydro-
gen. Furthermore, we got a large set of imaging data in Far-infrared (FIR)
wavelengths from both the Hershel and IRAS space telescopes. These differ-
ent data may provide useful and robust information on the dust properties of
the galaxies, such as the total dust content (i.e. directly derived from the anal-
ysis of the FIR continuum of the galaxies) and the dust-to-gas ratio (i.e. the
ratio between both the dust and the HI contents). Finally, mostly to go deeper
into the HST observations in FUV and optical radiation of the LARS galaxies,
a large set of imaging data from the Nordic Optical Telescope (NOT) was ob-
tained for each galaxy target. Several soft X-rays imaging from the Chandra
space telescope are also available for some galaxies of the sample.

Regarding the spectroscopic observations of the LARS galaxies, these ones
have been mostly carried out in FUV and optical wavelengths. We can essen-
tially mention three important spectroscopic observations of the LARS galax-
ies: using the Cosmic Origin Spectrograph (COS, on board the HST), the
PMAS spectrograph1 and the SDSS database. Using COS, we obtained the
SED of the LARS galaxies in a narrow FUV wavelengths range (from 1160
Åto 1470 Å, observed wavelengths). These spectroscopic data, which cover
both the Lyα line and the neighboring FUV continuum emission of the galax-
ies, enable to study the Lyα line profile and to infer useful information on the
ISM gas kinematics from pronounced Low ionization lines (LIS) that appear in
absorption into the FUV stellar continuum. Finally, both the PMAS and SDSS
observations provided different spectra of the galaxy targets into optical wave-
lengths. Whereas the SDSS observations provide an integrated spectrum of
each galaxy in the spectral range [3800 , 9200] Å, integral field spectroscopic
observations were carried out with the PMAS spectrograph in the wavelength
range [5874 , 7700] Å. The latter provides useful information concerning the
Hα line kinematics/width, as well as an abondance map for each galaxy.

4.3.3 Scientific goals

Given our large array of observational data, the LARS sample provides an
interesting test-bed for our understanding of both the Lyα radiative transport in
star-forming galaxies and the reinterpretation of all high-redshift Lyα studies.

The LARS project is based on several scientific goals. First of all, regard-
ing the Lyα morphology of Lyα-emitting galaxies, the high resolution of the

1PMAS spectrograph, at the Calar Alto 3.5m telescope (Spain)
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HST observations allow us to qualitatively and quantitatively compare it to
stellar and non-resonant nebular morphologies. Therefore, a deep study of po-
tential Lyα-halos and its relation with physical properties of the host galaxies
is possible.

Concerning the Lyα transport inside the ISM of star-forming galaxies,
detailed studies consist in reexploring the possible relation between the Lyα

properties (luminosity, escape fraction, EW) and other ISM and stellar quanti-
ties (dust content, gas kinematics, metallicity, HI column density, stellar mass,
stellar age, ...). Such observational works will allow us to confirm/dismiss
some correlations already known, as well as to highlight new ones (such as the
effects of the HI content on Lyα , which is mostly unknown due to the lack of
resolved HI observations of nearby Lyα-emitting galaxies).

As explained in section 4.1.4, the combined effect of dust and ISM ge-
ometry (homogeneity and clumpiness) on Lyα is poorly understood from an
empirical point of view. For the first time, the high resolutions of our HST data
will allow us to observationally study these effects, as well as the possibility
of enhancing the Lyα equivalent width as proposed by Neufeld (1991).

Finally, let’s mention that the large diversity of galaxy morphologies in the
LARS sample allows us to investigate the potential effect of this parameter on
Lyα . In particular, recent high-resolution numerical simulations on isolated
star-forming disk galaxies of Verhamme et al. (2012); ? have revealed possi-
ble strong inclination effects of disk galaxies on various Lyα properties (EW,
fesc and Lyα spectrum). Indeed, whereas Lyα photons are expected to easily
escape from face-on disk galaxies, the situation would become more compli-
cated when the same galaxy is seen edge-on from the observer. The high HI
column density of the galaxy disk would make the galaxy completely opaque
to Lyα radiation, leading to a strong decrease of the Lyα visibility (fesc and
EW), transforming a strong intrinsic Lyα emission line into a pronounced ob-
served Lyα absorption line for the observer. We study this effect in the last
paper of this thesis (i.e. Paper IV), where we carried out a complete observa-
tional study of the edge-on disk galaxy Mrk1486 (LARS#5) and its surprising
strong Lyα emission line.
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5. The physics of the Lyman-α
line

In this chapter we describe the physics of the Lyα line in more details. Unless
otherwise specified, each type of interaction and scattering process discussed
below has been included in the Lyα radiative transfer code MCLya developped
by Verhamme et al. (2006) and used throughout my PhD research . First of all,
we give a more detailed summary of the Lyα line formation mechanisms and
its intrinsic features in the HII regions of starburst galaxies. Then, we focus
on the physics of the different interactions undergone by Lyα photons when
travelling inside the ISM of galaxies (i.e. interactions with neutral Hydrogen,
dust, Deuterium atoms and atomic collisions).

5.1 The Lyα line formation mechanisms and its intrinsic
features in starburst galaxies

5.1.1 Lyα line formation mechanisms

In the Universe, the Lyα line is always produced in dense, warm, ionized
and turbulent regions in which all Hydrogen recombination lines are formed
either by collisional excitations or through recombination of Hydrogen atoms.
Overall, four different sources of radiation are known to produce a bright Lyα

emission line in the Universe. We list here the nature of these different sources
and the mechanisms giving rise to their Lyα emission.

Star-forming galaxies are the most widespread objects producing a bright
Lyα emission line in the Universe. This radiation is mostly formed by recom-
bination of Hydrogen atoms, whose their ionization might have two different
origins in star-forming galaxies. On the one hand, young and very massive stel-
lar objects make a significant contribution to the total ionizing radiation (the
ionizing Far-UV radiation emitted by O and B type stars is mostly absorbed
by the surrounding ISM from which nebular lines form). On the other hand,
stellar feedback from supernovae, stellar winds or galactic outflows may entail
collisional ionization that occurs in shocks inside the ISM. This process may
correspond to another important source for ionizing photons in star-forming
galaxies.
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Active Galactic Nucleus (AGNs) are also powerful and bright sources
in Lyα . Due to the strong ionizing power of their central black hole, AGNs
show hardly sharp intrinsic ionizing spectrum that leads to the formation of
vast galactic and extragalactic HII regions around them. As a consequence,
these HII regions form stronger Lyα emission lines through recombination of
Hydrogen atoms than starburst galaxies (Charlot and Fall, 1993).

At very high redshift, intense Lyα emission lines may also be produced
within large clouds of neutral Hydrogen in accretion in dark matter halos
(such a process is expected to occur during the formation of primordial galax-
ies in the early Universe). As the gravitational collapse of those neutral clouds
goes on, the temperature of the gas must increase, leading to a strong Lyα

emission line by cooling radiation of Hydrogen atoms (Fardal et al., 2001;
Yang et al., 2006). However, there have been only few reports of this kind of
Lyα emission so far (i.e. from Lyα-blobs, Nilsson et al. 2006, Scarlata et al.
2009).

Finally, we can also mention the phenomenon of "fluorescence" which
produces a relatively weak Lyα emission line on the edge of the Hydrogen
clouds located in the outer layer of galaxies. Indeed, each galaxy is exposed
to a strong ionizing UV radiation emitted by the IGM (known to be warm and
composed of a ionized and tenuous gas). This radiation can therefore ionize
the neutral Hydrogen atoms located at the edge of the galaxies, leading to the
formation of a faint Lyα emission by recombination.

5.1.2 The intrinsic Lyα line of star-forming galaxies

As mentioned above, the Lyα line of star-forming galaxies is mostly produced
through recombination of Hydrogen atoms in the HII regions that surround the
most massive and hottest stars of these objects (O and B type stars). During the
lifetime of these massive stars, from few Myrs to ∼ 40 Myrs, free protons and
electrons of the ionized nebula collide and recombine, forming all recombina-
tion lines of HI atoms though the cascade of the electron to the ground state.
In order to understand the formation of the Lyα line, we have to consider the
different orbitals of the second energy level of the HI atoms. It consists indeed
of three different substates, commonly named 2S1/2, 2P1/2 and 2P3/2 (see Fig.
1.1). According to the electronic dipole selection rules, the only electronic
transitions allowed are from the 2P-states to the ground-state, emitting a Lyα

photon. Whereas, the transition from the 2S1/2 orbital to the ground state does
not produce any Lyα radiation. This transition emits two photons into the con-
tinuum and is commonly called the "two photon" emission (Breit and Teller,
1940).

Regarding the intrinsic Lyα luminosity L(Lyα) in HII regions, simple con-
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Figure 5.1: Predicted temporal evolution of the Lyα equivalent width EW(Lyα)
of the nebular emission (EW(Lyα) > 0) and the stellar absorption (EW(Lyα) <
0) for instantaneous burst (solid and long-dashed lines) and constant star forma-
tion (short dashed, dotted, and dash-dotted). The dash-dot lines show the total
EW(Lyα) (nebular + stellar) for constant star formation, the short-dashed lines
show the nebular emission component and the long-dashed ones reveal the stel-
lar absorption component. Three different metallicities are shown in this figure
: Z = 0.02 (solar metallicity, black), 0.004 (red) and 0.0004 (blue). A Salpeter
IMF is assumed in these models. Let’s remark that the Lyα line appears in emis-
sion in all cases (i.e. EW(Lyα) > 0 Å), except for an instantaneous burst where
EW(Lyα) becomes negative after ∼ 50 Myrs. Source : Schaerer and Verhamme
(2008)

siderations lead L(Lyα) being directly proportional to the number of ionizing
photons emitted by the ionizing stars (Schaerer, 2003):

L(Lyα) =
2
3
(1− fesc)hν0QH erg.s−1 (5.1)

where QH is the total flux of ionizing photons reward of 912 Å (in unit
s−1), fesc is the fraction of Lyman continuum photons that do not participate
to hydrogen ionization in the HII region, and ν0 is the rest-frame frequency
of the Lyα photons. The factor 2/3 is related to the case B of the recombi-
nation theory (Osterbrock, 1989). It is assumed here that all photons emitted
through the recombination of HI atoms are always re-absorbed into the HII
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region (i.e. it is the optically thick regime, the most likely configuration in HII
regions). Under this condition, the orbitals of the second energy level of HI
atoms (i.e. 2S1/2, 2P1/2 and 2P3/2) are equally populated, implying that two-
third of the recombinations in HII regions lead to the emission of a Lyα photon
(Spitzer, 1978; Osterbrock, 1989). This indicates the high strength of the Lyα

line in starburst galaxies. Besides becoming the strongest recombination line
of Hydrogen atoms emitted in HII regions, the Lyα line can also become the
dominant emission line of the SED of star-forming galaxies at very low metal-
licities (Schaerer, 2003).

- Relative strength of the intrinsic Lyα line:

The equation 5.1 shows that the strength of the Lyα line is primarily dependent
on the ionizing flux QH of the underlying stellar population, which depends on
both the stellar metallicity Z and the age of the stellar source (Charlot and Fall,
1993; Schaerer, 2003). We illustrate in figure 5.1 the temporal evolution of
the intrinsic Lyα equivalent width EW(Lyα), assuming different stellar metal-
licities Z and different star formation histories for the host galaxy (Schaerer,
2003). In all cases, the Lyα line is very strong at the beginning of the stellar
formation, with EW(Lyα) being able to reach either 240 Å (for normal stellar
metallicities; i.e. population I stars) or 360 Å (for very metal-poor stars; i.e.
population II stars).

The relative strength of the Lyα line also decreases with time, due to both
the aging of the stellar population and the decrease of the Lyman continuum
flux QH . However, the decrease of EW(Lyα) will be more or less pronounced
according to the star-formation history. Two different cases appear. For galax-
ies showing a constant star formation, the Lyα equivalent width decreases be-
fore reaching an asymptotic value of 80 - 100 Å after ∼ 50 Myrs (i.e. log(age)
> 7.70). For an instantaneous burst (that occurs at t = 0), the first stellar genera-
tion is the only source of ionizing photons within the galaxy. A quick decrease
of EW(Lyα) is therefore observed until reaching 0 Å after 10 Myrs into the
nebula (i.e. no Lyα photons emitted from the HII region). The total EW(Lyα)
becomes nevertheless strongly negative after 50 Myrs due to the stellar Lyα

absorption of the old B type stars of the galaxy.

- Shape of the intrinsic Lyα line:

Regarding now the shape of the newly formed Lyα line in HII regions, this
one corresponds to a gaussian with a width given by a convolution of the nat-
ural, thermal, and turbulent broadening. From a theoretical point of view, the
width of the Lyα line is essentially due to both the thermal and turbulent broad-
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ening in such ionized nebula. Taking only into account the thermal contribu-
tion1, the average temperature of 104 K measured in HII regions leads to a
Full Width at Half Maximum (FWHM) at least higher than 13 km.s−1. How-
ever, given that the turbulence may also dominate over thermal motions, well
higher widths may be observed in reality. From an observational point of view,
some information regarding the intrinsic width of the Lyα line can be given by
observations of the Hα line of galaxies. This non-resonant Hydrogen line is
indeed produced in the same locations as Lyα , so can be used as a probe. In
this way, after correction of any internal motion of ISM clouds in nearby star-
forming galaxies, Yang et al. (1994) found a lower limit for the Hα line width
of∼ 30 km.s−1. Higher values up to 100 km.s−1 are also found in nearby and
high-redshifts galaxies. Such a line width is indeed consistent with the mea-
surement of the velocity dispersion of CO and Hα lines in the starburst galaxy
cB58 (Teplitz et al. 2000; Baker et al. 2004), the velocity dispersion measured
in several starbursts at z ∼ 2 by Erb et al. (2003), and in SMM J2135-0102 at
z = 2.32 by Swinbank et al. (2011).

As largely discussed throughout this thesis, the observed strength, width
and shape of the Lyα line of star-forming galaxies are nevertheless extremely
different from the intrinsic ones. Indeed, the complex transport experienced
by Lyα photons within the ISM or the IGM determines the emergent features
of the Lyα line. As we will see below, Lyα photons undergo many kinds of
interactions: scattering against HI atoms or destruction by dust, H2 molecules,
Deuterium atoms and atomic collisions. Numerical simulations must take all
of these into account to reproduce Lyα radiative transfer in galactic environ-
ment.

5.2 Interaction between Lyα photons and neutral Hydro-
gen

Given the resonant nature of the Lyα electronic transition, Lyα photons are
very likely to interact with HI atoms. Each interaction between a Lyα photon
and a HI atom leads to a phase of absorption and of re-emission. The latest
one modifies many properties of the incoming Lyα photon: its frequency, di-
rection of propagation and degree of polarization. Throughout this subsection
we describe in more details these different changes.

1The thermal broadening is measured by the Doppler width ∆νD. It is defined as
∆νD = (νLyα /c)

√
2kT/m, where νLyα is the rest-frame Lyα line frequency, c is the

speed of light, T is the temperature of the gas, k is the Boltzmann constant and m is
the average mass of the gas’s particles
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5.2.1 Absorption process

The absorption probability of a Lyα photon by a HI atom (the electron of this
atom being in the ground state 1S1/2) is measured by the cross-section of ab-
sorption σ (ν). We describe below the expression of σ (ν) in the observer’s
frame (i.e. a frame other than the absorbing HI atom) and estimate the absorp-
tion probability of a Lyα photon in a typical ISM HI cloud.

- Absorption cross section in the atomic frame:

In the classical photon-atom interaction model1, the absorption cross-section
σat(ν) in the rest frame of a static HI atom is a function of the incoming photon
frequency ν (Monier (2006), chap. 4.4):

σat(ν) =
e2π

mec
f12

Γ/4π2

(ν−ν0)2 +(Γ/4π)2 (cm2) (5.2)

This is a Lorentzian function, where e is the elementary charge, me the
electron mass, c the speed of light, f12 = 0.4162 the oscillator strength of the
Lyα transition, ν0 = 2.47×1015 Hz the frequency of the Lyα line at the line
center (related to the wavelength λLyα = 1215.67 Å) and Γ = A12 = 6.265×108

s−1 the Einstein coefficient of spontaneous emission for the electronic tran-
sition of the Lyα line (i.e. the probability of spontaneous emission per sec-
ond). This Lorentzian function describes the natural broadening of the Lyα

line. The cross-section σat(ν) is thus centered at the Lyα line frequency ν0
and decreases sharply over a very small frequency range ∆ν around ν0 (∆ν =
6.265×108 Hz).

- Absorption cross-section σ (ν) in the observer’s frame:

The equation 5.2 is only valid in the rest frame of a static HI atom. In reality,
a HI atom that is exposed to a certain temperature T undergoes a random ther-
mal motion with respect to an observer. As a consequence, a strong Doppler
shift should occur in the atomic frame, shifting the intrinsic absorption profile
(eq. 5.2) at a frequency ν other than the one of the Lyα line center ν0. If we
describe the thermal motion of the HI atom by the Maxwellian distribution, the
cross-section σ (ν) in an observer’s frame is a convolution of the cross-section
σat(ν) with the velocity distribution of the HI atom:

1The photon-atom interaction can be seen as an electromagnetic wave interacting
with an oscillating dipole.

68



Figure 5.2: Schematic representation of the motions of both the absorbing HI
atom (black dote) and the incoming Lyα photon (blue wave). The HI atom travels
in a random direction with respect to the one of the Lyα photon. The projection
of the velocity vector of the HI atom

−→
V is noted Vz.

σ(ν) =
∫

∞

−∞

σat(ν(1−
Vz

c
))P(Vz)dVz (5.3)

where Vz is the projection of the velocity
−→
V of the HI atom along the di-

rection of propagation of the incoming Lyα photon1 (see figure 5.2), P(Vz)dVz

is the probability to find the HI atom in the velocity range [Vz ; Vz+dVz] and ν

is the frequency of the incoming Lyα photon in the observer’s frame. The term
ν(1−V z/c) in equation 5.3 corresponds therefore to the frequency of the Lyα

photon in the atomic frame. Using the Maxwellian distribution, the probability
P(Vz)dVz is given by:

P(Vz)dVz =
1√
πVth

e
−V 2

z
V 2

th dVz (5.4)

where Vth = (2kBT/mH)1/2 = 12.85(T/104)1/2 km.s−1 is the thermal ve-
locity dispersion of the HI atom (i.e. the most probable speed of the HI atom)
and T the temperature of the gas expressed in Kelvin. The thermal motion of
HI atoms has for main effect to widen the width of the Lyα absorption profile.
In this way, we can introduce the Doppler frequency broadening of the Lyα

absorption profile ∆νD that is given by ∆νD = (Vth/c)ν0. The turbulence has
also an effect on the broadening of the Lyα absorption profile, leading to a
more general Doppler frequency broadening ∆νD = (b/c)ν0, where b = (V2

th +
V2

turb)1/2 km.s−1.
Before deriving the final expression for the cross-section σ (ν) (eq. 5.3),

we introduce some other useful variables. First of all, instead of the frequency
ν of the incoming Lyα photon, let’s consider the dimensionless parameter x:

1We assume here that the incoming Lyα photon travels along the axis z of a carte-
sian grid in the observer’s frame (Fig. 5.2).
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x =
ν−ν0

∆νD
(5.5)

This parameter measures the shift of the frequency ν , in frequency ∆νD,
from the line center ν0. Then, we also introduce the Voigt parameter α , which
measures the ratio between the natural and the thermal widths of the Lyα line:

α =
Γ/4π

∆νD
= 4.7×10−4×T 1/2

4 (5.6)

where T4 is the temperature in units of 104 K. Including these different
variables in the equation 5.3, the total cross-section σ (x) in the observer’s
frame is given by:

σ(x) =
√

πe2

mec
f12

∆νD
H(α,x) (5.7)

where H(α ,x) is the Hjerting function. It describes the Voigt absorption
profile of the cross section σ (x) and is defined as:

H(α,x) =
α

π

∫
∞

−∞

e−y2
dy

(y− x)2 +α2 =

{
∼ e−x2

core
∼ α√

πx2 wing (5.8)

where we use the dimensionless variable y = Vz/Vth. The critical frequency
xc that marks the transition between core and wing in the Hjerting function
depends on the value of the Voigt parameter α (i.e. on the temperature T to
which the HI atom is exposed). For α in the range [10−2,10−6] the transition
occurs in the frequency range [2.5,4] (Verhamme et al., 2006), whereas for α

= 4.7×10−4 (corresponding to a temperature T=104K, typical of the thermal
conditions of neutral Hydrogen clouds of a real ISM) the transition occurs at
xc ≈ 3.3.

From the equation 5.7, we notice that the broadening of the absorption
profile of the Lyα line is essentially due to the Doppler broadening in most of
the HI clouds of an ISM. Indeed, the usual temperatures measured in neutral
HI clouds of a real ISM (i.e. T ≈ 104 K in the Warm Neutral Medium, McKee
& Ostriker 1977) leads to a Doppler broadening ∆νD ≈ 1.05 × 1011 Hz. This
value is three orders of magnitude higher than the natural width of the Lyα

line (Γ = 6.265×108 Hz) and one order of magnitude higher than the frequency
difference between the 2P-states of the second energy level of the Hydrogen
atom (2P1/2 and 2P3/2, ∆ν = 1010 Hz).

At the Lyα line center, the cross-section σ (ν0) reaches 5.9×10−14 cm2,
which is several orders of magnitude higher than the one of ionizing photons
(σ (912 Å) = 6.3×10−18 cm2) and the one of other recombination lines of the
Hydrogen atom. Therefore, among all photons likely to interact with neutral
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Hydrogen atoms, Lyα photons appear as the most probably ones.

- Optical-depth τx and probability of absorption:

The optical depth τx experienced by a Lyα photon that is propagating thought
a cloud of neutral Hydrogen is given by:

τx(L) =
∫ L

0
σ(x)nH(z)dz (5.9)

where L is the physical size of the HI cloud along the direction of propa-
gation of the Lyα photon, nH(z) is the Hydrogen density at the abscise z along
this direction and σ (x) is defined in equation 5.7. Combining all equations
defined above, it can be shown that (Verhamme et al., 2006):

τx(L) = 1.041×10−13T−1/2
4 NHI

H(a,x)√
π

(5.10)

where NHI is the neutral Hydrogen column density measured along the
direction of propagation of the photon. At the Lyα line center (x = 0), the
optical depth of a static HI medium is given by:

τ0(L) = 3.31×10−14T−1/2
4 NHI (5.11)

The optical depth τx is related to the probability P(x) of a Lyα photon of
frequency x to be absorbed by a HI atom in the Hydrogen cloud: P(x) = 1-
e−τx . From the equation 5.11, we notice that a HI cloud becomes optically
thick to Lyα photons from NHI = 3×1013 cm−2 (assuming here T = 104 K
in the HI medium). Such HI column density is very low compared to the
ones usually measured in the HI clouds observed in the ISM of galaxies. In
the Milky way, the measurement of the total HI column density of neutral
Hydrogen clouds located in the local ISM reveals column densities going from
1018 cm−2 to few 1021cm−2 (Heiles and Troland, 2003; Stanimirovic̀ et al.,
2007). Such a HI column density range implies a probability of Lyα photons
absorption of unity in any HI cloud of a real ISM. It is then very unlikely to
see a Lyα photon escaping from galaxies without interacting with any HI atom
(except those escaping between holes that may appear between HI clouds).
This is especially true given that massive stars (O and B type stars) and their
surrounding HII region are still embedded in their natal giant molecular clouds
(Churchwell 1990; Gouliermis et al. 2012). Therefore Lyα photons have at
least to get through such dense HI clouds before traveling inside the ISM.
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5.2.2 Re-emission process

After absorbing a Lyα photon, the excited HI atom sees its electron going
from the ground state 1S1/2 to one of the 2P orbitals of the second energy level
(2P1/2 or 2P3/2). Due to the very short lifetime of the electon in a 2P-state,
around t = 1/A12 ≈ 10−8 s (with A12 the Einstein coefficient of spontaneous
emission for the Lyα transition), the return of the electron to the ground state
is considered as immediate1. This transition emits a new Lyα photon by spon-
taneous emission. Nonetheless, let’s remark that the re-emission of a Lyα

photon may be suppressed if any collision/interaction occurs during this short
time scale (see section 5.4.2).

In the framework of the re-emission of a Lyα photon, the outgoing pho-
ton is different from the incoming one in the observer’s frame. In particular,
the frequency, the direction of propagation and the degree of polarization may
change, as we explain further.

- Angular redistribution:

The angular redistribution of the re-emitted Lyα photon is not isotropic in
the atomic frame. It mostly depends on 1) the electronic transition involved
in the re-emission process and 2) the frequency x at which the incoming Lyα

photon is absorbed by the HI atom.
Overall, whereas the scattering event 1S1/2 → 2P1/2 → 1S1/2 leads to

an isotropic re-emission of the Lyα photon, the sequence 1S1/2 → 2P3/2 →
1S1/2 produces a dipolar redistribution of the re-emitted Lyα photon (Chan-
drasekhar, 1960; Ahn et al., 2002; Dijkstra and Loeb, 2008). The frequency x
of the incoming photon plays also a role in the final angular redistribution. It
is indeed different for core and wing scattering. For a Lyα photon absorbed in
the core of the absorption profile (i.e. for x < 3.3, assuming here T = 104 K
in the HI gas), the photon is scattered at resonance via one of the two orbitals
of the 2P state (2P1/2 or 2P3/2). Summing over all possible Lyα transitions2.,
the averaged scattering phase function3 p(θ ) undergone by the re-emitted Lyα

photon can be described as a superposition of Rayleigh and isotropic scattering
with corresponding weight 1/3 and 2/3 (Dijkstra and Loeb, 2008):

1Given the very short time scale on which the spontaneous emission occurs, the
Lyα "absorption - re-emission" process is rather called "Lyα scattering" by simplicity.

2Given the multiplicity of each 2P state (i.e. equal to 2J+1, with J the total angular
momentum quantum number), the scattering of a Lyα photon via the 2P3/2 state is
twice more likely than the scattering via the state 2P1/2

3The angular phase function p(θ ) gives the probability of the re-emitted photon
being scattered at an angle θ relative to the incoming photon.
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p(θ) =
11
12

+
3

12
cos2(θ) (5.12)

In the wing of the absorption profile, Stenflo (1980) shows that the Lyα

scattering cannot be splitted into the 2P1/2 or the 2P3/2 state separately, but
into a superposition of both states. A quantum mechanics approach of this
problem proves that this superposition (Rayleigh scattering and the isotropic
scattering) introduces quantum interferences, yielding to the following angular
phase function p(θ ):

p(θ) =
3
4
+

3
4

cos2(θ) (5.13)

The angular phase function p(θ ) in the wing of the Lyα absorption profile cor-
responds to a pure Rayleight scattering.

- Degree of polarization:

The polarization degree of the incoming Lyα photon also changes with the
scattering process. As the angular redistribution, the photon polarization de-
pends on 1) the electronic transition involved in the scattering process and 2)
the frequency x of absorption. In general, the transition from the 2P1/2 state
gives completely unpolarized Lyα photons, while the one from 2P3/2 leads to
a maximum degree of polarization of 3/7 for an angular re-emission of 90 ˚
(Chandrasekhar, 1960). Using the same calculation than above, it turns out
that scatterings of Lyα photons in the wings (i.e. for x > 3.3) show a degree
of polarization three times higher than the ones produced by scatterings in the
core (Dijkstra and Loeb, 2008).

- Frequency redistribution:

While the frequency redistribution of Lyα photons is coherent in the atomic
frame1 (i.e. the frequency x before and after scattering is the same in the atomic

1In reality, in the scattering with a HI atom, a Lyα photon transfers a very small
fraction of its energy to the atom (by analogy to the Compton scattering between an
electron and a photon). This effect is usually called the recoil effect. As a consequence,
the energy of the Lyα photon should decreases during the scattering process, yielding
an output frequency νout higher than the one of the incident photon νini. However,
the difference νout - νini (i.e. νout - νini < 1.6×108 Hz) is negligible compared to the
frequency redistribution of the Lyα photon due to the thermal motion of the HI atoms
(see text). The recoil effect can be therefore neglected and the frequency redistribution
can be considered as coherent in the atomic frame.
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Figure 5.3: Frequency redistribution of Lyα photons in the observer’s frame.
All curves take into account both the natural and the Doppler broadening of the
Lyα line and are averaged over all re-emission directions. For each curve, an
incoming Lyα photon of frequency x is absorbed by a HI atom (x = 0, 1, 2,
3 and 4 in the observer’s frame). The curves show the re-emission probability
P(x) of the outgoing Lyα photon. This figure is based on an isotropic angular
redistribution of the re-emitted Lyα photon (i.e. corresponding to the scattering
event 1S1/2 → 2P1/2 → 1S1/2).

frame), it becomes clearly incoherent in the observer’s frame due to the ther-
mal motion undergone by HI atoms in the gas. In the observer’s frame, the
frequency redistribution of a Lyα photon depends on 1) the re-emission direc-
tion of the Lyα photon and 2) the speed of the HI atom. The complexity of
the frequency redistribution finds some analytical solutions: the two functions
RII of Hummer (1962). These two functions describe the frequency redistri-
bution of a re-emitted Lyα photon for a dipolar angular redistribution (for the
sequence 1S1/2 → 2P3/2 → 1S1/2) and an isotropic angular redistribution (for
the sequence 1S1/2 → 2P1/2 → 1S1/2). In figure 5.3 we illustrate the function
of Hummer (1962) for the isotropic angular redistribution case. From this fig-
ure, the angular redistribution of a Lyα photon in the observer’s frame can be
described in the following way:

• For an incoming Lyα photon of frequency xini in the core of the absorp-
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tion profile (i.e. xini ≤ 3.3), the frequency of the outgoing Lyα photon
will be in the range [-xini;xini]. Indeed, in the core of the absorption
profile, a Lyα photon is likely to be absorbed by moving HI atoms that
see the frequency xini exactly at the Lyα line center in their own frame
(see figure 5.4). As the re-emission of the Lyα photon is coherent in
the atomic frame, it is re-emitted at the line center from the HI atom.
Therefore, considering all possible atom speeds and all directions of re-
emission, the frequency range of the outgoing Lyα photons is roughly
[-xini;xini] in the observer’s frame.

• For a Lyα photon of frequency xini in the wing of the absorption pro-
file (i.e. xini > 3.3), the frequency redistribution is almost coherent in
the observer’s frame (i.e. the outgoing photon frequency xout is approx-
imately equal to the one of the incoming Lyα photon xini). Indeed, a
Lyα photon of frequency xini seen in the wing of the Lyα absorption
profile is unlikely to be absorbed by a moving HI atom at resonance (see
figure 5.4). Instead, they are very likely to be absorbed in the wing of
the absorption profile by a static HI atom. Nonetheless, the Lyα fre-
quency redistribution is coherent in the atomic frame, so it also remains
unchanged in the observer’s frame.

5.2.3 The Lyα radiative transfer in HI media

- The transport of Lyα photons through HI media:

In the previous subsections, we highlight both the very high scattering prob-
ability of Lyα photons and the strong impact the re-emission process has on
the frequency, the direction of propagation and the polarization degree of the
Lyα photons. In this subsection, we explain the way Lyα photons travel inside
optically thick HI media and how Lyα photons may escape from the ISM of
galaxies.

Unlike other lines, the scattering of resonant Lyα photons in optically
thick HI media is not a pure random walk, but a coupled spatial and fre-
quency space one. In other words, while non-resonant lines try to escape
from optically thick media by moving in space (until they reach the edge of
the cloud after experiencing a multitude of scatterings), Lyα photons rather
escape straight by taking advantage of the frequency shift they undergo when
scattering against HI atoms. Therefore, it is when the Lyα photon frequency
is shifted enough to the wing of the Lyα absorption profile (where the opacity
is lower) that the photon escape from neutral Hydrogen media or the ISM of
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Figure 5.4: Probability that a Lyα photon of frequency xini is absorbed by a HI
atom such that it appears at a frequency xat in the atomic frame (Dijkstra and
Loeb, 2008). We assume a temperature of T = 104 K, so the core-wing scattering
transition occurs at x ∼ 3.3. We consider two different Lyα photons: the ones
seen in the core (xini = 3.3, solid line) and the ones seen in the wing (xini =
-5.0, dashed line) of the Lyα absorption profile. For xini = 3.3, Lyα photons
are absorbed at resonance (xat = 0) or in the wing at xat ≈ 3.3 (by static HI
atoms). However, for xini = -5.0, Lyα photons are unlikely to be absorbed at
resonance (as very few HI atom are fast enough to Doppler shift the frequency
xini at resonance). These photons are mostly absorbed in the wing of static HI
atoms, at xat ≈ -5.0.

a galaxy (Adams, 1972). Given this basic mechanism, two different cases can
be distinguished.

• A medium with a moderate optical depth τ0 (i.e. τ0 < 103) becomes
highly optically thick at the line center, but remains optically thin in
the wings of the absorption profile (eq. 5.10). Through this medium,
a Lyα photon always starts scattering locally against HI atoms (since it
is initially emitted in the core of the Lyα absorption profile). However,
after many scatterings, a fast HI atom (a HI atom with a velocity in the
wing of the Maxwellian distribution) can absorbe the Lyα photon. In
such a case, the Lyα photon is shifted off resonance in the re-emission
and it can directly escape from the HI medium (because now seen in the
wing of the Lyα absorption profile, where the opacity is lower).

• In a medium with an extremely high optical depth (τ0 > 103/α ,
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Neufeld et al. 1990), the previous process becomes mostly inefficient
for Lyα photons because the wing of the Lyα absorption profile is now
optically thick. In such a case, Lyα photons travel in space and change
frequency in the course of the multitude scatterings they experience in
the HI medium. This process continues until the Lyα photons either
reach a favorable region for escaping the medium (i.e. a region having
either a low HI density, strong gas kinematics, ... ) or are significantly
shifted into the wings at high frequency xesc, such as the optical depth
τ(xesc) is lower than unity.

Such understanding of the Lyα radiative transport has come after a long
period of theoretical work that aimed to understand both the scattering and
escaping processes experienced by Lyα photons in optically thick HI media
(Unno, 1955; Field, 1959; Osterbrock, 1962). During the 1950s and 1960s, it
was believed that the scattering of Lyα photons was a pure random walk. This
scenario (based on a coherent scattering of Lyα photons) implied that Lyα

photons could only escape from HI media once they reached the edge of the
cloud by scattering against HI atoms. However, since the average number of
scatterings needed would be very high in this case (i.e. Nsc = τ2

0 , Osterbrock
1962), the probability of seeing Lyα photons escaping from any optically thick
and static HI medium would be almost zero. This result seemed to indicate that
no Lyα emission could escape from any astronomical objects. Then, for the
first time, Adams (1972) proposed that Lyα photons may travel in a different
way: unlike other lines, Lyα photons could escape from extremely optically
thick media after experiencing different series of excursions to the wings of
the Lyα absorption profile. This scenario explains how resonant photons can
escape from optically thick media. Indeed, unlike pure random walk scenarios,
in this case the mean number of scattering Lyα photons needed for escaping is
lower (i.e. Nsc = τ0, Adams et al, 1972). This implies both a longer mean free
path and a higher probability of Lyα photons escaping from optically thick HI
media.

- Analytical and numerical studies of Lyα transport:

Given the way Lyα photons travel inside HI media, we can understand the
formation of the double-peak profile that the Lyα line exhibits when escaping
from static HI clouds (see figure 5.5). Such a line profile has been analytically
explained by Neufeld (1990) in the limit of a source of radiation located in a
very optically thick, uniform density and isothermal slab. As shown in figure
5.5, all Lyα photons (originally emitted at the line center x = 0) are redis-
tributed into the wings. The frequency of the maximum of each peak is xmax
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Figure 5.5: Emergent predicted Lyα line profiles for a monochromatic source
embedded in a static HI medium with various HI column density NHI (i.e. various
τ0). In this figure is compared the emergent spectra obtained from Monte Carlo
radiative transfer simulations (solid histograms, Tasitsiomi (2006)) and the ones
predicted analytically by Neufeld (1990) (dashed histograms). The emergent
line has a double-peak line profile where the separation between the two peaks
increases as τ0 increases in the medium. Source: Tasitsiomi (2006)

= ± 0.88(aτ0)1/3 and the average number of scattering is Nsc = 0.91τ0 (Har-
rington, 1973). As mentionned above, both the frequency and the separation
between the two peaks tend to increase as the optical depth τ0 of the medium
increases. Indeed, it is more complicated for Lyα photons to emerge from a
media showing high τ0. Therefore, the photon frequencies must move farther
away in order to escape from the HI clouds.

Like the analytical approach developped by Neufeld (1990), all analytical
solutions known to date are only applicable to certain specific and idealized
conditions when studying the Lyα radiative transfer in HI media. It there-
fore appears that the numerical approach remains the only method available to
comprehend the complex transport of the Lyα line in galaxies and cosmologi-
cal values.
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5.3 Interaction between Lyα photons and dust

When traveling inside the ISM, Lyα photons may also interact with dust.
When this interaction occurs, a Lyα photon can be either absorbed and scat-
tered by the dust grain. The total probability of interaction of a Lyα photon
with dust depends on the total cross-section σd , which is the sum of the scat-
tering cross section σs and the absorption cross section σa:

σd = σs +σa (5.14)

The cross sections σa and σs are both defined as σa,s = πR2Qa,s, with R
the mean radius of a dust grain (assuming here that the dust grain is spherical)
and Qa and Qs are the absorption and scattering efficiency respectively (Qa

= Qs = 1 at UV wavelengths, Verhamme et al. 2006). Furthermore, both
parameters Qa and Qs intervene in the definition of the albedo of the dust
grains. This dimensioneless parameter, noted A, describes the probability for
a photon of being scattered instead of absorbed by the dust. It is the ratio
between the scattering efficiency Qs and the total efficiency of interaction: A
= Qs/(Qa+Qs) ≈ 0.50 for the Lyα and the adjacent UV continuum photons
(Witt and Gordon, 2000; Draine, 2003). With a typical grain size of R ≈
10−6 cm (Draine, 2003) and the measured values of Qa and Qs at Lyα and
UV wavelengths, we get a total cross section of σd ≈ 7×10−12 cm2 for Lyα

photons. At the Lyα line center, σd is therefore an order of magnitude lower
than the HI atom absorption cross section σ(ν) (eq. 5.7). However, despite its
low probability, the interaction between Lyα photons and dust may occur at
the line center. Indeed, the overall probability of such an interaction increases
due to the resonant scattering of Lyα photons. In the wing of the line, the
interaction with dust has also great chances to occur as the dust cross-section
σd starts exceeding the HI absorption one (σ(ν)).

The scattering of a Lyα photon with a dust grain has also a non negligible
impact on some properties of the incoming photon, such as the frequency, the
direction of propagation and the degree of polarization. Below, we describe
some of these changes further.

- angular redistribution:

The Henyey and Greenstein (1941) analytical function approximate the pho-
tons angular redistribution in radiative transfer models as:

φ(θ) =
1−g2

4π(1+g2−2gcos(θ))3/2 (5.15)

where g = <cos(θ )> is the only parameter of the scattering phase function
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Table 5.1: Dust parameters (a and g) taken from Witt and Gordon (2000) and
adopted for Lyα line photons, and continuum photons at UV and optical wave-
lengths (close to the B and V-band).

Photons λ (Å) τd /τV a g
Lyα 1215.67 6.74 0.460 0.770UV 1235.0

B-band 4350.0 1.38 0.495 0.633
V-band 5550.0 1.00 0.490 0.607

φ (θ ). This parameter strongly evolves with the photon frequency x, as revealed
by the analysis of the observed surface brightness of different reflexion nebulae
(Draine, 2003; Gordon et al., 1994; Witt and Gordon, 2000; Calzetti et al.,
1995; Gibson and Nordsieck, 2003). Overall, the angular redistribution of
photons is not isotropic in the frame of a dust grain. This has been revealed
by the positive values of the phase function parameter g measured for the dust
grains of the Milky Way (MW), the Small Magellanic Cloud (SMC) and the
Large Magellanic Cloud (LMC). This implies a higher probability of being
forward-throwing relative to the incoming photons (Draine, 2003; Witt and
Gordon, 2000).

However, it still remains many uncertainties on the scattering properties of
dust grains in the UV field (i.e. albedo A and g). More precisely, two problems
appear. First, although the function of Henyey and Greenstein (1941) provides
a good approximation to the observed phase function at wavelengths between
0.4 µm and 1.0µm, this function cannot be applied to reproduce the angular
phase φ (θ ) at shorter wavelengths (i.e. for λ < 0.27; Draine et al., 2003).
Second, the observational measurements of the dust scattering properties (A
and g) in the MW, SMC and LMC exhibit large variations in the UV field.

Given these problems, we have made different assumptions on the dust
properties in all papers presented at the end of this thesis (i.e. Paper I, II and
IV). In particular, using the Monte Carlo code MCLya for our numerical sim-
ulations, we have modelling the dust scattering in the UV field through either
the phase function of Henyey and Greenstein (1941) or an isotropical angular
redistribution. We list in table 5.2 the mean dust scattering properties we have
considered in our numerical simulations (the values of g correspond to the ones
we have used when considering the phase function of Heney and Greenstein;
Witt & Gordon 2000). However, such assumptions have not any consequences
on the results obtained throughout this thesis. Indeed, given the main quanti-
ties of interest in our different papers (i.e. gas kinematics, HI column density,
ISM geometry), the destruction of the Lyα and UV continuum photons by the
dust does not strongly depend on the exact dust properties. We expect indeed
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that other poorly known properties of an ISM (i.e. the velocity field, the HI
column density and ISM geometry) on the Lyα radiative transfer are more im-
portant than the detailed dust properties (Laursen et al., 2009a).

- frequency redistribution:

The Lyα photons frequency redistribution by dust is coherent in the dust
frame. However, as discussed previously for the photons frequency redistri-
bution by Hydrogen, the frequency of the outgoing Lyα photon may change
in the observer’s frame because of 1) the direction of re-emission of the Lyα

photon and 2) the speed of the dust grain.

5.4 Other interactions

Lyα photons can experience other interactions when traveling inside the ISM.
We consider two different interactions in this section: interaction with Deu-
terium atoms and atomic collisions. Besides explaining the effects of each
interaction on Lyα photons, we also explain in more detailed how they are
integrated in the Lyα radiative transfer code MCLya (Verhamme et al., 2006)
we have used throughout this thesis.

5.4.1 Interaction with Deuterium

The Deuterium atom is an isotope of Hydrogen and is composed of a proton
and a neutron. Lyα photons can be absorbed by Deuterium atoms at a fre-
quency blueward the Hydrogen Lyα line center.

The Deuterium Lyα absorption line center is blueshifted by 82 km.s−1

with respect to that for Hydrogen (i.e. ∆ν = 6.75×1011 Hz between Hydro-
gen and Deuterium Lyα absorption lines). When studying the Lyα radiative
transfer in numerical simulations, the Deuterium optical depth τD,x must to be
added to the Hydrogen τx one. As shown by Dijkstra et al. (2006), the Deu-
terium optical depth τD,x simply corresponds to the Hydrogen optical depth τ0
(eq. 5.11) blueshifted to 82 km/s and reduced by the Deuterium aboundance
[D/H]. More precisely, we have τD,x =

√
2×[D/H]τ0 = 4.4×10−5τ0, where

[D/H] ∼ 3×10−5 (Burles and Tytler, 1998). The contribution of Deuterium
to the Hydrogen optical depth (τD,x/τ0) is shown in figure 5.6 (left panel) as
a function of the frequency x. In a gas exposed to a temperature T = 104 K,
Deuterium clearly dominates the Hydrogen optical depth blueward of the Lyα

line center.
On the right panel of the figure 5.6 we show the typical imprint of Deu-

terium on a Lyα line profile emerging from a static HI media. A clear absorp-
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Figure 5.6: Left panel: contribution of Deuterium (with a cosmological abun-
dance of [D/H] = 3×10−5) to the Lyα opacity for a gas at T = 104 K. The hor-
izontal axis represents the radiation frequency expressed in terms of the dimen-
sionless parameter x (eq. 5.5). The black-dotted line is for Hydrogen Lyα line,
the red-solid line is for Deuterium only and the blue-dashed line is their sum. For
x in the range = 5-8, Deuterium dominates the opacity. Right panel: emerging
Lyα line profile with the imprint of the Deuterium on the blue side of the Lyα

line (assuming a cosmological abundance of Deuterium [D/H] = 3×10−5). This
line profile has been obtained from a static sphere of Hydrogen showing a HI
column density of 1.2×1019 cm−2. Source: Dijkstra et al. (2006).

tion line appears at the frequency x = xD in the blueside of the double-peak
profile. However, no clear detection of this Deuterium absorption feature on
the Lyα profile of LAEs has been claimed until now. Indeed, many parame-
ters make its detection challenging, such as the low Deuterium abundances in
galaxies, the intensity of the Lyα line at the frequency xD and the high spectro-
scopic resolution required to detect such a feature (about R ∼ 20 000 in order
to have a resolution as low as the width of the Deuterium absorption feature
∆ν = 40 km.s−1).

The effect of Deuterium on the Lyα transport has been included in the
Monte Carlo Lyα radiative transfer code MCLya (Verhamme et al., 2006) we
have used throughout this PhD research program.

5.4.2 Collisions

As already mentioned above, HI atoms can collide during the scattering of
Lyα photons. Overall, atomic collisions have three different effects on both
the absorbing HI atom and the scattered Lyα photon (Tasitsiomi, 2006):

• Redistribution of the electron within the first excited state: During a
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collision between an HI atom and a free proton, the electron of the HI
atom can be shifted into another state of the first excited state. More
precisely, the following electronic transitions are possible: 2P → 2S,
2S → 2P or 2P → 2P. While the first possible transition leads to the
destruction of the Lyα photon by a "two-photon" emission (from the
decay of the 2S1/2 state), the second implies the emission of an extra
Lyα photon by the absorbing HI atom. The third transition re-emits a
Lyα photon changing its angular redistribution.

• De-excitation from the first excited state: During a collision between
an HI atom and a free electron, the excited electron of the HI atom may
decay from the state n=2 to the ground state without emitting any Lyα

photon.

• Broadening of the absorption line profile: Mostly observed after a
collision with other particules than electrons and protons (atoms, ions,
...), the electron energy levels may be distorted. This phenomenon leads
to a broadening of the Lyα absorption profile (eq. 5.7), leading to an
incoherent re-emission of a Lyα photon in the atomic frame.

In the first case, the 2P→ 2S transition is the most likely under low proton
number densities (np < 104 cm−3), while the transition 2S → 2P overpasses
at high proton density. However, given both the low proton and electron den-
sities of HII regions and neutral Hydrogen clouds in galaxies (i.e. np ≤ ne ≤
∼ 400 cm−3 in HII regions; Beckman et al. 2013), the rate of collisions of
HI atoms with electrons and protons is very low in reality (Osterbrock, 1989).
Therefore, the first type of collisions mentioned above can be neglected un-
der normal physical conditions in star-forming galaxies. The same conclusion
can be formulated for the collisions of type 2 and 3 as their collisional cross
sections are even lower than the cross section of the case 1.

All collisional events mentioned in this section have been neglected in
the Lyα radiative transfer code MCLya. Therefore, we always assume a re-
emission and a coherent frequency redistribution (in the atomic frame) of Lyα

photons when absorbed by a HI atom.

83



84



Summary and contribution to the Papers

In the next sections we first summarize both the scientific context and the aims
of each of the four papers included in this thesis. Then, I also explain in more
details my contribution to these different studies.

- Paper I: Since the 1990s, and the early analytical and observational works of
Neufeld (1991) and Giavalisco et al. (1996), the ISM geometry and its clumpi-
ness are expected to play a significant role in the radiation transport of the
Lyα line in star-forming galaxies. In particular, clumping can in principle al-
ter both the transfer and the opacity of the ISM to Lyα , as shown early by
Neufeld (1991), and has often been invoked to explain anomalously strong
Lyα equivalent width EW(Lyα) observed at high-redshift (Shimasaku et al.,
2006; Kashikawa et al., 2012; Rhoads et al., 2003). However, while only a few
detailed numerical studies of the effects of ISM clumpiness on Lyα has so far
been undertaken, no observational study of these effects has been carried out
until now.

Throughout this paper, we performed a detailed radiation transfer calcula-
tions using the 3D Monte Carlo code MCLya of Verhamme et al. (2006) and
Schaerer et al. (2011) to examine and understand the main effects of clumpy
ISM structures on the Lyα line and UV continuum radiative transfer. Our
aim was to identify the main effects produced by a clumpy ISM on both the
transport and the observed properties of the Lyα line of star-forming galaxies
(strength, EW(Lyα) and line profile). As an application of this study, we also
examined the physical conditions under which the Neufeld model (Neufeld,
1991) can work in a clumpy ISM.

I performed all numerical simulations presented in this paper, as well as
their complete analysis. Furthemore, I have made all plots and I have written
all the paper.

- Paper II: This paper is based on Paper I. Here, we mostly focused on the
Neufeld model and the possible origins of unusually high equivalent widths
of the Lyα line observed from star-forming galaxies at high-redshift. Our
aims were to investigate under which physical conditions the Neufeld model
may work in a clumpy ISM and to propose alternative scenarios that may also
lead to artificial enhancements of EW(Lyα). Throughout this study, we used
another radiative transfer numerical code, named MoCaLaTa (Laursen et al.,
2009b) and more restraint physical conditions for the clumpy media in which
the Lyα radiation transport was studied. The results presented in this paper



were consistent with the ones presented in Paper I, which confirmed the ro-
bustness of all our results.

I worked in collaboration with the main author of this paper (Peter Laursen)
and I participated in both the analysis and the discussion of the paper.

- Paper III: The Lyman Alpha Reference Sample (LARS) is a sample of 14
nearby star-forming galaxies that were imaged and spectroscopically observed
in high-resolutions with the Hubble Space Telescope (HST) in cycles 18, 19
and 20 (P.I. Ostlin, program 12310). Throughout this paper, we presented the
first results regarding the Lyα output of the star-forming galaxies based on our
HST imaging.

We first presented the intensity images in Lyα , Hα and FUV, and maps
of Lyα equivalent width, Lyα/Hα and Hα/Hβ for each galaxy of the LARS
sample. Comparing the Lyα morphology of these galaxies to the ones of Hα

and FUV continuum radiation, we revealed the presence of an extended Lyα-
halo around most of the Lyα-emitting galaxies of the sample. Second, we
reexplored all relations between the Lyα line properties (Luminosity, Lyα es-
cape fraction, EW(Lyα) and the line ratio Lyα/Hα) and other ISM and stellar
quantities derived from either HST imaging or different spectroscopic data.

My contribution to this paper consisted in reducing all HST data of the
LARS sample and deriving all maps of the continuum-subtracted Lyα line,
Hα line and other physical quantities of the galaxies.

- Paper IV: Throughout the evolution of galaxies, many of their properties
have rapidly changed with time, such as their mass, their size, their abundance
in heavy elements and, especially, their morphologies. Whereas all young
galaxies at redshift beyond z = 4 exhibits an irregular morphology (Beckwith
et al., 2006), the fraction of regular and disk galaxies has increased with de-
creasing redshift (especially for z < 2; Ferguson et al. 2000; Papovich et
al. 2005). Interestingly, recent numerical simulations of isolated star-forming
disk galaxies have suggested a strong dependency of the Lyα properties on the
inclination of the disk (as explained in section 4.3.3; Verhamme et al. 2012,
Behrens et al. 2014). In other words, from edge-on to face-on, we should go
from an absorption Lyα line to a strong Lyα emission line. Whereas such a
dependency is only the result of numerical simulations, the LARS sample pro-
vides us the opportunity to investigate this effect because composed of edge-on
and face-on disk galaxies.

In particular, the fifth galaxy of the LARS sample (named Mrk1486) ex-
hibits very surprising Lyα properties that seem to go against all numerical pre-
dictions. Indeed, this galaxy shows one of the highest Lyα luminosity (LLyα =
1.11×1042 erg s−1), Lyα equivalent width (EW(Lyα) = 35 Å) and Lyα escape



fraction ( = 0.174) of the LARS sample, suggesting an easy escape of Lyα

photons from the disk of Mrk1486. Therefore, a particular mechanism seems
to be at work in Mrk1486 that help Lyα photons to easily escape from the core
of the galaxy. The aim of this paper was to examine and understand both the
sites of production and the Lyα transport inside Mrk1486.

We carried out a detailed study of the HST imaging and a radiation transfer
calculations to reproduce the Lyα line profile of the galaxy. All numerical
simulations were performed using the 3D Lyα Monte Carlo code MCLya, a
large grid of simulations used in Paper I and a relatively complex 3D geometry
of HI and dust that modeling the ISM structure of LARS#5.

Throughout this paper I performed all HST data reduction, all numerical
simulations, as well as their complet analysis. Furthemore, I have made all
plots and I have writen all the paper.
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D.; Burgarella, P. G. PŐrez-GonzĞlez, K. D. Tyler, G. H. Rieke, V. Buat, T. T.
Takeuchi, S. Lauger, S. Arnouts, O. Ilbert, T. A. Barlow, L. Bianchi, Y.-W. Lee,
B. F. Madore, R. F. Malina, A. S. Szalay, and S. K. Yi. Astron. Astrophys., 450:69–,
April 2006. 21

S. Burles and D. Tytler. Astrophys. J., 499:699, May 1998. 81

D. Calzetti and A. L. Kinney. Astrophys. J. Lett., 399:L39–L42, November 1992. 43

D. Calzetti, R. C. Bohlin, K. D. Gordon, A. N. Witt, and L. Bianchi. Astrophys. J.,
446:L97, 1995. 80

S. Cantalupo, C. Porciani, S. J. Lilly, and F. Miniati. , 628:61–75, July 2005. 57

S. Cantalupo, F. Arrigoni-Battaia, J. X. Prochaska, J. F. Hennawi, and P. Madau. ,
506:63–66, February 2014. 35, 36, 37

S. Chandrasekhar. Radiative transfer. Dover, 1960. 72, 73

S. Charlot and S. M. Fall. Astrophys. J., 415:580, 1993. 9, 12, 42, 43, 44, 64, 66

J. J. Condon. å, 30:575–611, 1992. 27

J. Cooke, A. M. Wolfe, J. X. Prochaska, and E. Gawiser. Astrophys. J., 621:596–614,
March 2005. 20

J. Cooke, A. M. Wolfe, E. Gawiser, and J. X. Prochaska. Astrophys. J., 652:994–1000,
December 2006. 20

L. L. Cowie and E. M. Hu. , 115:1319–1328, April 1998. 19, 43

L. L. Cowie, A. J. Barger, and E. M. Hu. , 711:928–958, March 2010. 1, 45

S. Cristiani, I. Appenzeller, S. Arnouts, M. Nonino, A. AragŮn-Salamanca,
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