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After the Big Bang, the temperature of the Universe was so hot that protons and

electrons could not combine together to form neutral hydrogen atoms. As the Universe

expanded, its temperature cooled down. At ∼ 3000 K, it is cool enough for the formation of

neutral hydrogen, marking the beginning of the dark age. The Universe became transparent

and the radiation from the Big Bang referred as Cosmic Microwave Background (CMB),

could freely travel. This happened roughly half a billion years before the first stars and

first galaxies started lighting up our Universe. In this stage, the dark matter particles

collapse to form halos. As time passes, these halos become more massive, and the thermal

pressure inside tends to prevent the gas from collapsing into the halo. However, the gas

can continue collapsing if the dark matter halos which have been formed reach a threshold

where the gravity force overcomes the thermal pressure. This threshold can be treated as

compensation for the thermal pressure of the gas called the Jeans mass and is defined as

follow:

M J =
π2.5c3

s

6(G3ρ)0.5
(1.1)

in which ρ is the density of the gas, G is the gravitational constant, cs is the sound speed



2

identified by cs =

(

γkb T

µmp

)0.5
(γ is the adiabatic index, T is the gas temperature, µ is the mean

molecular weight, mp is the mass of the proton, and kb is the Boltzmann constant). During

this stage, the mean gas density can be computed using the following form:

ρb = ρcΩb(1+ z)3 (1.2)

where ρc is the critical density of the Universe, the baryon density parameter

and redshift are Ωb , and z, respectively. [1] have shown that at redshift zt = 136, the

temperature can be estimated as T = 2.73(1+zt ) = 374 K. At this point, the thermal coupling

of CMB blackbody and other objects is no longer significantly affected by the Compton

scattering, so the gas will undergo adiabatic cooling, and its temperature will decrease by a

factor of a−2, where a is expanding factor. The minimum halo mass needed for the gas to

collapse, when ignoring streaming velocities, can be estimated at redshift z = 30, M J ∼ 3.2

×104 M¹ and its temperature decreases as a−1.5 ( [2]). Note that streaming velocity is the

relative velocity of the gas that was already coupled to radiation before the recombination

process happened [3]. This calculation allows us to evaluate the spatial fluctuations of the

lower mass limit for the halos that are able to bind gas.

The second major phase of transition happened when the first objects inside hy-

drogen clouds in the massive dark matter halos collapsed under gravity to form the first

stars and galaxies. Properties of galaxies in the early Universe have been identified and

quantified up to a few hundred million years after the Big Bang. These intense star-forming

galaxies (SFGs) often host very massive and short lifetimes stars (O, B types). Their intense

stellar UV emissions easily ionize the neutral hydrogen atoms, marking the end of the Dark

Age. This important process happened at redshift z ∼ 12 and completed at redshift z ∼ 6

owing to observations of the Gunn-Peterson trough from measured quasars’ spectra [4, 5]

(see Figure 1.1).

1.1 The first structures

The primordial stars are formed mostly from hydrogen and helium atoms, and then the

heavier elements are formed by nucleosynthesis. The gas formed from metal-poor stars

is less effective than from metal-rich stars for cooling environment, which leads to the

formation of more massive stars than nowadays [6, 7]. The atomic cooling mechanism

allows the gas temperature to decrease to 10 K. For this reason, the halos with a mass over

108 M¹ will have their thermal pressure compensated by gravity. However, for the halos

with a mass below 108 M¹, the stars formed in this region will require another mechanism

to cool down the gas temperature below 104 K. This mechanism is called molecular cooling

caused by the formation of H2 molecules:
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Figure 1.1: A brief history of the Universe from the Big Bang. The horizontal axis traces
back time (top). The evolution phases of the Universe are shown from the time
when the matter was fully ionized right after the Big Bang; after 380’000 years
the recombination happened, at a redshift of 1100; after a few hundred million
years the formation of the first structures (first stars, and galaxies) at the redshift
of ∼ 10, marked the end of the dark ages; the re-ionization was completed at
redshift ∼ 6. Credit: NAOJ.

H +e−
−→ H−

+γ

H +H−
−→ H2 +e−

Considering feedback of H2 formation combined with simulations until the end

of reionization, [8] found a constant rate of metal-free stars at 3×10−5 M¹ yr−1 Mpc−3.

Such metal-free stars are believed more massive than nowadays stars [9, 7, 10] and they

efficiently create radiation during their time (3-10 Myr) [11]. At the end of their life, these

stars explode as supernovae, outflowing a large quantity of chemical elements into their

surrounding environment on a scale of 10-100 ckpc (co-moving kpc). This process also

expels most of the gas from their host halo, partially halting the formation of other stars.

Finally, some metal elements are included in the stars, forming a different type of star.

For the first galaxies, the dark matter halos keep increasing their mass, where stars

and larger structures can be formed. Such stars gather into clusters and eventually form

proto-galaxies that are efficient for atomic line cooling. However, as mentioned above, the

supernovae from stars at the end of their life deplete the gas in their host halos, delaying

the star formation process. This can be continuous at the order of sSF R =
Ṁ∗

M∗

∼ 10−8yr−1 if

halo mass is higher than the atomic cooling limit [12, 13]. Of course, the value of special

star formation rate can vary from one halo to another depending on the feedback from

supernovae explosions. Some recent research has shown that the first galaxies can contain

a range of 106−7 M¹ of metal-poor stars and their host halos can contain a dark matter at a

mass of 109 M¹ [14].

The galaxies reside in the halos of dark matter formed from both dark matter and

baryons (gas, dust, and stars). This makes galaxies sensitive to physical processes that do

not affect the cold dark matter. For example, stellar feedback or black hole physics can

play a role in the formation and evolution of galaxies. Galaxies are composed of several

components of gas, dust, and dark matter. For this reason, their morphology, mass, and
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size can vary widely. The most massive galaxy contains 1012 stars while the smallest one

has only 107 stars. Depending on their morphology, galaxies are classified into four types:

- Spiral galaxies are the most common type of galaxy. They have a spiral shape, with

a central bulge and a disk of stars, dust, and gas. The spiral arms are made up of denser

gas, which makes them more likely to form stars. The stars in the spiral arms are usually

young and hot, while the stars in the bulge are older and cooler.

- Elliptical galaxies have a smooth, elliptical shape and a very old stellar population.

They usually include very little or even no stars due to the very low amount of gas and dust.

As a result, the populations of stars are therefore older.

- Lenticular galaxies are the intermediate galaxies between spiral and elliptical

phases with a large massive bulge, around which revolves a disk that is not quite active in

the sense of stellar formation and in which we could not discern a spiral structure.

- Irregular galaxies with a complicated morphology. They often show chaotic shapes,

including young stars and large amounts of gas.

Figure 1.2: Four categories of morphology galaxies. https://sites.ualberta.ca/

~pogosyan/teaching/ASTRO_122/lect23/lecture23.html

1.2 Circum galactic medium

In the mid-1950s, while observing spectra of hot stars at high galactic latitudes, Guido

Munch observed absorption of neutral sodium (NaI) and single ionized calcium (CaII). The

appearance of these lines has been integrated by [15] as evidence for diffuse, extraplanar

hot gas (T ∼ 106K). In 1956, Lyman Spitzer introduced the concept of the "galactic corona",

an encompassing region that surrounds galaxies for up to 1500 pc. After 7 years, when

Schmidt discovered the first quasar, analysis of extragalactic gas progressed rapidly within

the sense of the intervening absorption lines by spectroscopy [16, 17]. [18] confirmed the

presence of absorption lines in observations caused by the extended gas around galaxies at

redshift between 1 to 3. By the time, during the COPAS meeting in Canada in 2008, the term

circumgalactic medium went back to Greg Bryan. Until now, there is no clear definition of

https://sites.ualberta.ca/~pogosyan/teaching/ASTRO_122/lect23/lecture23.html
https://sites.ualberta.ca/~pogosyan/teaching/ASTRO_122/lect23/lecture23.html
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CGM caused by its complicated environment, and multiple phases with a large number

of physical phenomena, [19] introduced CGM as a region surrounding a galaxy within

a radius of 300 kpc. Nowadays, we have investigated four big issues implicated in the

evolution of the CGM: the difference in formation and evolution of galaxies may relate to

the different massive dark matter halos; there is a small fraction of baryons and metals in

the galaxies; the inflow and outflow of the regular gas passed into/through the CGM.

In the following paragraphs, I will present five approaches that have been employed

to investigate this intriguing phenomenon.

- Transverse absorption line studies. Observing the CGM in absorption against a

luminous background source, such as a quasar has three advantages over other methods. i)

it can be used on the extremely low column densities N ∼ 1012cm−2 due to high sensitivity

ii) one can access a wide density range iii) it is not affected by the redshift or luminosity of

the host galaxy. However, there is one drawback to using transverse absorption lines, we

can only measure gas surface density and are usually limited to one sightline per galaxy

due to lacking background quasars. At the scale level of the local Universe (a few Mpc), it is

possible to use multiple sightlines [20]. The method can be extended to the high redshift

galaxies by using multiple lensed images of background quasars to constrain the size of

absorbed sources [21, 22]. In general, the CGM map made from absorption lines detected

from many galaxies is obtained from statistical sampling of gas. For the massive optical

spectroscopic surveys, the sample in low ions MgII and CaII have grown to hundreds or

thousands [23]. This sample may extend out to z ∼ 4 for quasar/galaxy pairings [24].

It’s also interesting to study HI column density regimes using different approaches. For

example, lines up to log N ∼ 15 could be probed with Voigt profile fitting or Equivalent

Width (EW). This value is quite low for the CGM but is a bit high for the Lyα forest within a

region of 100 kpc in which HI is not seen [25, 26]. At log L ∼ 16 the absorption becomes

a major factor, and robust column densities have to be obtained from profile fitting or

higher Lyα series lines if the system is redshifted enough. This value is quite close to the

Lyman limit system NH I > 1016cm−2. If the limitation is covered (z > 0.24 for Hubble), the

decreasing of flux at λ= 912(1+z) Å allows us to measure precisely log NH I and metallicity

properties. At the higher level, i.e. log NH I ∼ 18, where NH I is the HI column density, the

Lyman limitation is completely opaque, the Lyman series is saturated so the true column

density has to be computed by fitting the Lyman profile for the Lyman limit systems and

damped Lyα series.

- Stacking analyses: A novel method for the investigation of halo gas could be

conducted by massive spectroscopic surveys. The faint signal of the absorption line dataset

could be extracted by stacking, which requires a catalog of redshifts for either absorbers or

foreground galaxies. For this reason, spectra of background sources could be shifted to

their rest frame and be continuum-normalized and then co-added together. The addition

reduces statistical noise, allowing low absorption signals to be measured at the cost of
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averaging over the individual absorption profiles. The stack can be performed to examine

the variation of mean profiles of input parameters such as mass, Star formation Rate (SFR),

color, orientations, and radius, which are included in the subsets of the data [27, 28]. Due

to the appearance of a large amount of dust in the CGM of galaxies [29, 30], the stacking

may relate to the reddening of quasars. In addition, the stacking method can help exploit

more faint sources by stacking spectra of background galaxies as the one was conducted in

[31] to characterize the CGM of galaxies at redshift z ∼ 3.

Figure 1.3: A schematic of the CGM showing outflow and recycle gas. The center volume
and the gas disk are fed by the filamentary accretion from the Intergalactic
Medium (IGM) (blue). The outflows have been marked pink and orange colors.
The gas that was rejected previously is being recycled. The diffuse gas halo is
marked by purple, its probability is contributed by these sources and mixed
together over the time. Credit: [32].

- Down-the-barrel is another method that is efficient for studying the inflow and

outflow of galaxies [33, 34], as well as accretion [35] by using data collected from spec-

troscopy of star-forming galaxies. The main idea of the method is to use the starlight of our

own galaxy as a background source for detecting absorption lines, such as CaII, NaI, MgII,

and FeII. The down-the-barrel measurements are important for understanding the CGM

because we can directly trace the outflow gas at galactocentric radii that are inefficiently

covered by background sources. However, one disadvantage of this method is that it does

not constrain the galactocentric radius of any detected absorption which will be anywhere

along the light of sight.

- Emission line map: An emission line map is a method that aims to search for the

photons emitted from the CGM gas. However, this method is still a challenge due to the

measurement being scaled by a factor of n2, where n is the number density of the gas and

the CGM has nH ∼ 10−2, which makes it very difficult to detect emission lines from the gas.

At the UV/optical wavelength range, [36] detected an extended O, VI halo with a radius of

20 kpc surrounding a low redshift starburst galaxy. An extended Lyα emission has been
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observed out to ∼ 100 kpc way from galaxies and Quasi-Stellar Object (QSO)s at redshift

z ∼ 2.5 [37]. The emission lines map can constrain the morphology, density profile, and

physical extent of gas more than aggregated pencil beam sightlines [38].

- Hydrodynamic simulations: Besides using data from observations to examine

CGM, one can build models providing information on the environments, physical proper-

ties such as histories, and the future of gas. One can simulate the evolution of the cosmic

web and galaxies by including the effects of dark matter, gravity, and hydrodynamics. These

methods included smoothed particle hydrodynamics [39, 40], adaptive mesh refinement

[41], moving mesh [42].

1.3 Epoch of re-ionization

When the first structures of the Universe were formed, its radiation would ionize their

surrounding environment. This stage starts between 0.1 and 0.2 Gyrs after the Big Bang.

The ionized photons from such structures can travel freely in the neutral intergalactic

medium (IGM) before being absorbed. This distance is called the mean free path, and

expressed in the form:

l =
1

σ(λ)nH (z)
(1.3)

where σ(λ) is the hydrogen cross-section for a photo-ionizing photon at a given redshift

z, nH (z) is the average hydrogen number density with respect to a given redshift. [43]

estimated the mean free path in the IGM at redshift z = 20 was about l ∼0.2 ckpc at redshift

z = 20 and l =1.7 ckpc at redshift z = 10. Such results are much shorter than the normal size

of the halo (100 ckpc), suggesting that the ionizing photon can not significantly travel in

the neutral regions and will be absorbed by the neutral hydrogen atom at the boundary of

the regions that have already ionized. For this reason, most of the ionized regions have

a spherical shape which, is called of ionization bubble. Such a bubble always starts at

a source and keeps growing with a sharp ionization front beyond. The ionizing process

has been shown to have a negative feedback effect. Once the ionization happens, the

gas inside the halo can not cool down as efficiently as before because the cooling is done

by the atomic cooling mechanism. When the neutral hydrogen content decreases, the

probability for the collision excitation also decreases significantly [44]. In addition, this

ionizing process heats the gas up to 104K, efficiently photo-evaporating proto-halos of

virial temperature below 104K.

The sources responsible for cosmic re-ionization are still under debate. Many can-

didates have been invoked to explain this major phase transition, but the evidence is still

inconclusive. Massive population III stars were first thought to be the main contributors,

but their short lifetimes prevented them from contributing much to the process [45, 46].

Other sources, such as X-ray binaries and Active Galactic Nuclei (Active Galactic Nuclei
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(AGN)), were then considered, but their abundance prevented them from making a sig-

nificant contribution [47, 48]. There is a minimum contribution to the ionizing budget

coming from AGN [49, 50, 51]. This is because the number density of AGN decreases

dramatically at redshift z > 3 [52], and the escape fraction from ionizing photons seems

not to be as high as needed [53]. The contribution of AGN to the Epoch of Reionization

(Epoch of Reionization (EoR)) becomes significant for a large number of AGN having a low

luminosity. This was proposed by [54, 55], and has been confirmed by recent observations

conducted with JWST [56, 57, 58]. In addition, the contribution of AGN to the EoR can be

discussed via its contribution to the LyC emission at the redshift range z = 2−3 [59, 50,

51]. Until now, the question related to the contribution of AGN to the reionization of the

Universe has not been answered yet and needs to be debated.

Quasars were once thought to be of importance, but it soon turned out that they

are responsible mostly for the ionization of helium, not hydrogen atoms. The recent

research [60] shows that the ionizing photons created from quasars is only ˙ni on = 1048.8±0.1

s−1Mpc−3. This is only 10% less than the critical rate needed to keep the IGM ionized, but

it suggests that quasars are not the main contributor to cosmic reionization.

Recently, there have been several observational results that suggest that star-forming

galaxies may be the best candidates for the contribution of the ionization photons to the

EoR [61, 62, 63, 64, 65, 66]. These galaxies have low masses but high densities, which

makes them likely to become dominant in driving the reionization process. However, the

lack of observational data, in particular in the faint luminosity regime, makes the role of

this population still uncertain. The luminosity function (LF), defined as the number of

galaxies per given cosmic co-moving volume, is of importance in helping to quantify their

role in the ionization process.

1.4 Recombination

In addition to studying the ionization of neutral hydrogen, there is another process that

needs to be considered to model the reionization process: recombination. Recombination

occurs when an electron in an excited state decays to the ground state, emitting a photon. If

this photon is absorbed by another hydrogen atom, it can ionize that atom. The probability

of recombination is determined by the number density of electrons and protons, as well

as the temperature of the gas. The recombination coefficient αA is a measure of the

probability of recombination per unit volume per second. At a temperature of T ∼ 104 K,

the recombination coefficient for hydrogen is: αA(H 0,104K ) = 4.2×10−13 cm3 s−1. This

value is much larger than the typical value of 10−14 cm3 s−1 because of the Coulomb

focusing of the incoming electron. It is significant at the lower temperature environment

in which the recombination coefficient will be proportional to T −0.7. There are two main

channels for recombination: direct recombination, in which the electron decays to the
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ground state, and indirect recombination, in which the electron decays to a higher excited

state before decaying to the ground state. The recombination coefficient being discussed

includes both channels. However, in the case of direct recombination, the photon that is

emitted can be reabsorbed by another hydrogen atom, ionizing that atom. This means that

the effective recombination coefficient is actually lower than the value mentioned above.

A correction factor has been calculated for this effect, and the resulting recombination

coefficient is αB (H 0,104K ) = 2.6×10−13cm3 s−1.

There are two main cases of recombination: case A, in which the hydrogen atom

can move to many different excited states before decaying to the ground state, and case

B, in which the atom decays directly from the first excited state to the ground state. The

recombination time can be estimated from the recombination coefficient α as follows:

tr ec (T, z) = (α(T )nH (z))−1, where α is the recombination coefficient found from one of the

two cases above at a given temperature. The recombination time for case B is about half

that of case A, so it is often used in numerical simulations to reduce the computational

time. However, this is only valid for the mean density of the IGM. In reality, the IGM is

clumpy, with small neutral clumps that have a higher number density than the mean.

These clumps have a high recombination rate, which can slow down the ionization process

[67, 68]. The clumping factor is a measure of the deviation from the mean density, and

it can be used to estimate the effective recombination rate. The effective recombination

rate is then used to calculate the recombination time. The effect of clumping on the Star

Formation Rate Density (SFRD) will be discussed later in Section 5 of the thesis.

1.5 Spectral features of star-forming galaxies

1.5.1 The Lyman alpha line

The Lyα line is a spectral line of hydrogen atoms that is emitted when an electron transits

from the excited state (n=2) to the ground state (n=1), where n is the quantum principal

number. Due to the spin-orbit interaction, the line is split into a fine structure having

two components, referred to as the Lyα doublet. Three states 2S1/2, 2P1/2, and 2P3/2 are

associated with n=2 but only two transitions between 2P and 1S states can produce Lyman-

alpha photons because of the quantum selection rule, which states that the total angular

momentum of the initial and final states must be the same (Fig. 1.4).

Lyα emission may come from various sources. Young massive stars and AGN in

the central regions of Interstellar Medium (ISM) are for example the sources of ionized

hydrogen atoms. At larger scales, in CGM, the outflows from galaxies cause the excita-

tion of HI region via shock heating. The infalling gas towards the galaxy center in cold

accretion mode releases a large amount of gravitational energy via collisional excitation.

The fluorescence light from hydrogen in the CGM and IGM photoionized by UV radiation
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Figure 1.4: Lyman-alpha and other lines are shown together with the Lyman and Balmer
series of hydrogen atom (left, credit: https://www.daviddarling.info/

encyclopedia/L/Lyman-alpha.html). Lyman-alpha doublet (right, credit:
https://en.wikipedia.org/wiki/Lyman-alpha_line).

background from QSOs may also contribute to ionized hydrogen clouds. Figure 1.5, from

[69], illustrates the conceptual figure of an LAE.

Figure 1.5: Conceptual figure of an LAE, located at the node of the filament (panel b). The
zoom-in of an LAE is shown in panel d). Spectra of light paths 1, 2, and 3 are
shown in panels c) and e). Credit: [69].

Lyα line is one of the important probes to study early star-forming galaxies. Neutral

hydrogen is the most abundant element in the Universe, making up about 70% of the mass,

and exists at temperature ranges of 3000 – 7000 K. Most of the data observed in the SEDs of

starburst galaxies show that the Lyα emission lines are formed through the combination of

hydrogen atom inside the numerous HII region surrounding the most massive and hottest

stars of these galaxies (O & B stars). At ∼ 10,000K or so, stars emit a large amount of ionizing

https://www.daviddarling.info/encyclopedia/L/Lyman-alpha.html
https://www.daviddarling.info/encyclopedia/L/Lyman-alpha.html
https://en.wikipedia.org/wiki/Lyman-alpha_line
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photons blueward the Lyα limit, allowing them to ionize the surrounding ISM neutral

hydrogen gas and to emit Lyα emission lines. The wavelength of the Lyα photon at the rest

frame is 121.6 nm. The expansion of the Universe makes the light from high-z star-forming

galaxies redshifted and can be observed with a ground-based telescope in the visible and

near-infrared ranges. This is one of the brightest emission lines of high-z galaxies and

therefore is an important tool to probe the early Universe. In the environment of CGM,

one can study the diffused Lyα emission extended over 10 kpc, or even more. The intrinsic

Lyα luminosity in HII regions can be computed, based on the number of ionizing photons

emitted from stars [70]: L(Lyα) = 2/3(1− fesc )hν0QH erg s−1, where QH is total flux of

ionizing photons, fesc is fraction of Lyα photons which do not ionize hydrogen atoms, ν0

is frequency of Lyα photons in the rest frame. Under the optical thick assumption, which

is typical of HII regions, all Lyα photons emitted by recombination of hydrogen atoms

are likely to be re-absorbed. All three states 2S1/2, 2P1/2 and 2P3/2 of neutral hydrogen

atoms are equally populated, namely 2/3 of the recombination in HII regions converts to

Lyman-alpha photons [71].

The Lyα line is one of the brightest lines from star-forming galaxies [72, 73, 74],

and it can be observed in the far-UV range. Galaxies that are identified by using the Lyman-

alpha emission line are called Lyman Alpha Emitters (LAEs). They are in the early stage

of their evolution, having masses ranging from 108 to 109M¹, more compact in physical

size with radii of ∼1 kpc, and less dusty than other types of high-z star forming LBGs [75].

Thanks to both the prominent strength of the Lyman-alpha emission and the advent of

modern spectrographs such as MUSE/VLT, properties of host galaxies can be studied in

some detail such as their Lyman-alpha luminosity, their EW, star formation rate by Lyα

photons, the time scale of the Lyα emission.

The intrinsic Lyα line is very bright, and its contribution is up to 7% of the total

bolometric luminosity of a star-forming galaxy [72]. However, as a resonant line, the

radiative transfer of the Lyα photon is very complex. As these photons travel through

the ISM, they are subject to being absorbed and/or scattered by neutral hydrogen atoms.

The excited atoms then re-emit Lyα photons with slightly different frequencies in random

directions, which is referred to as the resonant radiation process. In high-density regions

of neutral hydrogen in the ISM of a star-forming galaxy, the resonant scattering increases

the path lengths of the Lyα photons and hence their probability to be absorbed by dust

grain. As a result, the transportation of the Lyα photon depends very much on the mass of

neutral hydrogen clouds, its dynamics, and the dust content of the IGM. These interactions

leave strong imprints on the measured features of the Lyα line such as its line strength,

its shape, its EW, etc. All the factors mentioned above must be taken into account when

interpreting the observed Lyα profile and the intrinsic properties of high-z star-forming

galaxies.
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Figure 1.6: An LAE spectrum obtained from Multi Unit Spectroscopic Explorer/ Very Large
Telescope (MUSE/VLT).

In addition to the high brightness of the Lyα line, the other feature of Lyman EW

has been also studied. The EW is the ratio between the integrated luminosity of the line

and the monochromatic luminosity of the continuum: EW = Lline/Lcontinuum [76]. Lline,

Lcontinuum and EW are in units of erg s−1, erg s−1 Å−1, and Å, respectively. The EW of LAEs

could reach 240 Å for normal stellar metallicities and 360 Å for metal-poor stars [73]. The

EW declines with stellar populations aging and depends also on star formation activity. Its

evolution is displayed in Fig. 1.7 (left). The lower limit of their EW is ∼20 Å obtained from

the samples using narrowbands (NBs) having a transmission width ∼ 1% of the central

wavelength. Fig. 1.7 (right) displays the average fraction of Lyα emitting galaxy having

EW > 25 Å for faint galaxies (MUV>−20.25) and bright ones (MUV < −20.25). This fraction

increases with redshift between 4 and 6, then decreases at higher redshift, implying that the

opacity of Lyα and the cosmic neutral hydrogen fraction do increase beyond 6. It implies

also that the detection of LAEs at the middle and early epoch of re-ionization becomes

more challenging.

Figure 1.7: Left: The evolution of Lyman-alpha EW of instantaneous burst (solid lines) and
constant star formation (dashed lines). Credit: [77]. Right: Fraction of Lyman-
alpha emitting galaxies having EW > 25 A◦ as a function of redshift. Credit: [69]
(Figure 18)
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Figure 1.8: Mean spectra of LAEs with Lyα EW < 97.2 and > 97.2 (left and right, respec-
tively). The median values of the Lyα EW for the two subsamples are 54.7 and
163.1, respectively. Credit: [78].

[79] presented a sample of 26 galaxies that were observed by MUSE in the Hubble

Deep Field Survey, six of them showed an appearance of halos. In the Lyα analysis, such

halos may be extended by a factor of 5 to 15 compared to the UV emission. By dividing Lyα
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emission into two components, one is close to the size of UV emission, and the other is

more extended, they were able to investigate the properties of the central emission from

those of the extended halo. The Lyα emission distribution may follow an exponential law

with a characteristic length of a few kiloparsecs and most of them come from the extended

component of the halo. One year later, [80] studied a larger sample of LAEs with 145

Lyα halos and found a correlation between extended Lyα emission component and UV

properties of galaxies in both size and magnitude.

1.5.2 The Lyman Break galaxies

Lyman Break galaxies (LBGs) are star-forming galaxies detected by using the traditional

technique. They are identified by comparing their fluxes in different broad-band filters.

Surrounding neutral gas both in the interstellar environment ISM and IGM absorb com-

pletely radiation photons having energy higher than the Lyman limit of 912 Å, making

galaxies “drop-out” bluewards with respect to this limit. The method has been extensively

used and has become the traditional way to look for high-z galaxies in the early universe.

Figure 1.9: A spectrum at rest frame of a star-forming galaxy at redshift z ∼ 3 ( [81]) in the
wavelength range of (800 – 1500 Å). The break of the UV continuum flux can be
seen in the interval of 912 – 1215 Å.

The properties of these LBGs depend strongly on the host galaxies (UV luminosity,

neutral hydrogen mass fraction, etc.). The less massive galaxies tend to have fainter UV

luminosities and lower HI masses. Such properties make them difficult to be detected in

the UV continuum. LBGs are often found in more massive galaxies having larger HI masses

and are associated with active star-forming galaxies. As a result, LBGs emit a bright UV

continuum making them easy to be identified. In addition, this effect also can be seen

from the observed profile of the Lyα line. The UV continuum flux in the blue part of the

Lyα line is lower than that of the red one. This can be explained as the foreground neutral

IGM hydrogen clouds absorb significant UV radiation making the observed continuum

level in the blue part of the Lyman-alpha line reduced accordingly. For galaxies at the early
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EoR, the observed UV continuum flux toward the blue of Lyα lines is expected to be zero,

namely, they are completely absorbed. This is the so-called Gunn-Peterson effect [82].

Many thousands of LBGs have been found. Their properties are summarized as

follows, in comparison with those of LAEs. They often have a high star formation rate from

10 to 100 M¹yr−1 at the redshift z ∼ 3 [83]. They are a bit older than LAEs, typically ∼300

Myrs at redshift z ∼ 3 [84], more massive, 108−11 M¹ with z ∼ 1−4 [84, 85], dustier [86, 87,

88], more extended in size, R ∼1.8 kpc at z ∼ 3 and decrease to R ∼0.8 at z ∼ 6 [89, 90].

1.5.3 Lyα forest

Spectra of high-z galaxies in the early Universe often display a series of absorption lines

that are related to the Lyα line of the neutral hydrogen atom, which is at 121.6 nm in the

UV range. The absorption feature is caused by the presence of neutral clouds in the IGM

along the line of sight. The appearance of the Lyα series is treated as a post-reionization

version of the Gunn-Peterson trough so it can not be used directly to study the EoR. They

are usually used to quantify the inhomogeneous properties (i.e.: the gas cloud’s physical

and chemical states) of neutral fraction after EoR with a lower limit of neutral fraction

nH I > 0.94 at redshift z = 5.9 [91, 92]. The lower column density region NH I ∼ 1012−16

cm−2 is an ideal environment to observe Lyα forest as these clouds are very sensitive to

photo-ionization and photo-heating from UV background. Based on these properties

one can estimate ionization rate and temperature after EoR, those help us have a deeper

understanding of the behaviors during the reionization.

Figure 1.10: Observed spectral energy distributions of a quasar at redshift z ∼ 3.6 in the
rest-frame. The series of absorption lines (Lyα forest) due to the presence of
IGM neutral hydrogen clouds at different redshifts along the line of sight, is
clearly seen. The appearance of hundreds of absorption lines in the measured
spectra is then referred as Lyα forest. Credit: http://www.astr.ua.edu/

keel/agn/forest.html.

An example of using Lyα forest to study reionization rate could be mentioned in the

research of [93, 94] showing a constant value within a range of redshift z = 2−5, and starts

increasing at a higher redshift. One also uses Lyα forest to investigate a typical temperature

http://www.astr.ua.edu/keel/agn/forest.html.
http://www.astr.ua.edu/keel/agn/forest.html.
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of IGM at z = 5, which is about T ∼ 104 K [95, 94].

The very first confirmation of the presence of Lyα series from the mostly absorption

of HI Lyα was done in [96]. After that, hundreds of individual absorption lines of quasars

at redshift z > 2 could be resolved using a higher resolution spectrograph, its appearance

gave raising to the label of the Lyα forest [97]. However, there are some missing lines

in the forest coming from UV transitions of common metal or heavy element ions such

as the ionization stages of Fe, Si, Mg, Al, C, and O which are usually seen in the spectral

observations. Such lines always appear with a strong Lyα line.

1.5.4 The Gunn – Peterson effect

It is already known that the Lyα line is formed from a transition between the ground state

and the first excited state at a wavelength of 1215 Å. This only happens to the neutral

hydrogen which can undergo such a transition (absorption and emission properties), so

it’s a clue for the existence of neutral hydrogen along the line of sight. In addition, the

quasars are known to have a continuum emission of the same order magnitude as the Lyα

line. In some observations of quasars at redshift z > 6, one usually sees a strong absorption

pattern blueward of the Lyα line or redward of the Lyman beta line [5, 98]. This feature is

called a Gunn-Peterson trough from the very first observation made in [82]. The existence

of this effect is shown in Fig. 1.11 as the very latest observation on the quasar spectrum

at redshift z = 6.13 showing a clear Gunn- Peterson trough obtained by [59] and others

observations (see Fig. 1.12).

Figure 1.11: Spectrum of a quasar at redshift z = 6.13 (ULAS J1319+0959) taken from [59]
simulation for the existence of Lyα forest and Gunn-Peterson effect.

In general, from such a spectrum, one can access the position of neutral hydrogen

clouds and find the local neutral fraction along the line of sight as well. However, there is a

problem of this reconstruction method related to the optical depth at the Lyα wavelength.

The increase of neutral hydrogen gas of the Universe at the higher redshift was confirmed

in many previous results, so when the neutral fraction xH I > 10−4 exists in the environment

of IGM, this region will become optically thick to the Lyα photon leading a total absorption
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and limitation the reconstruction process to the very end of EoR. However, there are still

some other affect a depth observation of the EoR. Firstly, using the radiations from QSO

shows that the hydrogen vicinity of AGN regions seems to be more ionized than the normal

IGM. It means that the radiation towards the blueward of Lyα is more weakly absorbed

suggesting that one can study further on the ionized regions surrounding the quasars.

In addition, for a given width of the Lyα line, the photons can be absorbed at the wing

of the line with an even lower probability. Even at the lowest level, when the neutral

hydrogen column density may reach up to NH I = 1020 cm−2, the absorption property can

be observed in the wing.

Figure 1.12: Measured quasar’s spectra at different redshifts. The Gunn – Peterson trough
is observed for quasar spectra having z > 6. Credit: [5].
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1.6 LBG technique and photometric redshifts

The typical spectrum of a high redshift star-forming galaxy (Fig. 1.13) leads to the LBG

selection method. An emitted photon having a wavelength less than 912 Å is completely

absorbed by neutral hydrogen gas in the ISM and IGM to make the Lyman break in the

observed spectrum. At redshift z > 3, the Lyman break is shifted to the visible range making

high-z galaxies become accessible to ground-based optical telescopes. To identify a high-z

LBG, three traditional broadband filters (U, G, R) have been used to look for variations of

colors of a galaxy. Nearby galaxies show their appearance in all three filters but if sources

disappear in the bluestone, they are high-z candidates. This is illustrated in Fig. 1.14. This

technique has been proven to be very efficient in detecting high-z star-forming galaxies,

even up to z ∼ 12−13 [99]. Following up on spectroscopy observations of these sources,

which is time-consuming, will help to confirm their redshifts. Many thousands of LBGs

have been identified using this selection method.

Figure 1.13: Typical spectrum of a high redshift galaxy. Credit: [100].

In addition to this color–color selection, which is relatively fast and simple to

implement, a more advanced technique using SED-fitting has been used to estimate

more precise photometric redshift [101]. The fit procedure makes use of photometric

measurements and template spectra having a wide range of parameters such as star

formation, metallicity, initial mass functions, etc. An example of the SED fitting technique

is illustrated in Fig. 1.15. The photometric technique has been developed for a long time

(since ∼1960) and has become spectacular in recent years because of deep multicolor

photometric surveys. The technique allows us to study a large number of objects that could

not be accessed by spectroscopic observations or that would have required a long time for

the available instruments. This tool allows users to estimate the redshift of galaxies, quasars,

AGN, etc. using the input values as magnitude/flux measured from long/medium band

photometry and identify the spectral break as well. This method provides less accurate

results than the one obtained from spectroscopic owing to being dependent on the filters.
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Figure 1.14: Lyman break technique method. Upper panel: SED model of a star-forming
galaxy at redshift z ∼ 3 is shown together with three broadband filters U, G, R.
Lower panel: Galaxy appearances at different filters. The galaxy is detected
both in R and G bands but disappears in the U band. Credit: [102].

Figure 1.15: Upper panel: HST filters show a drop-out of a galaxy at short wavelength filters
[103]. Lower panel: SED fitting technique using HST photometry. Credit: [100].

To measure the photometric redshift of sources, there is a very popular method is

being applied named SED fitting method [104, 105]. It is a combination of the observed

values obtained from filters at the range of 912-4000 Å and several reference spectra

obtained from theoretical research aiming to find a minimum difference χ2 which is

performed as the one proposed by [101]:

χ2(z) =
N f i l ter s

∑

i=1

[

Fobs,i −b ×Ftemp,i (z)

σi

]2

(1.4)
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where Fobs,i , Ftemp,i and σi is the observed flux/AB magnitude, template flux, and its

uncertainty with respect to the filter i and b is a normalization constant.

The most advantage of this method is easy to use and does not require any spectral

sample. The user can be flexible to modify some parameters/choose several models to get

the best fitting values. However, this is also the disadvantage of the method as we have to

choose a few representative models valid for all objects in the present sample.

1.7 Selection of LAEs: narrow-band technique

In the rest frame, the wavelength of the Lyα line emission is 1215 Å. When emitted by

high-redshift galaxies, the line is shifted to the optical and near IR ranges. With the advent

of modern optical telescopes and filters, one now uses the Narrow Band (NB) technique to

detect high redshift star-forming galaxies, using both a NB filter displaying a flux excess on

the line and broadband filters overlapping with it or redder. Fig. 1.16 shows an example

of the detection of an LAE at z = 6.96 using the Lyα emission line [106]. A measure of the

quality of identification of a Lyα line is the so-called rest-frame Equivalent Width (EW)

defined as the ratio between the line flux and the continuum spectral flux density; one

usually retains lines having EW in excess of 20 Å.

Thousands of LAEs at various redshifts, up to z = 8, have been identified using large

telescopes such as KECK, VLT, and Subaru, equipped with very sensitive Charge Coupled

Device cameras, which started operation in the late 1990s [107, 108]. With the advent of

MUSE/VLT, an integral field spectrograph, associated with high performance Adaptive

Optic (AO), major progress has been achieved in the search for LAEs having redshifts in the

range from 2.9 to 6.7 (see Chapter 2).

The availability of a large sample of high-redshift detected LAEs made it possible to

study their physical properties in some detail. They are often found to be very compact,

with a typical effective radius of 0.6±0.1 kpc at z ∼ 6 [109]. They have low stellar masses

ranging from 108 to 109 M¹ at z ∼ 3, and from 106 to 1010 M¹ at z ∼ 5 [87, 110]. They host

young stellar populations (< 90 Myrs at z ∼ 3) and have moderate star formation rates.

Their EW can reach 200 Å [111].

1.8 Selection of LAEs: Integral Field Units

A normal spectrograph usually captures data from a line through an image and provides

spectral data over one spatial dimension. However, the new technique known as In-

tegral Field Units allows a spectrograph with a slit opening to collect data across a two-

dimensional field. The signal in each pixel is fed into a spectrograph to generate a spectrum

for that pixel. After this stage, the result will be arranged into a datacube with 2D entire FoV
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and 1D drawn from the spectrograph. This technique is associated in the second genera-

tion of VLT instruments aiming at producing high-quality images with a large Field of View

(1′×1′ in Wide Field Mode (WFM) and 7"×7" in Narrow Field Mode (NFM)). It has excellent

spectroscopic capabilities, covering a large wavelength range (475 – 935 nm) with spectral

resolution R ∼ 3000. It is equipped with powerful AO to correct for atmospheric turbulence

and is well suited for spectroscopy studies of crowded fields such as lensing clusters. The

AO-corrected field of view is split into 24 sub-fields, each fed into a spectrograph called

Integral Field Unit (IFU). An image slicer in front of each IFU serves as entrance slit, thus

producing a spatially resolved spectrum of the whole sub-field. Wide-field narrow-band

surveys using the MUSE pencil beam provide a direct measure of the redshift and the

practical procedure to select LAEs is presented in Section 2.4.

Figure 1.16: Illustration of LAE detection at redshift z = 6.96 using the NB technique. In
this case, the Lyα emission line is detected using the NB973 filter, but not using
the other 5 broadband filters (B, V, R, i’, and z’) blueward of the line. Credit:
[106].

1.9 The galaxy luminosity function

The Luminosity Function (LF) is defined as the dependence on luminosity of the number

of galaxies detectable in a given co-volume, called number-density. It is measured in units

of (erg s−1 Mpc3)−1. It is one of the most fundamental quantities used in the study of the

evolution of galaxies in the early Universe. The LF usually displays a transition between

high values toward its faint-end at low luminosities and low values toward its bright end

from a power-law to an exponential decline. One refers to it as the turnover or knee. The

position of the knee and the values taken by the slope are characteristic parameters of the

LF. In the present work, we limit the study to luminosities smaller than the knee in order to

secure the reliability of the evaluation of the LF. In the study of the evolution of LAEs, one
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usually uses a parameterization of the LF called Schechter function, of the form [112]:

φ(LLyα)dLLyα =φ∗

(

LLyα

LLyα∗

)α

exp

(

−

LLyα

LLyα∗

)

d

(

LLyα

LLyα∗

)

(1.5)

where LLyα is the LAE luminosity, φ∗ a normalization factor, LLyα∗ is the value taken by

the LF at the knee, α the value of the slope at the faint end. The Schechter function may be

re-written in logarithmic form:

φ(logLLyα) = (ln10)φ∗10(α+1)(logLLyα−logLLyα∗)exp(−10(logLLyα−logLLyα∗)) (1.6)

In order to reveal the evolution of galaxies, one needs to study the dependence on

redshift of the LF. Two decades ago, [113], using data from the SDSS Data Release 1, and

found a significant evolution of galaxies in r-band, corresponding to a range of redshifts

z = 0−0.3. It could be interpreted in terms of an evolution of the density, of the luminosity,

of an intrinsic change of shape, or of any combination of these. Recent studies have given

evidence for an increase of Lyα LF at low redshifts (z = 0−3) as shown by [114], a moderate

evolution at intermediate redshifts (z = 3−6) as shown by [115], and a sudden and strong

decrease beyond z ∼ 6 as shown by [116]. At redshifts in the z = 2.2−3.3 interval, at high

luminosities LLyα > 1043.3 erg s−1, [117] measuredα=−1.35±0.84 from observations of the

Javalambre Photometric Local Universe Survey (J-PLUS) covering a region of ∼ 1000 deg2.

[118] examined 1266 LAEs at redshift z = 5.7 and z = 6.6 using data of Subaru/Hyper

Suprime Cam Survey with luminosity in the range of log L = 1042.8−43.8 erg s−1 measured

α = −2.6+0.6
−0.4 and α = −2.5+0.5

−0.5, respectively. [119] compared LAEs with other galaxies

at higher redshift (z ∼ 7.0) in a field of view ∼ 3.1 deg2 observed with Subaru Telescope

and measured α = −2.5. The same value was found by [120] for sources at redshift

z ∼ 7.3. These previous studies suffer from a clear lack of deep enough observations of

Lyα emissions. To cope with it, the fits were made with a fixed value of α = −2.5 at the

faint end, providing a satisfactory picture of the overall evolution of the LF of LAEs. Figure

1.17 shows an evolution of LF at different redshifts of these works. Yet, some questions

are still unanswered, as concerning the contribution to Lyα emission from low mass dark

matter halos surrounding SFGs. The best fit Schechter function, providing an estimate

of the LAE luminosity density, is an essential input for understanding the evolution of

galaxies during the epoch of cosmic reionization, including evaluations of the SFRD and

of the fraction of hydrogen ionizing photons that escape from galaxies into the IGM. It is

therefore important to obtain as precise as possible a shape of the LF. In particular, this

requires a good understanding of the impact of having fixed the slope at the faint end,

where a turnover [121] is expected to be caused by the efficiency of gas cooling in SFG

halos [122, 123].

Recently, MUSE has made it possible to detect fainter LAEs in a redshift interval
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covering z = 2.9−6.7 and has provided a more complete picture of the LF evolution. [124]

explored a blank field using blind IFS of MUSE and detected 604 LAEs with luminosities

down to log L < 41.5 erg s−1 in the redshift interval z = 2.9−6.7. They measured a slope of

−2.03+1.42
−0.07 at z = 3.44 and α=−2.86+0.76

∞
at z = 5.48. [125], using observations covering

22 arcmin2 in the CANDELS/GOODS-S field measured the LF of 237 LAEs in a luminosity

interval of 42.2 < log L [erg s−1] < 43.5 using three different non-parametric methods. They

obtained a slope α=−1.84+0.42
−0.41 with a characteristic luminosity value of log L∗ [erg s−1] =

42.2+0.22
−0.16.

Figure 1.17: Evolution of Lyα LF from z = 0.3 to z = 5.7 (left) and from z = 5.7 to z = 7.3
(right). The curves are the best-fit Schechter functions obtained by [126, 127,
115, 118, 119]

Lately, major progress has been achieved in exploring the very faint part of the Lyα

LF by taking advantage of gravitational lensing. MUSE observations over regions of the sky

covered by four lensing clusters have been very recently analysed by Vieuville et al. 2019

(hereafter [128]), in the same redshift range as explored by [124, 125]. Gravitational lensing

enables the detection of sources which could not be seen previously, but the complex

relation between the source and its images implies intricate and computer-time-expensive

calculations for the evaluation of the LF. The data used by [128] include 156 LAEs reaching

faint luminosities, log L = 1039−43 erg s−1. The evolution of the LF is studied in four redshift

ranges, 2.9 < z < 6.7, 2.9 < z < 4.0, 4.0 < z < 5.0, and 5.0 < z < 6.7; the measured values of

the slope are −1.69,−1.58,−1.72, and −1.87, respectively.

1.10 Overview of this work

Taking advantage of the availability of new MUSE Guarantee Time of Observation (GTO)

observations of regions of the sky covering seventeen lensing clusters, the present thesis

studies LAEs detected behind these in the range of redshifts 2.9 < z < 6.7 and measures

their LF. Much attention is paid to the evaluation of the dependence of the LF on redshift,

in particular toward faint luminosities. The results give an important contribution to the
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current progress in this field, which keeps asking for improved statistics. We proceed as

follows: The first step is the selection of detected LAE images behind the lensing clusters.

We need to calculate the LF in the source plane, implying a measurement of the number of

sources detected in a given covolume as a function of luminosity. This requires transform-

ing from the image plane to the source plane and evaluating for each source its probability

of having been detected, its luminosity distribution corrected for various instrumental

effects and the volume in which it could have been detected. These evaluations are not

independent and require to proceed by iterations in a complex sequence of calculations.

In addition to the complication resulting from the production of multiple images from

a single source by gravitational lensing and the need to know the values taken by the

associated magnifications, we need to account for the effects of noise and of seeing.

The selection of LAEs images in each of the 17 MUSE datacubes uses standard

procedures: looking for line emissions in the spectral distribution (integrated over the

whole field of view), subtracting continuum contribution, evaluating for each line a region

of the sky containing most of the line emission. In addition, we associate each obtained

image with UV HST images in the same region of the sky, providing a much more precise

knowledge of the position of the image and telling us which LAE source (listed in an

available catalog) it is the image of. The ∼ 1400 images detected at this stage, are in fact

associated with only ∼ 600 different sources, because some images are associated with

a same source. The next step consists, for each image, in evaluating its probability of

having been detected and the volume to be used in evaluating the luminosity density.

To start with, we select, for each source, one of its detected images (when there is more

than one) as considered the cleanest based on reasonable criteria. For each of the 600

selected images, we evaluate, in each of the 17 MUSE intensity maps, what is the map of

the probability for this particular image to have been detected above noise (we call it a

mask). The masks obtained in the image planes need to be de-projected onto the source

planes. This procedure is heavy in terms of computer time and requires particular care

in dealing with faint sources. Accounting for noise level leads to the introduction of the

concept of completeness, measuring the probability of successfully detecting the source.

Accounting for seeing leads to the concept of convolution/deconvolution using the PSF

associated with it.

The selection of LAEs behind the 17 lensing clusters, with MUSE directly providing

the associated datacube, differs from the method adopted in blank field observations,

where the telescope is made to point toward a previously observed source. The main

difficulty is to account for the lensing effect in the best possible way. This requires a

proper evaluation of the magnification associated with each image of a given source as

well as of the dependence on redshift of the effective surveyed volume. We start with

the identification of multiple-image systems observed in the cluster cores, for which we

select the best images of a given source. Lensing effects are carefully taken into account
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when computing the effective volume associated with each source and evaluating its

incompleteness. This is presented in Chapters 3, and 4.

In order to evaluate the LF of a given source we use an approach originally devel-

oped by [128]and referred to as the Vmax method. Here, Vmax is a measure of the maximum

volume of the survey in which an individual source could have been detected. One needs

to estimate the incompleteness affecting each individual source in order for its statistical

weight in the LF to be properly obtained. We have introduced some improvements to the

original Vmax method in order to better account for the effect of lensing. These improve-

ments made it possible, in order to include as many sources as possible in the final sample,

to lower the completeness threshold down to 1%. Together with the enlarged sample of

lensing clusters (17 compared to 4 in [128]) they make this work a unique study of the

faintest end of the Lya LF.

Having applied the improved Vmax method and corrected for completeness, we are

in a position to calculate the value of LF in each luminosity bin of in a given redshift range

and fit the result to a Schechter function. In practice, we ignored particularly high magni-

fication contributions to very faint luminosity bins, associated with large uncertainties,

and used a modified Schechter function to account for the presence of a turnover in the

faintest luminosities at the highest redshifts. The best-fit values of the parameters of the

Schechter function measured in each redshift interval are then used to compute the SFRD

as a function of redshift and estimate the escape fraction of Lyα photons. These results are

presented and discussed in Chapter 5. They have been published in three refereed articles

and presented at international conferences.
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2 The MUSE Lensing Project: from

observations of massive clusters to

LAE sample selection
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2.1 General

VLT stands for Very Large Telescope located on the Paranal of the Atacama Desert in the

Northern part of Chile, at 2635 m above sea level. This system consists of 4 telescopes,

8.2-metre in diameter, mostly working in optical and infrared modes (see Fig. 2.1). It can

be operated for individual observations, in visitor mode, or remotely. Sometimes, when

the weather is good enough, the system is used for interferometry for a limited number of

nights each year. The auxiliary telescopes of the system having a mirror of 1.8 metre can be

operated every night with a maximum baseline in interferometer mode up to 140-metre.

The four names of the main telescopes are Antu, Kueyen, Melipal, and Yepun.

MUSE stands for Multi Unit Spectroscopic Explorer [129]. It is the second gener-

ation VLT panoramic integral-field spectrograph developed by the (European Southern

Observatory (ESO)) for the VLT. This system is associated with AO to correct for atmo-

spheric turbulence on the surface of the Earth. There are seven big institutes in the MUSE
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consortium: AIP Potsdam, CRAL Lyon, ESO, ETH Zurich, IRAP Toulouse, Leiden, and IAG

Gottingen. The data used in this work come from the Guaranteed Time Observations

(GTO) granted to the consortium by ESO as a reward for building MUSE. The information

presented in the following sections is provided by the ESO MUSE User Manual. This project

has been started since 2000 and the instrument was commissioned in 2014 by its current

PI, R. Bacon. MUSE is an Integral Field Unit (IFU), a spectrograph providing one spectrum

per spatial element with a field of view of 1′
×1′ sampled at 0.2"×0.2" in Wide Field Mode

(WFM) and 7.5"×7.5" in Narrow Field Mode (NFM). A MUSE datacube contains 2048 ×

2048 spatial pixels and 4096 wavelength channels spanning a range from 4650 Å to 9300 Å

with a spectral resolution varying between R=2000 to R=4000. A simulation for the MUSE

cube is shown in Fig. 2.2.

Figure 2.1: The orange glow light of a Laser Guide Star emanates from one of the Very Large
Telescope with details of the Milky Way revealed. Credit: ESO/A.Ghizzi Panizza
(www.albertoghizzipanizza.com).

When the light from an astronomical object reaches the Earth’s atmosphere, the

turbulence of the atmosphere may make the image distort and move in various ways.

MUSE overcomes this disadvantage by using AO to compensate for the blurring caused

by the Earth’s atmosphere. The MUSE project went through long planning, construction,

and testing before its installation at the VLT. After a decade of preparation, the first light

came to MUSE, capturing high quality images of planetary and galaxy in January 2014.

MUSE has been coupled with the powerful AO system between 2017 and 2018, using four

22-watt lasers that shine into the sky to make sodium atoms in the upper atmosphere

glow. They produce spots of light in the sky that mimic stars (artificial guiding stars). The

Sensor of the AO module Ground Atmospheric Layer Adaptive Corrector for Spectroscopic

www.albertoghizzipanizza.com
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Figure 2.2: The MUSE cube structure with 2 spatial dimensions and one wavelength di-
mension. Credit: [100].

Imaging (GALACSI) uses these signals as an artificial guide star to capture the changes in

the atmospheric conditions. The signal is sent to the AO a thousand times per second to

calculate the correction and then move the shape of the telescope’s deformable secondary

mirror to compensate for blurring caused by the Earth’s atmosphere. The combination

of an optimal site for the VLT facilities and the use of AO makes MUSE images sharper,

resulting in twice the contrast achieved by previous facilities. For this reason, MUSE is

particularly well suited to study faint sources in great detail.

There are three modes for MUSE running: NFM using AO, WFM with and without

using AO. The difference between them is using AO and spatial sampling. NFM cou-

pled with AO allows to correct for atmospheric turbulent above the telescope helping to

have sharper images but over a small region for observations (http://www.ens-lyon.fr/

en/article/research/supersharp-images-new-vlt-adaptive-optics). In particu-

lar, the system associated with the fore optics is used to select the observing mode, for

instance, to change the spatial sampling from 0.2" (in the WFM) to 0.025" (in the NFM)

with a reduced field of view of 7.5"×7.5". Especially, this mode is more significant when

working on studying a single object at a very high spatial resolution. For example: studying

supermassive black holes, young stellar objects, or the Solar system, etc. Using WFM

which has a relatively large field of view allows us to study more extended objects. This

mode coupled with AO permits to correct for the effect of atmospheric turbulence up to

1km above the telescope over a wide region of the sky (1′
×1′ with a spatial sampling of

0.2"×0.2"). MUSE has been used extensively in this mode to detect up to 15000 sources

by setting up nested surveys of different areas and depths. To date, one of the deepest

surveys of MUSE has required a long observing time of around 141 hours reaches a 3−σ

limiting flux of 1×10−19 erg s−1 cm−2 [130, 131]. These observations can help us solve one

of the most challenging studies nowadays in the identification and characterization of the

faintest objects formed during the very first billion years in the history of the Universe. For

example, studying LAEs redshifted to the wavelength observed by MUSE 2.9 < z < 6.7.

http://www.ens-lyon.fr/en/article/research/supersharp-images-new-vlt-adaptive-optics
http://www.ens-lyon.fr/en/article/research/supersharp-images-new-vlt-adaptive-optics
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2.2 Main scientific goals of MUSE

Using AO with the possibility to use WFM and NFM makes MUSE become efficient in many

different scientific fields since the commission was started, which permits the community

to analyze individual sources with high angular spectral resolution such as planetary, small

object science to the stellar population in nearby and high redshift galaxies. The main

scientific purposes of the MUSE instrument can be listed as follows based on the observing

mode.

- Using NFM, which is known to be highly efficient in the analysis of individual

sources with very high resolution makes it possible to:

+ Study Super Massive Black Holes with several issues that can be addressed

on the merging of galaxies, Super Massive Black Holes sinking to the bottom of the potential

well, and the formation of binary systems, etc. In addition, it is also possible to study

the accretion of the matter to form black holes. However, such observations are rare

and difficult to interpret. Therefore, further investigation is necessary to understand the

physical properties in these regions.

+ Young stellar objects: Thanks to MUSE we may have the opportunity to

study the formation and structure of jets in great detail.

+ Solar system: There are multiple objects within our Solar system that can

be observed with the same spatial resolution compared to many space telescopes.

- In contrast, we use WFM to detect multiple faint sources, which may be 100 times

fainter than those observed with narrow-band imaging to address some scientific goals

such as:

+ Study intrinsically faint galaxies at high redshift. This is the main driver for

the development of MUSE. It is intended to identify and study the properties of faint high z

galaxies observed both in blank and lensing fields. In the latter case, we use massive clusters

to study the background population of galaxies by taking advantage of the magnification

provided by gravitational lensing [132].

+ Detect Lyman alpha emission out to the EoR, the origin of re-ionization.

+ The analysis of some physical properties of LBGs such as their wind, and

feedback to the IGM. These studies require a combination of MUSE data with deep HST

observations.

+ Find the late-forming population III objects.

+ Investigate active nuclei at intermediate and high redshifts.

+ Perform a map of the growth of dark matter halos.

Since 2017, the community has achieved a lot of progress in exploring the first

MUSE spectroscopic survey data release [130, 133] in the Hubble Ultra deep field area

[134]. The list includes some of the early papers that discuss significant findings, such

as the discovery of extended Lyα halos around individual high redshift galaxies [135],
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investigating the photometric redshift properties of the sample [136], the properties of

sources emitting CIII] [137], the faint end of Lyman alpha LF [124, 128, 125], the extended

Lyman alpha halos ( [see Fig. 2.3, 80]), the extreme EW features of LAEs with a low stellar

mass [138, 139], the evolution of the galaxy merging fraction [140], etc.

Figure 2.3: An example of finding extended Lyα haloes around high z SFGs. The first col-
umn is the HST image of LAE denoted by its contour on the HST segmentation
mask. The second column is MUSE white light image of the LAE. The third col-
umn is the Lyα line extracted from the HST segmentation mask convolved with
the MUSE Point Spread Function. The fourth column is NB image of the LAE
with surface brightness contour at 10−17 erg s−1 cm−2 arcsec−2 (central dotted
white). The last column is the radial Surface Brightness (SB) profiles of Lyα
emission (blue), UV continuum (green), and the Point Spread Function (red).
Credit: [80].

There is a long list of results achieved by the MUSE consortium based on the GTO

program. We could mention among others the study on MgII emission/absorption in

star-forming galaxies [141], finding a systematic redshift from Lyman alpha line profiles

[142], investigation of the strong lensing of A2744 using combined data from MUSE and

Hubble Frontier Fields images see Fig. 2.4 [143], the evolution of LAE fraction [144],

an ATLAS of lensing clusters [145], finding the hydrogen filament see Fig. 2.5 [146], a

link between Lyman alpha halo sizes to the physical properties of the host galaxies [147],
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observing more almost 400 LAEs per arcmin2 in the deepest dataset encompassing 140

hours [131], etc.

Figure 2.4: Top: The spatial distribution of sources with a secure redshift overlaid on an
RGB HST image within the MUSE mosaic observation in the core of lensing
cluster A2744. The lower panel shows the redshift distribution of the sources
shown in the upper panel. Credit: [143].

Figure 2.5: One of the recent images of hydrogen filaments (blue) observed by MUSE in
the Hubble Ultra Deep Field. [146].
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2.3 Lensing clusters observed with MUSE/VLT

2.3.1 General information of lensing clusters observed with

MUSE/VLT

The lensing clusters used in this work were selected to be massive clusters extracted from

both the MUSE Lensing Cluster GTO program and the literature, publically available from

the ESO archives. All of them were known to be strong lensing clusters, having a high

efficiency in terms of magnification power on the population of background sources.

They were compiled from different sources. Massive X-ray luminous clusters were mainly

selected from ROSAT Brightest Cluster Sample [148, 149], the MACS, [150]. Given the

wavelength coverage of MUSE, we expect to observe the Lyα emission from background

sources at redshift 2.9 < z < 6.7.

Figure 2.6: The spatial distribution of secure sources behind A2390 detected by MUSE is
limited by the area inside the solid white line.

The selected clusters have a redshift in the range of 0.2 < zcl < 0.6, some of them

were taken from the Hubble Frontier Fields. Therefore, we expect to clearly identify the

cluster members by using the absorption (and some emission) lines present in the MUSE

spectra. This also helps include the most massive galaxies in the lensing models (see

below). An additional criterion is that most of the lensing clusters have a wide Right

Ascension (RA) range to adapt to the MUSE GTO observations and a low airmass at the

Cerro Paranal Observatory with respect to a declination of range −60 < Declination (DEC)

<+10 degrees. The general information of the clusters observed by MUSE and used for

the thesis is presented in Table. 2.1. Taking advantage of HST observations, which are

efficient in detecting bright continuum sources, the clusters in the project require at least

an available high-resolution broad-band HST image, that is, it requires either F606W or
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F814W filter to make sure that it overlaps with the MUSE spectral range. Finally, there is a

requirement for a mass model based on HST images to help us confirm the existence of at

least one multiple-imaged system, that is used to estimate the total mass of the cluster core.

From these, one can optimize the field of view in order to cover many of such resolved arcs

together with the high magnification region.

We briefly present below the sample of lensing clusters used in this work, with

the appropriate references. A summary of the relevant information is also provided for

convenience in Table. 2.1, 2.2.

Figure 2.7: A simulation produced for MUSE proposal observation coverage of the first
Hubble Frontier Field Abell A2744. The high light red area shows a deep HST
coverage with ACS and WFC3. The cyan line delineates the critical line at
redshift z ∼ 7.

- A2390 and A2667. The general information of these clusters can be found in [128].

An example of spatial image distribution behind A2390 is shown in Fig. 2.6.

- A2744 has been known to have a complex galaxy dynamics with a major merging

that happens in the north-south direction [151], hosts one of the most luminous known

radio haloes within a distance of 1.8 Mpc and a large radio relic at a distance of 2 Mpc

from its center [152, 153, 154]. It also has been known for its complex lensing properties

through a combination of strong and weak lensing [155, 156]. This cluster was observed

with MUSE under the GTO program (094.A-0115) (PI: Richard) with a 2×2 mosaic of MUSE

pointings aiming to cover all the multiple image area, i.e. center at α = 00h14m20.952s

and δ=−30o23
′

53.88". A simulation produced for the MUSE proposal to observe A2744

overlaid by the HST observation region is shown in Fig. 2.7. The quadrants observing times

are 3.5, 4.0, 4.0, and 5 hours, and an extra observation time of 2 hours at the central cluster.

Each pointing is divided into 30-minute individual exposures with a 90-degree rotation

applied in between each exposure.
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Figure 2.8: A MUSE exposure map of A370 mosaic observation. The solid black curve
delineates the multiple-image zone [157].

Figure 2.9: The red-green-blue HST image of the AS1063 is observed with MUSE. The
green square delimits 1′

×1′ MUSE Field of View (FoV). The white circles and
accompanying text show a redshift of the source observed by MUSE. The blue,
magenta, and red contours refer to the high magnification region µ > 200 at
redshift z = 1,2 and 4, respectively. Credit: [158].

- A370 is a merging cluster at a redshift of z ∼ 0.375 [159]. It is known to exhibit a

highly elongated and efficient lens with an Einstein radius of 39" at redshift z ∼ 2, and a

mass of M<250kpc = 3.8×1014 M¹ [160]. This cluster is noted for the first confirmed giant

gravitational arc at z = 0.725 [161, 162, 163], including a very high boost zone (µ∼ 5−10)

twice as large as any other Frontier Fields (FF) cluster observation [164]. A preliminary

catalog of background sources behind this cluster observed from the Grism Lens Amplified

Survey from Space was reported in [165]. The observation was conducted with a large
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mosaic covering ∼ 4 arcmin2 centered on the cluster, covering almost multiple image

areas (096A-0710, 094A-0115). Aiming to achieve relatively uniform line sensitivity in the

presence of strong intracluster light caused the background to grow for the line searching

up to a factor of 2 at the center. For this reason, we use a factor of 3 to 4 larger exposure

time in the central portion of the mosaic. This was done with 2 hours on-source (one-

fourth of the MUSE image), which is rotated by 28 degrees to cover the bulk of the HST

WFC ∼ 5 arcmin2 footmark, 4 hours on-source spending for the two pointings centered at

North-South high boost region, and 2 additional hours on-source focusing in the center.

Finally, we have 18-hour observation for the A370 in mosaic mode. An exposure map is

shown in Fig. 2.8. Both observations were taken in clear and photometric conditions with

a DIMM seeing in a range of 0.37" and 1.09", a median airmass of 1.17 within a range of

1.09−1.42 [157].

Figure 2.10: The HST observations using different filters of Bullet cluster. The color circles
show the multiple images from [166, 167], [168] in white squares, [169] in red
circles. The white solid line displays a critical curve at redshift z ∼ 3.24. Credit:
[169].

- AS1063 is known as a very massive cluster at z = 0.348 [158] containing a total mass

of (2.9±0.3)×1015 M¹ [170], having a high X−ray luminosity LX ∼ 8×1045 erg s−1 [171].

MUSE observation (see Fig. 2.9) is centered with a position angle of 41 degrees covering the

maximum magnification area following Cluster Lensing And Supernova Survey (CLASH)

lensing models used for the FF [158]. Depending on the observation condition, the data

is collected two times within 1 hour for the first night at a seeing value of 1", and 3 hours

for the second night having a seeing of 1.1". In order to remove cosmic rays and obtain a

better noise map, a dither pattern was used with a positional offset shifted by 0.4−0.8" and
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a rotation by 90 degrees for every exposure was applied [158].

Figure 2.11: An overview of multiple image systems behind MACS0257. The dashed cyan
line delineates the FoV of MUSE observation, the solid white line highlights
the multiple image regions and the solid red line shows the critical curve at
redshift z = 4. Credit: [145].

- BULLET is a massive cluster discovered by [172] containing two colliding galaxy

clusters at z = 0.296 and has been known as one of the hottest galaxy clusters. The name

of the cluster referred to a smaller subcluster moving away from the larger one. The

majority of the baryons in the cluster is in the form of hot, diffuse X−ray emitting gas and

account for a small fraction of the total lensing mass close to the center of the cluster.

The mass ratio of the two components is 6:1 [173] and displays a prominent bow shock

preceding a cool bullet lying between the two. The first lensed model of this cluster was

built by [166] using 3 modeled Dark matter (DM) clumps as Single Isothermal Sphere and

Single Isothermal Ellipsoid based on 6 multiple imaged systems, one of them showing a

spectroscopic redshift of z = 3.24. [174] improved the model by using 6 multiple imaged

systems from [166] combined with 4 new multiple imaged systems detected in the sub-

cluster region. The new mass model helped to measure an enclosed mass at r > 250 kpc

(∼ 2.8±0.21014 M¹) around the main cluster and 2.3±0.2 1014 M¹ around the sub-cluster.

[169] reconstructed the mass model by including the intra-cluster gas derived from X−ray

observation, which is one with the best Bayess evidence. The new model showed a total

rms value of 0.158" of imaged position difference between the predicted and observed

positions and confirmed the spatial offset between X−ray mass and dark matter peaks.

The fraction mass of the galaxy halo is assumed 2.5±0.11014 M¹ within a 250 kpc radial

aperture. With the MUSE observation, this cluster is observed with an Extended mode

(WFM-NOAO-E) covering a bluer wavelength. Fig. 2.10 is a Bullet image observed by HST
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using different filters. Using different mass models helps us find multiple images of the

background sources.

- MACS0257 is a special case with 25 background sources confirmed with spectro-

scopic redshifts, including 81 multiple image systems in total covering a field of view 1

MUSE arcmin2. Such systems are too faint to be detected by HST but are readily revealed

by MUSE observations. Fig. 2.11 displays a MUSE FoV overlaid by the HST observation.

The dashed cyan line delineates the FoV of MUSE observation, the solid curve highlights

the multiple image regions and the solid red line shows the critical curve at redshift z = 4.

- MACS0329 is a cluster found by the Massive Cluster Survey (MACS, [150, 175]

as an X−ray selected system. The MUSE observation was carried out with Observation

Blocks (OB) consisting of ∼ 1465s in both two exposures and only one pointing. The total

exposure time of this cluster is 2.5 hours conducted with an angle rotation of 90 degrees

with respect to the original position angle [176]. Although the data used in the present

work are the same used by [176], the number of LAEs behind the lensing cluster is greater

than in the previous study. This is due to the improvement of the lensing model, which

helped to identify more sources [145]. The locations of MUSE spectroscopic redshifts

over HST F606W-F814W-F160W color composites are shown in Fig. 2.12 (bottom). [177]

classified this cluster giving evidence for the presence of substructure in its X−ray surface

brightness. [178] studied HST/ACS/WFC3 CLASH data and found that the magnitude of

the most magnified image is 24±0.004 AB mag. They also discovered one of the highest

redshift (z = 6.18) multiple imaged systems lensed into four images, with magnifications of

11.6+8.9
−4.1, 17.6+6.2

−3.9, 3.9+3.0
−1.7 and 3.7+1.3

−0.2. By analyzing the Spectral Energy Distribution using a

population synthesis model, they found a demagnified stellar mass of 109M¹, a subsolar

metallicity Z /Z¹ = 0.5, low dust content, demagnified SFR of 3.2 M¹/year and a specific

SFR of 3.4 per Gyr. This suggests that it is a local dwarf galaxy.

- MACS0416 (z = 0.397) was discovered by MAssive Cluster Survey (MACS, [175]),

has been known as a merging system with double peak X−ray surface brightness distribu-

tion [179]. It was selected as one of five high magnification clusters in the Cluster Lensing

And Supernova survey with Hubble (CLASH, [180]) because of its large Einstein radius.

Aiming to get deep MUSE exposures of the FFs, the GTO program and ESO program are

well joined. This allows the data collected from two programs to be merged. As a result,

the data in the northern part of MACS0416 were added by the ESO program, while the

other were collected by the GTO program. MUSE HFFs observations were conducted using

19 Observing Blocks (OBs). Sixteen of the 19 OBs were successful with an acquirement

quality of A or B. Fourteen of the 16 OBs were observed with the assistance of the Ground

Layer AO provided by the GALACSI module. An offset was required for each exposure,

with a rotation of 90 degrees to improve the sky subtraction. All the observations were

conducted under good weather conditions, with a seeing value ranging from 0.4" to 0.8".

Under the GTO program, two-hour observation was split into 4 exposures [181]. Finally,
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20"

MACS0416

Figure 2.12: Source location of MUSE spectroscopic redshifts over HST F606W-F814W-
F160W color composites for MACS0416 (top) and MACS0329 (bottom). The
cyan dashed lines represent the MUSE observation regions, while the solid
white line denotes the multiple imaged area. Credit: [145].



39

these data were combined, with a total observing time on the sky of 17.1 hours within an

image quality of 0".6. [181] improved the strong lensing model of MACS0416 and found

37 multiple imaged sources. Twenty-two of them are newly multiple sources found in the

MUSE data set, and the rest of them were detected from previous spectroscopic measure-

ments. They are low luminosity LAEs with redshifts ranging from 3.08 to 6.15. [145] found

9 new multiple-imaged systems, raising the total number of multiple images in the MUSE

cube to 22. Fig. 2.12 (upper panel) displays locations of MUSE spectroscopic redshifts over

HST F606W-F814W-F160W color composites. With deeper data, more than 15 multiple

systems with 33 multiple images have been found. Eleven of the 15 new systems were dis-

covered with MUSE as faint LAEs. Recently, [182] showed a triple imaged system overlaid

between two MUSE fields. They included this system, which is also listed as system 100 in

[145], for completeness. [183] studied morphology and kinematic of the cluster out to 4

Mpc and showed a complex system composed of a main massive cluster with a mass of

M ∼ 0.91015 M¹ and σV ,r 200 ∼ 1000 km s−1 showing two main features: two central peaks

separated by 1000 km s−1 with comparable galaxy content and velocity dispersion from

the bimodal velocity histogram; and elongation of the main structures along the North

East - South West direction with a sub-clump ∼ 600 kpc South West of the center and a

Bright Cluster Galaxy (BCG) in the middle of the center and South West clump. In addition,

there is an appearance of low mass structure at z ∼ 0.390 on the South of the cluster center.

Figure 2.13: An overview of multiple image systems behind MACS0940. The dashed cyan
line delineates the field of view of MUSE observation, the solid curve highlights
the multiple image regions, and the solid red line shows the critical curve at
redshift z = 4. Credit: [145].

- MACS0451: [184] used data collected from spectrograph on the VLT UT1(088.A-

0571, PI: Richard) to make a mass model of the cluster based on the model of [185] and

updated the multiple imaged catalog of the sources with a magnification range of 2.5 to

270, median magnification of 15.5. This cluster includes a very elongated arc and highly
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magnified sources ∼ 49 at redshift 2.013 [186]. The length of the arc is ∼ 20" and is resolved

up to a wavelength of 250µm. Using the Far Infrared SED of the cluster to analyze two

parts of the arc, Northern and Southern, they showed a peak at 250µm and a second at

100µm, suggesting a very high dust temperature. Further, an investigation of the infrared

emission of the cluster showed an AGN component that is separate from the star-forming

component.

Figure 2.14: An overview of multiple image systems behind MACS1206. The dashed cyan
line delineates the field of view of MUSE observations, the solid white curve
highlights the multiple image regions, and the solid red line shows the critical
curve at redshift z = 4. Credit: [145].

- MACS0520: The general information of this cluster is presented in Table. 2.1 and

the lens model is presented in Table. 2.2.

- MACS0940: The lensing model of the cluster can be found in [145]. An overview

of multiple imaged systems behind this cluster is shown in Fig. 2.13.

- MACS1206: It was first discovered in the ROSAT All Sky Survey [187] at redshift

z = 0.44. As part of the CLASH project, the mass distribution inside the cluster has been

investigated using different techniques, such as exploiting the multiple images created by

lensing [178, 188], a combination of strong lensing and weak lensing to obtain information

about mass distribution [189], etc. There is one multiple-image system with a giant arc

with respect to its counter-image that was found at redshift z = 1.036 [190]. In this work,

we are using data observed from GTO program 095.A-0181(A) and 097.A-0267(A) (PI: J.

Richard) in April, May 2015 and April 2016, including 3 pointings, one centered on BCG

with a rotation of 20 degrees and the others with an offset of 35 arcsec towards the East and

West. The exposure time mode of this cluster is 26×1800 NOAO. An offset of 0.5" combined

with a rotational angle of 90 degrees was applied in the different exposures to improve the

removal of instrumental signatures and sky subtraction. There is a matching of redshift

and multiple image systems between the catalog of [181] and [145]. The latter found eight
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new systems more [145]. An overview of multiple imaged systems behind this cluster is

shown in Fig. 2.14. Credit: [145].

Figure 2.15: Left: MACS2214 observed by VLT/MUSE. The cyan dashed line shows the
MUSE field of view, the white dashed line denotes the multiple images region,
and the red solid line is the critical curve at redshift z = 4. Right: 9 individual
exposures of the MACS2214 show the appearance of a satellite crossing the
field. Credit: [191].

Figure 2.16: An overview of multiple image systems behind RXJ1347. The dashed cyan line
delineates the field of view of MUSE observation, the solid curve highlights
the multiple image regions, and the solid red line shows the critical curve at
redshift z = 4. Credit: [145].

- MACS2214 was found from Chandra ACIS-I observation as one of the X−ray

sources [190]. It consists of several prominent large blue arcs [192], four of which are

considered to be spiral systems. This cluster is quite close to the ecliptic plane (∼ 2 degrees)
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allowing us to observe the passing of an asteroid (see Fig. 2.15 (right)). MUSE observed this

lensing cluster from 2017 to 2019. During the first exposure, the passing of an object was

observed in the field. This was seen again in the last poses in 2019 during the observations

of the lensing cluster [191].

- RXJ1347 is one of the most massive clusters with M200cr i t = 3.54±0.51×1015 M¹

at redshift z = 0.451 [176], including two very bright central galaxies. This cluster is

likely to undergo an initial phase of a significant merging event with a perturbation of

intra-cluster medium [193]. Based on the previous results, [176] improved the mass

model and considered two smooth mass components to reproduce the positions of all

the multiple images. The results showed that the addition of an external shear improved

significantly the lens model with a difference of 0.36". On the other hand, [194] used

multiple wavelengths in X-ray and millimeter to show evidence of merging processes in

most X-ray cluster galaxies. The result showed that the core gas was undergoing turbulance

of gas, which points to the primary and secondary clusters having had at least two prior

strong gravitational interactions. This supports the evidence for the second cluster to have

been passed by the primary cluster. An overview of multiple imaged systems observed

behind this cluster is shown in Fig. 2.16. Credit: [145].

- SMACS2031 (α= 20 : 31 : 47.843, δ=−40 : 36 : 54.76, z = 0.331) was observed with

the HST as part of snapshot programs 12884 and 12166 (PI: Ebeling). This cluster has been

observed as a part of the MUSE commission (60.A-9100B) with a total observing time of

10.4 hours in the nominal mode (WFM-NOAO-N), focusing on the SE cluster to cover the

predicted locus of the multiple images with a small random dithering pattern of a 0.6" box.

A rotational angle of 90 degrees has been applied between each exposure of 1200 sec [195].

[196] used the MUSE data to study a young star-forming galaxy with an extended

Lyman alpha halo. Using the multiple diagnostics, they found that the galaxy has a temper-

ature of Te = 156000 K,an electron density of ne = 300 cm−3, a covering fraction of 0.4, a

Lyman alpha emission extending over 10 kpc across the galaxy, and a very uniform spectral

profile. The Lyman alpha extension is four times larger than the continuum emission. This

makes the galaxy comparable to low-mass LAE at low redshift and more compact than the

LBG.

[197] improved the mass model of [195] and identified the Lyman alpha line proper-

ties in a halo out to 10 kpc. They found a mild variation of ±20 km s−1 in peak shift and

±20 km s−1 in Full Width at Half Maximum (FWHM) across the halo. There are few outer

regions with low SB, a small peak shift of ∼ 200 km s−1 comparable to the smallest value on

the map. The appearance of such regions in the cluster with one of them having a distinct

SB peak as in the results of [196], suggests the existence of a satellite galaxy. An overview of

multiple imaged systems observed behind this cluster is shown in Fig. 2.17. Credit: [145].



43

Figure 2.17: An overview of multiple image systems behind SMACS2031. The dashed cyan
line delineates the field of view of MUSE observation, the solid curve highlights
the multiple image regions, and the solid red line shows the critical curve at
redshift z = 4. Credit: [145].

- SMACS2131 is a galaxy cluster with a redshift of z=0.44. The general information

of this cluster is summarized in Table. 2.1. The lens model of this cluster is taken from

[145]. An overview of multiple imaged systems observed behind this cluster is shown in

Fig. 2.18. Credit: [145].

Figure 2.18: An overview of multiple image systems behind SMACS2131. The dashed cyan
line delineates the field of view of MUSE observation, the solid curve highlights
the multiple image regions, and the solid red line shows the critical curve at
redshift z = 4. Credit: [145].
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2.3.2 Lens models

The signal from background galaxies in the field covered by strong lensing galaxy clusters

will be magnified, with a global effect depending on the precise mass distribution within

the cluster. The reader can find a detailed description of this phenomenon in [198]. As

a consequence of this, to measure any parameter about the intrinsic properties of the

sources in their respective source planes, we have to model the mass distribution of the

lensing clusters. However, the distribution in the galaxy clusters is generally complex due

to the presence of dark matter halos that we can not observe directly and which account for

80% of the mass budget. To tackle this problem, one has to introduce several assumptions.

One of the most popular ones, used in this work, is to assume that the total mass can

be separated into a series of components without any interactions between them. In

this parametric approach, the mass components can be described by analytical models,

assuming a projected "flat" distribution. This is a reasonable approach given the distances

involved between the observer, the lens, and the background sources. For this need, we

use the well-known tool LENSTOOL as described below [see 132, for more details].

In the following section, I will introduce a general picture of the mass model tech-

nique. The details of the method referrto the recent work presented in [143, 157], etc., with

an original review performed in [198, 132].

LENSTOOL proposes several different potential profiles to be used for the fit, but

the most commonly used is the PIEMD (for pseudo isothermal elliptical mass distribution)

[see e.g. 199]. For each potential parameter, the user can freely define a prior parameter,

which can be a uniform or Gaussian distribution. Only the bright galaxies have the privilege

to be optimized individually as cluster scale mass potentials, whereas the other galaxies

have to be linked together by a scale relation parameter that is the only parameter being

optimized. Model parameters are constrained through an interactive process, based on

as many multiple images as possible, identified by their spectroscopic or photometric

redshifts, sometimes with the help of high-resolution imaging (HST images). Note that the

MUSE spectroscopy helps to improve the pre-existing models by the identification of new

multiple images. The more images are provided, the more precise is the result of the model.

For the multiple imaged systems, the images will be grouped together as a constraint factor

in the same detailed observation. This step is the most important in the modeling process

because a poor identification or incorrectly associated redshift can result in a distortion of

the mass model. As a consequence, the excellent combination of MUSE and HST, mixing a

large number of spectroscopic redshifts with highly spatially resolved images are helped us

to improve lens mass modeling. The enhancements presented in the reconstruction mass

distribution have been observed by [195, 200, 143, 157], among others.

The procedure for the mass model is performed in the following steps:

+ Introduce the multiple images and their redshift as a constraint factor by users.
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+ Assume a mass distribution using the visible baryonic matter and an expectation

about the DM distribution.

+ Project the multiple images of the same system into the source plane using the

current mass model. The quality of the model is defined by the coincidence of the source

position reconstructed from the given images.

+ Lens the sources, which are found in the previous steps, back to the image plane.

The quality of the model is once again estimated as the difference between the expected

and observed positions of the images.

+ The procedure is repeated back and forth between source and image plane, source

by source, aiming to improve the model.

However, LENSTOOL does not take into account the morphology and flux ratio

of the multiple images, only the multiple imaged positions have been used. This can be

improved with two following approaches:

+ Direct reconstruction: CLEANLENS mode of LENSTOOL can be used to return

values of pixels in the source plane from the image plane by inverting the lens equation.

This can be done by isolating the image that we want to reconstruct. By inverting the lens

equation pixel by pixel, it is possible to reconstruct the morphology of the background

source.

+ Parametric reconstruction: Users can use the CLEANSET 2 function of LENSTOOL

to model the background source by using the parametric light distribution. This means

that information about source size, source ellipticity, and magnitude are parameters to

be optimized to match with observed images. The quality of the model is measured by a

chi-squared, which is defined as follows:

χ2
tot =

∑

i , j

(

(F luxpr edi ct [i , j ]−F luxobser ve [i , j ])

σi j

)2

(2.1)

where F luxpr edi ct , F luxobser ve are the predicted and observed flux for pixel [i, j], σi j is an

estimation of flux error in the pixel [i, j]. The details of the method can be found in the

thesis work of G. Mahler.

The general information on lens models used for the thesis is presented in Table.

2.2. For each cluster, we provide the position of the cluster-scale DM halos, corresponding

to the largest mass distribution, together with the Mass-to-Light scaling for the cluster

galaxies, as well as the reference articles where details on the lensing models can be found.
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Table 2.2: Best fit parameters of mass distribution in each cluster

Continued on next page
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Table 2.2 continued from previous page
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2.4 Source detection and catalog building

2.4.1 Source detection with MUSELET

Source visualization and inspection in a 3D datacube, especially when it involves executing

on individual channels can be challenging. To address this issue and facilitate the analysis

of the MUSE cube looking for emission-line galaxies in an automated way, there is a tool

called MUSELET (for MUSE Line Emission Tracker), developed by J. Richard. MUSELET

is based on Source EXtractor [201]. It is a Python package used to detect emission lines

in narrow-band slices of the MUSE cubes. MUSELET is available as part of the MUSE

Python Data Analysis Framework suite at this address https://mpdaf.readthedocs.io/

en/latest/muselet.html, where the interested reader can find some instructions and

tutorials to run the code. By searching for emission lines, and merging all detections into a

single catalog, linking them with continuum sources, the emission lines within a spatial

region defined by the "radius" parameter are merged into a single source. Then, one can

estimate the redshift of the source based on all the emission lines.

Aiming to obtain emission lines and a high Signal to Noise Ratio (SNR) in each

channel of the MUSE cube, a NB cube can be created by subtracting the background

continuum. This is done by creating two neighboring cubes of the original cube, each

with a width of 5 Å on either side of the wavelength of the Lyman alpha emission line. The

continuum image is defined as the average of the two mean images from the blueward and

redward subcubes. Finally, the NB image of the source is created by subtracting pixel by

pixel between the mean image of the central cube to the continuum image. This is called a

background subtracted image or NB image. Running the Source Extractor on an NB image

can provide us with several images containing information about the source that is, the

RMS image is the background image, the segmentation image shows the source region, the

filtered image is the background subtracted and convolved with different seeing values, etc.

To judge if a group of pixels could be considered as part of a source, we usually compare

pixel by pixel of the filtered image to the RMS image. During this step, we progressively

loosen source detection conditions with DETECT_THRESH and MIN_AREA parameters,

where MIN_AREA defines the minimum number of connected pixels in the filtered image

above the threshold source detection DETECT_THRESH with respect to the RMS image.

2.4.2 Redshift determination using Source Inspector

The following part introduces a new method to identify LAEs behind lensing clusters

observed with MUSE/VLT [145, 131]. This work makes use of a Python-based package

named MUSELET, a part of the MUSE Python Data Analysis Framework package [202],

aiming to detect emission lines in the MUSE datacube. The datacube is in the form of

∼ 300×300 pixels of 0.2", covering 1 arcmin2 FoV and ∼3681 frequency channels from 475

https://mpdaf.readthedocs.io/en/latest/muselet.html
https://mpdaf.readthedocs.io/en/latest/muselet.html
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to 930nm. The package, in turn, makes use of Source EXtractor package, developed by

[201], to detect source emission in NB images, created from the MUSE datacube. The main

goal is to build a source catalog by detecting emission lines and associating them with the

continuum emission obtained either from the MUSE white light or HST images. Using this

combination, one can measure the redshift of individual LAE. This process consists of 3

main steps:

- Step 1: Source EXtractor creates the white light and the NB images from the

original MUSE datacube. Each NB image is an average of 5 adjacent channels, which

improves the signal-to-noise ratio of the NB. The continuum level is estimated from two

subcubes, both having the same spatial size and channel width of 25 Å one red-ward, and

one blue-ward with respect to the detection line. The continuum image is then the average

of the mean images of these two subcubes. NB images are continuum subtracted.

- Step 2: Source EXtractor runs in each NB image to detect source emission in that

wavelength slice.

- Step 3: Source EXtractor tries to merge all sources identified from the previous step

and associates the emission lines with continuum sources. The package will automatically

match the spatial position of emission lines of the same source using a predefined matching

radius, which is typical ∼ 0.8". Based on information on these emission lines, and their

features, one can measure the source redshift.

The flowchart describing the process to build the source catalog is shown in Fig.

2.19. Using this package, more than 4000 images having a wide range of redshift from 0 to

6.7 have been identified from 17 lensing clusters observed by MUSE/VLT. However, due to

the nature of emission lines, some images are intrinsically bright, while others are fainter.

As a result, their redshifts are then estimated at different confidence levels and will need to

be discussed further later.
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Figure 2.19: . Processing to build MUSE spectroscopic catalogs using HST images and
MUSE datacubes. Credit: [145].

For this work, we use all available HST images covering the same MUSE fields,

aiming to create a photometric catalog of continuum sources, i.e., prior sources. This helps

to locate source regions for subsequent spectral extraction. The continuum source is then

associated/combined with the line emissions detected by MUSELET to form the prior

source. HST images obtained using different filters sometimes help to find the dropouts of

high redshift galaxies [122]. During the line detection process, Source EXtractor tends to

split large clumpy sources/arcs into multiple images. These are treated as separate sources

with slightly different redshifts.

The MUSE consortium has developed a package named Source Inspector, [131]

to measure/estimate source redshift. This package makes use of HST, MUSE white light,

and MUSE NB images to locate/guide the source position and to extract source’s spectrum.

Using template spectra, Source EXtractor provides 5 best redshift solutions that match with

the source extracted spectrum. Based on the spectral features, source redshift is measured,

and a confidence level of redshift is assigned. Confidence 1 means that the detection is

tentative, due to low Signal to Noise (SN) or ambiguous lines. These sources, however,

are still being kept in the final catalog, aiming to compare with the other observations.

Confidence 2 corresponds to a source that is identified based on a single emission line

without any additional information or several low SN absorption lines. Confidence 3 is

the case where the identification is obvious, having high SN, clear spectral features, etc.

Each source should be investigated manually and independently by at least 3 experts. A

reconciliation meeting among them is held to discuss and then resolve the debate cases.
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An example of how to find the redshift of an LAE and its confidence level is demon-

strated in Fig. 2.20. This M54 source does not show up in the HST images, and can only be

identified thanks to MUSE. The Lyα line with a typical asymmetry profile is clearly visible

together with an OIII emission line with high SN of ∼ 5. For this case, as it is a very reliable

source, we assign it the highest confidence for redshift. Only sources having confidence

levels of 2 and 3 will be used later for the construction of the galaxy LF.

We often make use of features of bright emission lines to identify source redshift.

Lyα usually shows an asymmetric spectral profile. Another good example is the OII doublet,

which has a blue peak that is about two-third the size of the red peak. The absorption

line features of CaHK, MgII, and other absorption lines are relatively easy to recognize.

However, there are also some features that can be easily mistaken for others. One must

identify them with much care.

Figure 2.20: Source Inspector package interface. An example is to find an LAE from the
A2667 MUSE lensing datacube and to estimate its redshift. The M54 source
has no counterpart in the optical domain and only shows up in the MUSE
cube. MUSE white light and its FoV are shown in the upper right. MUSE NB
is shown in the upper left. The spectrum of M54 is shown in the lower left, a
zoom-in spectrum is shown in the lower right.

All 17 lensing models have been built using HST images. It may happen that some

of the newly identified sources belong to multiple image systems. We then use LENSTOOL

to investigate these new sources/images to find possible new counterpart which might be

missed during the process described above. As the density of the source at a given redshift

is quite low, it is easy to identify and match the multiple images. This helps to increase the

number of detected LAEs in the final catalog.

Lensing models sometimes help to improve the source redshift confidence level. For

example, if a tentative source detection is located at the position of lensed predicted multi-
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ple images, it is likely to be assigned a confidence level 2. Finding more sources/images in

turn helps to constrain better the lens model. In the context of this work, we have been

studying the sources of cosmic re-ionization as seen by MUSE/VLT, focusing on LAEs.

MUSE datacube of 17 lensing clusters provides more than 1400 lensed images of LAEs with

redshifts from 2.9 to 6.7, some of them belong to the multiple image systems. To avoid

sampling in the source plane several times, only one representative image is chosen for

each multiple-image system. The represented image often has high enough SN, moder-

ate magnification error, and less contamination from nearby galaxies. Thanks to lensing

clusters, signals from distant galaxies are magnified by a large factor, so one can reach

the fainter sources which have not been available in the previous blank field observations.

Finally, 600 LAEs have been used for the next step in computing the LF.

2.4.3 LAEs catalog

There are three quality flags for the redshift determinations indicating confidence levels,

from 3 (secure redshifts) to 1 (tentative redshifts). After running MUSELET and Source

Inspector to identify the redshift of the source detected in the MUSE cube, we have more

than 4500 images belonging to the systems, that have a redshift confidence level zcon f > 1

(foreground galaxies, stars, cluster galaxies, etc. at high redshift) behind 17 lensing clusters.

More than ∼ 40% objects in this catalog are cluster galaxies. The distribution of the sources

is shown in Fig. 2.21. The figure on the left displays the redshift histogram of all the

sources detected in the MUSE cube (gray), of all the images which are rated with high

confident level zcon f = 2,3 (pink), and of the representative images for each system having

zcon f = 2,3 (magenta). Fig. 2.21 (right) shows the redshift distribution of all the detected

sources (gray), of sources that have been found with line emission only (pink), and of

sources detected with only line emission and having a high confident level zcon f = 2,3

(magenta). All the galaxies from these 17 clusters in the present work are located in a

narrow redshift interval, with a prominent peak of an overdensity of galaxies at redshift

z ∼ 0.4. The number of sources significantly decreases in the redshift range of 1.5<z<2.9,

which is known as the MUSE redshift desert (Fig. 2.21, left). At higher redshifts z > 2.9,

LAEs are the main population in detected sources. From choosing image processing, we

see that the number of multiple images is found at redshift z > 1.8, the "MUSE redshift

desert" can be seen in a range of (1.5 < z < 2.9) with a deficit in redshift, at the higher

redshift z > 2.9 the LAEs become main contributors for the redshift distribution. In the

present work, we have kept only LAEs at redshift 2.9 < z < 6.7. For sources with a redshift

confidence level of zcon f = 1, most of them belong to the systems having one image with

a small magnification (see Fig. 2.22). According to the criteria defined above, these are

tentative sources that do not display a clear Lyman alpha profile, have low signal-to-noise,

or lack information on association lines, etc. We will ignore them from the list.



54

To save time during projection back and forth between source and image planes,

after having identified the LAEs redshift with source-inspector, we choose a single rep-

resentative image for each multiple systems based on several criteria: high SN, more

isolation compared with other multiple images of a same system, a reasonable magnifica-

tion uncertainties, and less contamination from other sources. This procedure is done by

overplotting source positions on the HST images that were observed in at least two bands

and overplotting on the White light image of the MUSE observation (see Fig. 2.23). Finally,

there are 600 Lyman alpha lensed images kept in the final catalog. The number of LAEs

behind the lensing clusters is shown in Table. 2.1.

Figure 2.21: Redshift distributions of sources in the final sample. Left: the gray histogram
shows the redshift distribution of all sources in the sample. The pink histogram
is the redshift distribution of all sources having zcon f > 1, and the magenta
histogram is for representative images having zcon f > 1. Right: the gray
histogram is the redshift distribution of all sources in the sample, the pink
histogram is the distribution of line emitters with zcon f > 1 and the magenta
histogram is for the representative line emission sources with zcon f > 1.
Credit: [191].

Figure 2.22: Redshift distribution of Lyman alpha sources with zcon f = 1 behind 17 lens-
ing clusters.
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Figure 2.23: An example of choosing a representative image of multiple imaged system
behind MACS0451. The image positions (red circles) are overplotted on the
White Light MUSE image (left), F140W, and F814W observed by HST.

2.4.4 Lyα flux measurement

Thousands of LAEs have been observed, showing a variety of Lyα line shapes, mainly in

terms of their asymmetry and number of peaks. This can be explained by the different

diffusion processes that affect the Lyman alpha photons before they escape from the IGM

[203] as well as the absorption of IGM [204]. For this reason, various approaches can be

employed to measure the total Lyman alpha flux emitted from the galaxies. This section

introduces and discusses two methods for measuring this quantity.

Figure 2.24: An example of asymmetry values obtained from the flux fitting method for
four different LAEs behind MACS0940. The red dashed curve displays an
asymmetry Gaussian fit to the observed profile (black). Right panel shows a
double asymmetry Gaussian model (blue). The asymmetry value of a simple
model is indicated for each line. Credit: [191].

- Spectral fitting: This method was developed by [205] to use an asymmetry Gaus-

sian profile of the Lyman alpha which follows the function below:

f (λ) = A exp
−(λ−λ0)2

2(a(λ−λ0)+d)2
(2.2)

where A is the amplitude of the emission line, λ0 is the wavelength in which the Lyman

alpha emission line reaches the peak and can be converted directly from the redshift of
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the source, a is the asymmetry parameter of the line, and d is the typical width of the line.

These parameters are optimized during fitting by applying the function form above to a

subcube with a size of 5"×5"×12.5 Å surrounding the source position. The flux value

is integrated along the wavelength channel with a range of [λ0 −6.25 : λ0 +6.25] Å. The

mean values of FWHM and asymmetry were found are 7 Å and 0.2, respectively [147]. Fig.

2.24 shows different asymmetry Lyα line profiles, each with a different best-fit a value.

The four best fit parameters were obtained by employing a MCMC fitting process using 8

walkers and 10 000 steps, combined with the median values of their posteriors distribution.

The uncertainties of individual values are taken at 16th and 84th percentiles. There are 31

sources in the total of 600 that have two peaks in the present work. This pattern can be

adapted by applying the function above on the red peak with a positive asymmetry value

and with a negative value for the blue peak. The final flux value of a source will be summed

up from the two peaks. The final median flux value is 2 ×10−18 erg cm−2 s−1.

Figure 2.25: Left: Asymmetry parameter distribution of Lyman alpha profiles in the present
work. A positive value of the asymmetry parameter indicates that the line
profile is asymmetric towards the red, while a negative value indicates that
the profile is asymmetric towards the blue. A zero value indicates a normal
Gaussian profile. Right: Asymmetry parameter versus redshift of individual
sources. Credit: [191].

Fig. 2.25 shows the distribution of the asymmetry parameter in the present LAEs

sample. 81% of LAEs exhibit an asymmetry towards the red (a > 0), with a medium value

of 0.18. This has been confirmed in many recent studies. However, the main reason for

the asymmetry of the line profile is still difficult to interpret. The asymmetry generally

correlated with FWHM in an asymmetric fit.

- The second method is obtained from SExtractor. In this method, we do not assume

a parametric profile for the line, instead, the total flux is directly extracted from the cube.

We create a subcube with a size of 10"×10"× width of the Lyman alpha line and its two
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neighbor cubes on both sides with a volume of 10"×10"×20 Å. We then ask SExtractor to

run on NB image to obtain FLUX_AUTO value of the source and its error. This parameter

is developed based on Kron’s first-moment algorithm, which ensures that 90% of its flux

will be contained in the circular aperture of the Kron radius when the source is convolved

with the seeing condition. To adapt to different seeing conditions, we relax SExtractor

parameters (DETECT_THRESH, MIN_AREA) to ensure that the faint sources also have the

opportunity to be detected. The final flux value is multiplied by the width of the emission

line.

The first method is more reasonable because it takes into account the shape of

line emission, whereas the second method is more efficient in measuring the flux of faint

sources. In the present work, the second method is applied for sources found in A2744

due to a large number of faint sources being included, while the first method is applied

for the remaining sources in the catalog. Whenever the first method fails due to a spectral

extraction problem, the second method is used. In total, 425 of the 600 sources in the

catalog have fluxes measured using the spectral fitting method. The remaining 128 LAEs

behind A2744, plus 47 faint sources that failed from the first one, have their fluxes measured

using Source Extractor.

Figure 2.26: Left: Comparison between the flux values obtained from the two methods:
line fitting (y-axis) versus SExtractor (x-axis). Right: Comparison of central
magnification (ordinate) and weighted one (abscissa) .

A comparison of the difference of central flux values for individual sources using

two methods is plotted in Fig. 2.26 (left). The abscissa axis displays flux values measured

from SExtractor and the vertical axis is from spectral fitting, both in the unit of 10−18 erg s−1.

The solid black line shows a one-to-one ratio between the two methods, and the dashed

black lines denote a ratio of 0.5 and 2.

It is worth noting that the first method, as described in [147] tended to use the

central magnification value of the individual sources, while the second method used the

weighted magnification to correct for the lensing effect. Fig. 2.27 shows distribution of the
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weighted magnifications of LAEs in the present work. A comparison of magnification values

obtained from two methods are shown in Figure 2.26 (right). The flux values obtained

from the first method are combined with the central magnification value to compute

the luminosity. This luminosity value is then plotted against the value derived using the

SExtractor and weighted magnification, as shown in Fig. 2.28. In the remaining part of the

work, we will use the weighted magnification values for the computation process.

Figure 2.27: Distribution of weighted magnification in the present work.

Figure 2.28: Comparison of Lyman alpha luminosity between the two methods of flux
measurements and magnification computations (see text).

It is also worth mentioning that [128] studied the LF for LAEs behind four lensing

clusters observed by MUSE. Fig. 2.29 displays the comparison between the two data
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samples. The present data sampleis denoted by magenta and the data sample behind four

lensing clusters used in the [128] is shown in cyan. It’s clear that the number of LAEs in this

work is three times larger compared to the previous one. Using this data, we expected to

have better coverage towards the faint part of the LF, as well as an improved the statistic in

this domain.

Figure 2.29: Comparison between the present data sample and the one in [128]. The ma-
genta color denotes the data used in the thesis, while the cyan color indicates
the data sample in [128].
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To compute the LF of LAEs, we have used the non-parametric Vmax method [206]

to estimate the volume of the survey in which an individual source could be detected. The

contribution of the source to the density of galaxies is given by reciprocal this parameter.

The present work uses data collected from 17 surveys in lensing clusters meaning that the

final value of Vmax for a given source should be computed from all the fields of the survey,

including the fields where the source was present. Working in the image plane to compute

the Vmax value of individual sources may lead to an overestimate of this value. For this

reason, the present work has been done in the source plane, based on the creation of a

3D cube in the source plane for each LAE using the pipeline developed in [128], including

some improvements presented in this thesis. The main steps are shown in Fig. 3.1 [128].

3.1 3D mask cubes in the source plane

3.1.1 Noise level

The noise level of a given layer is computed based on its RMS image combined with the

median RMS image of the cube as a normalization factor, so the noise level in the i th

channel is defined as:

Noise leveli = Noise level (RMSi ) =
< RMSi >x,y

< RMSmedian >x,y
(3.1)

where < RMSi > is the RMS image in the i th layer, < RMSmedian > is the RMS image of

the median layer of the cube obtained by running the Source Extractor on the individual
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Figure 3.1: Procedure to create the 3D mask images and Vmax. The main steps are followed
by the red boxes and blue arrows. The details are given in [128].

NB images. The signal-to-noise value reflects only the evolution of the noise level with

wavelength within a given cube and could not be used to compare the noise level between

the cubes. This evolution is shown in Fig. 3.3 for each of the 17 clusters. The noise levels

in Fig. 3.3 are similar in all datacubes, except for MACS0257, MACS0416N, MACS0451,

MACS0520, MACS0940, MACS2214, and RXJ1347. These cubes show an increase in noise

level within the AO filter (around 5890 Å). This can be explained due to the shorter effective

exposure time in the WFM-NOAO-N mode of the instrument, which is only 50 minutes

instead of 7 or 8 hours elsewhere. However, all of the datacubes show the best sensitivity

in the 6800-7800 Å wavelength range, with a detection limit of 3−σ for an unresolved

emission line [131].

3.1.2 Signal to noise of a given source

The probability of detecting a given source will be determined by comparing in each pixel

the signals from the sources and RMS images. The signal of the source image is defined

by a group of the 9 brightest pixels found from the filtered image obtained by running

Source Extractor on the NB image of the source. They are found in a circle with a radius

of 1" surrounding the source position. When the first pixel was found, we continued

looking for the 8 connected pixels to find the second one. The process stops when the 9

brightest pixels of the individual source are found. This probability has been taken into

account for all the fields surveyed in the present work, hence the filtered image has to be

convolved/de-convolved with different seeing values. Consequently, each source will have

one brightest pixel profile found from its parent cube, in which the source is presented and

has 17 other brightest pixel profiles due to the convolving/de-convolving procedure. Fig.

3.2 shows the brightest pixel profiles of M39 detected in A2390 (left) and P8192 detected
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in A370 (right). M39 was detected under a seeing condition of 0.75" (the thick solid line).

When the M39 filtered image has been de-convolved to lower seeing values producing its

brightest pixel profiles (the thin solid lines above the thick solid line), better than the value

found from the parent cube, while the convolving with higher seeing values will get a lower

value (the thin solid lines below the thick solid line).
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Figure 3.2: Examples of the brightest pixel profiles of M79 located inside the A2390 field
(left) and P8192 inside the A370 field (right) after being convolved/de-convolved
to account for the different seeing conditions in the different cubes.

Fig. 3.4 illustrates the 9 Brightest pixel (Bp) that have been found from the filtered

image of a source detected in the A2390 MUSE cube. This method allows us to follow the

morphology of the source and its detectability without assuming any prior shape. For

example, from the profile, we can partly study the spatial profile of the sources because

the extended sources tend to display a flattened Bp profile, while compact sources usually

show a steep slope profile. The Bp profile of the individual source behind each lensing

cluster is shown as the red solid curve of Fig. 3.7.

From the definition of noise level above, the signal-to-noise of each source in a

given channel is computed based on its Bp profile and the noise level for that channel,

following the equation:

S/Ni =
max(B p)

noi sel evel (RMSi )
(3.2)

Using Eq. 3.2, a given pixel belonging to the source area could be detected and unmasked

if its value satisfies the following condition:

B p[M I N _ARE A−1]/DET EC T _T HRESH < local _noi se[x, y] (3.3)

where [x, y] is the pixel on the RMS map and B p[MIN_AREA-1] is the faintest value of the

individual Bp profile of the source, the DETECT_THRESH is varied to make sure that the

source always has the opportunity to be detected. In this case, we are using the faintest

value of the Bp profile, meaning that if this value fulfills the criterion, the other bright pixels

that have a higher value will also meet the same criteria at the local noise [x, y]. In general,

the central pixel of the RMS map is unmasked. This process is applied to all the pixels of
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the RMS image.

Continued on next page
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Figure 3.3: Evolution of noise with wavelength inside each MUSE cube. From left to
right, up to down, the cubes are: A2390, A2667, A2744, A370, AS1063, BUL-
LET, MACS0257, MACS0329, MACS0416N, MACS0416S, MACS0451, MACS0520,
MACS0940, MACS1206, MACS2214, RXJ1347, SMACS2031, and SMACS2131.

Figure 3.4: An example of the 9 brightest pixels list of 2 sources behind lensing A2667 in
the catalog of [128]. The green circle is the critical region with a radius of 1"
which is used to look for the first brightest pixel.
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Figure 3.5: The evolution of RMS maps at different channels inside a given cube. From
left to right is the evolution of RMS maps at different channels (500, 1000, 2500,
3000) and its median RMS map inside A370 (upper) and MACS1206 (lower).

When the detectability condition is applied to a given RMS image, a masked image

is generated. In principle, this image has to be projected into the source plane. To avoid

creating too many images for each source with respect to a given signal-to-noise, we create

masked images for a given cube at various signal-to-noise values, ensuring the detection of

all sources within the cube. This can be done under two simplifications introduced below:

- First, the RMS map in each channel of the MUSE cube can be modeled and

reproduced by scaling from the median map. This assumption has been introduced due

to a linear evolution of the pattern with the MUSE slices that have been found during

studying a large number of RMS images. The evolution with channels is shown in Fig. 3.5

for A370 (upper panel) and MACS1206 (lower panel) at slice numbers 500, 1000, 2500, 3000,

and its median RMS image at channel 1839 (last column image). The different patterns of

the RMS maps can be explained by the difference in morphology or the variance of noise

with the slices. Fig. 3.6 shows RMS median maps of 18 datacubes used for the present work,

the difference in the structure of the instrument, and exposure times are clearly visible

in each image, suggesting that the assumption is reasonable for all the channels of RMS

cubes.

- Second, we use a general bright pixel profile, which may be the representative

profile for all sources in a cube named general bright pixel profile (B pg ). The profile is

built based on individual brightest pixel profiles of a source that is already convolved/de-

convolved to adapt to the seeing conditions. The deconvolution algorithm is computed

based on the description of a Weiner filter which is presented in [207] combined with

the Python Scikit image package in [208]. The final value of B pg in each cube is the

median value of the individual bright pixel profiles contained in that cube. At this step, the

normalization is presented by max(B pg ) = 1, and the other general bright pixel profiles

will be scaled following the value of the maximum general bright pixel profile before

normalization.

Using the two assumptions, the signal-to-noise of a given source in a cube is given

by the function:

s/n =

max(C ×B pg )

Noise level(RMSmedian)
(3.4)
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where:

Noiselevel(RMSmedian) =
< RMS >median

< RMS >median
= 1 (3.5)

C and max(B pg ) are independent, so max(C×B pg ) =C×max(B pg ) =C , since max(B pg )

was previously defined as equal to 1. Consequently, the signal-to-noise of a source in a

cube is found as the rescaled factor of that cube to the max(B pg ). In another way, we can

write as:

s/n =C (3.6)

so now 2D masked images for each cube can be produced based on its RMS median image

combined with its signal-to-noise value of s/n ×B pg as the bright pixel profile. At this

step, we have presented a set of signal-to-noise values (introduced signal-to-noise value)

covering a range of 0.6 to 20 with 100 steps in logarithmic scale, which have included all

possible values to detect the Lyman alpha sources in the present sample. Therefore, 100

masked images are generated for each cube. In connection with a given value of the signal

to noise ratio, we estimate the ratio of masked pixels to the total of pixels in each masked

image, named covering fraction. If this ratio is 0, meaning that the possibility of detection

happens to any location within the image, a covering fraction of 1 suggests that the input

source remains undetected throughout the entire image. The covering factor can vary

between 0 and 1, indicating whether the source could be found in certain parts of the

image. Therefore, if several images have the same covering fraction, we keep only one of

them. Our data sample shows that bright sources tend to have a covering fraction value

close to 0, whereas the diffuse sources tend to be 1 in their parent cube. In addition, at a

higher redshift, our observations have been affected much by the skylines reducing the

number of masked images adapted to the given criteria.
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Figure 3.6: RMS median images of 18 datacubes in the present work. From left to right,
up to down corresponding to A2390, A2667, A2744, A370, AS1063, BULLET,
MACS0257, MACS0329, MACS0416N, MACS0416S, MACS0451, MACS0520,
MACS0940, MACS1206, MACS2214, RXJ1347, SMACS2031, and SMACS2131.

Figure 3.8: A 2D masked image of A2667 in the image plane projected into the source plane
at different redshifts. From left to right, up to down, the projected redshift is zs

= 3.5, 4.5, 5.5, and 6.5.

3.1.3 Creating 3D masked images

The previous subsection presented a way to produce 2D masked images for a given cube,

that helps us reduce the number of masked images for the source plane projection, save

time for computation, and avoid overlapping regions in the computation. However, the



69

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for A2390

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for A2667

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for A2744

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for A370

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for AS1063

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for BULLET

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0257

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0329

Individual profiles

Median profile

Continued on next page



70

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0416N

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0416S

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0451

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0520

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS0940

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS1206

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for MACS2214

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for RXJ1347

Individual profiles

Median profile

Continued on next page



71

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for SMACS2031

Individual profiles

Median profile

1 2 3 4 5 6 7 8 9

Index

0.0

0.2

0.4

0.6

0.8

1.0

N
o
rm

a
liz

e
d

fl
u
x

Normalized bright pixels profiles for SMACS2131

Individual profiles

Median profile

Figure 3.7: The individual brightest pixel profiles (red solid line) and general brightest
pixel profile (black solid line) are represented for each MUSE cube. Clusters are
labeled from left to right, up to down as A2390, A2667, A2744, A370, AS1063, BUL-
LET, MACS0257, MACS0329, MACS0416N, MACS0416S, MACS0451, MACS0520,
MACS0940, MACS1206, MACS2214, RXJ1347, SMACS2031, and SMACS2131.

main purpose is to compute the total co-moving volume, where individual sources could

be detected. This requires 3D masked images, which are associated with individual sources.

This subsection presents how to form 3D masked images both in image and source planes.

Figure 3.9: A 2D masked image of A2744 in the image plane projected into the source plane
at different redshifts. From left to right, up to down, the projected redshift is zs

= 3.5, 4.5, 5.5, and 6.5.

- In the image plane:

From Equation 3.2, the signal to noise of an individual source on all the layers of

its cube can be estimated. They were resampled by 300 values over the MUSE cube, 100

values in the range from 4749 to 7100 Å, and 200 values in the rest. As I mentioned before,

at longer wavelengths, the source detection is affected by the skylines, so the resampled

signal to noise is denser in this region to achieve higher precision. The final masked images

of each source are found by fetching the closest signal-to-noise value from the resampled

measurement to the introduced signal-to-noise.

- In the source plane:

In this plane, we have applied the same method of constructing the individual 3D

mask image of the source. The 2D masked images from the image plane are projected in
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the source plane at different redshifts. This is done using PYLENSTOOL, which allows us to

use LENSTOOL automatically. In practise, we have realized that there is not a substantial

disparity in the pattern of the images at different projected redshift values, therefore there

are four redshift samplings chosen for the projection zs = 3.5, 4.5, 5.5, and 6.5 (see Fig.

3.8, 3.9). At this stage, besides matching up the closest signal-to-noise value as the one

in the image plane, we attempt to align the projected redshift to the MUSE resampling

wavelength to make sure that the zs is the closest value to the (λsampli ng /λLyα)−1. The

number of source plane projections depends on the number of redshift values used for the

procedure, the number of MUSE cubes, and the definition of introduced signal-to-noise

values. While the number of sources in the sample and the precision of the sampling signal

to noise are independent.

3.2 Computing Vmax value

After the projection of the 2D masked images onto the source plane, we compute the Vmax

value of the sources by associating the proper masks. This is done on the source plane at

the pixels in which the value of the magnification exceeds the given limited magnification

to make sure that the source can be detected. Therefore, the process will apply to the area

with a reasonable magnification. At the parent cube, where the source is present, this limit

value is defined as :

µl i m =µ
δFd

Fd

(3.7)

where µ is weighted magnification, Fd is the detection flux value, δFd is uncertainty of flux

value and µl i m is the limited magnification of individual source. Following the definition

of limited magnification value, the source is only detected at the region in which µ>µl i m ,

meaning that the signal we are measuring is high enough to be detected. In addition, the

procedure is extended to all the other cubes with different seeing values, Eq 3.7 will be

rephrased to be adapted with this condition:

µl i m,ext =
< RMSext >x,y,λ

< RMSp >x,y,λ

s2
ext

s2
p

×µl i m,p (3.8)

where the subscript p and ext correspond to the parent cube, in which the source

is present and the external one refers to other cubes. < RMS >x,y,λ is the median value

over three axes of the MUSE cube, and s is the seeing value associated with observing

condition. The final value of Vmax is integrated over the individual layers of the 3D source

plane masked cube, accounting for the condition of the limited magnification µ>µl i m . At

a given channel the value is estimated following the equation:

dVk = N (µl i m ,k)×ω
c

H0

∫zmax (k)

zmi n (k)

D2
L(z ′)

(1+ z ′)2E(z ′)
d z ′ (3.9)
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where E(z) =
√

Ωm(1+ z)3 + (1−Ωm −ΩΛ)(1+ z)2 +ΩΛ, DL is the luminosity dis-

tance following the function of redshift, ω is the angular size of the MUSE pixel, zmi n(k)

and zmax(k) are the redshift limits at k th channel with respect to its spectral width, and

N (µl i m ,k) is the number of unmasked pixels on the layer k associated with the condition

of limited magnification. This function can be applied to compute Vmax value for the full

redshift range 2.9 < z < 6.7, for the effective volume defining the region from the lowest

redshift of the survey to the redshift value of the source.

Figure 3.10: From left to right up to down: Total Vmax distribution of LAEs in the present
sample, the Vmax versus magnification µ, Vmax versus detected flux and Vmax

versus luminosity log(L).

From Fig. 3.10, most of the sources in the present work have been detected with a

large value of the volume. However, several sources have a large magnification detected in

a small volume. The Vmax value tends to raise with the detection flux, this can be seen in

the lower left panel of Fig. 3.10. This trend also can be seen on the lower right panel of that

figure, which shows a weak correlation between luminosity and its Vmax value.

The dependence of Vmax on source magnification is shown in Figs. 3.11 and 3.12.

For the highly magnified sources, that may be close to the caustic curve, its magnification

deviation value varies largely when the source crosses the line, the uncertainties may

reach up to 10% or more compared to its weighted value. When the magnification value

is changed within its uncertainties, an exponential function can be used to describe this

change. As the source has a modest magnification value, a linear function can be presented.

This dependence of Vmax on lensing magnification has been accounted for in the LF
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computation process. The total co-moving volume computed following the procedure

mentioned above is listed in Tab. 3.1.

Figure 3.11: Dependence of Vmax on the magnification value of the source, which has a
highly magnified value when magnification is varied within its uncertainties
±1σ and ±2σ. The blue points from left to right denote the µ−2σ,µ−1σ,µ,µ+
1σ,µ+ 2σ,µ+ 3σ, respectively. The orange solid line displays the best-fit
exponential function.

Figure 3.12: Dependence of Vmax on magnification of the sources which have a low mag-
nified value when magnification is varied within its uncertainties 1σ and 2σ.
The blue points from left to right denote the µ−2σ,µ−1σ,µ,µ+1σ,µ+2σ,
respectively. The red solid line displays the best fit linear function of these blue
points.



75

Cluster Total co-volume [Mpc3]
A2390 735
A2667 885
A2744 10500
A370 5350

AS1063 1970
BULLET 895

MACS0257 730
MACS0329 1225

MACS0416N 3420
MACS0416S 1670
MACS0451 1210
MACS0520 765
MACS0940 5760
MACS1206 2980
MACS2214 1100

RXJ1347 7920
SMACS2031 1675
SMACS2131 920

Total 49710

Table 3.1: Total co-volume of 17 clusters at redshift 2.9 < z < 6.7.
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4 Luminosity function
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By definition, the LF is defined as the number of galaxies per a cosmic co-moving

volume and a luminosity interval. However, not all the sources in the data sample can be

100% detectable, hence the requirement to correct for the actual probability of finding a

source, which is called completeness. In this case, the (in)completeness is an additional

correction which is needed to account for the detectability of a source in its parent MUSE

cube. It is applied as a multiplicative factor to its previous contribution to the LF (see

Sec. 4.2 and Eq. 4.1 below). In the following sub-sections, we present and discuss the

determination of the completeness factors for each source, the determination of the LF

values, and the fit of the LF points by a Schechter Function. We also discuss the comparison

between our results and the previous ones in the literature.

4.1 Completeness determination

In a given noisy environment, the probability of successfully detecting the sources depends

on their profiles both spatially and spectrally. This means that sources with too large of

the noise are not detected. In this section, we introduce a parameter referring to this

probability aiming to account for the noise effect. The process to estimate this parameter

is conducted in the image plane and applied from source to source to retrieve the detection

profile of each LAE and inject it into the masked detection layer. The final completeness
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value is estimated based on the number of successful outcomes divided by the total number

of random injections of the source profile into a mock image.

4.1.1 Reconstruction of the source profile in image plane

The effect of noise on the probability of source detection will be investigated in the image

plane where the source has been found first. In the previous steps, the source is always

associated with a given channel in a MUSE cube corresponding to a given noise level. As a

result, in this section, the probability that I mentioned before should be calculated in the

plane where the Lyman alpha emission of the source reaches its peak, called the max-NB

image. This image should not be tracked from the redshift of the source, because in some

cases there is an offset between the channel which is retrieved from redshift and the one

found from the visual source inspection process. For several faint sources, with a complex

morphology that varies from channel to channel, the difference in the selection NB layer

could be the reason for the underestimation of the probability. The main difficulty is to

properly model the light distribution both in the spatial and the spectra dimensions. To

assess the quality of the detections, we use the same NB image which is extracted from

the source inspection step. To have a more efficient accounting for the noise, the image

of the individual source is sized by 80" × 80", to better account for the local noise in the

source region. The source recovery is done based on two steps using the same criteria

as the original source detection by using the same configuration/parameters of Source

Extractor in the MUSELET package.

- From the max NB image of individual sources we run the Source Extractor using

the same configuration of the MIN_AREA, DETECT_THRESHOLD, and MATCHING_RADIUS

aiming to retrieve the segmentation image of the source. These parameters have been

progressively loosened to make sure that the source has maximum opportunity to be

detected.

- On the other side, we continue running the Source Extractor on the max NB image

aiming to obtain the filtered image, that is background subtracted and convolved with

different seeing values.

From the segmentation map, we have tried to match the positions in which the

source has been detected (in the segmentation image) to the positions in the filtered image.

Sometimes the Source Extractor does not work properly when creating the segmentation

map image for faint sources. To compensate for this effect, we will search for the connected

pixels in the filtered image. Finally, a sub-image containing all the pixels which have been

assumed as a part of the source will be kept and matched to the object image to form the

source profile in the image plane of individual sources.

The quality of the extraction process for individual sources has been quantified

using a flag value. As shown in Table 4.1, trustworthy cases are assigned values Flag=1 or
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Flag value MIN_AREA DETECT_THRESH MATCHING_RADIUS
1 6 1.3 4
1 3 2.5 4
1 6 1.1 4
2 6 1.0 4
2 6 1.0 5
2 6 0.9 5
2 5 0.9 5
2 6 0.8 5
2 5 0.8 5
2 6 0.8 6
2 5 0.8 6
2 4 0.8 5
3 5 0.8 7
3 5 0.7 7
3 2 0.3 4

Table 4.1: Flag values based on a set of SExtractor parameters used for source recovery
simulation.

Flag=2, whereas a source denoted Flag=3 could be treated as a tentative detection. In the

following steps, we keep only the good extractions (Flag=1,2) and ignore the dubious cases.

Applying these criteria to the data sample behind 17 lensing clusters, only 2% sources are

marked Flag = 3, 5.5% cases are marked Flag = 2, and the rest are Flag = 1. The appearance

of Flag = 3 could be explained by:

+ They are the faint sources, which have only a few pixels having a value above the

given threshold to be considered as a part of the source.

+ There is a difference between the source position found in the catalog and the

recovered source position. In practice, the morphology of the source varies from channel

to channel, the difference in position between the recovered location and source position

in the max-NB channel may be larger than in the other neighbor channels.

+ The size of the image is such that the exploration region is too small to provide

a fair sampling of the background. In this work, we have faced several such cases, and

for this reason, the size of the window has been enlarged from 30" × 30" used by [128] to

80" × 80". This results in a significant increase of the Flag=1,2 images with respect to the

smaller window. For a source size of 30" × 30", 80% of the sources are marked Flag = 1,2

and the rest are Flag = 3. If we use this condition, we reject 20% of sources that belong to

the faintest luminosity bins.

4.1.2 Source recovery

In this section, I use the source profile found in the last subsection to obtain the simulated

source profile in the image plane. The advantage of using the source profile is that it takes

into account both the spectral profile and spatial profile of the LAE. To recover the source,



79

Figure 4.1: Detection profiles of four different LAEs. For each LAE case, from left to right,
is the max-NB image, filtered image, and detection profile. A2390-96, a bright
source (upper left), A2667-30, a bright but diffuse source (upper right), A2744-
2956 (lower left), and A2744-12- 26, a faint source (lower right). All images are
shown in the same spatial scale. Credit: [100].

we inject the source profile into a mocked image, which is built based on its max NB image

(see [100] for details). We run Source Extractor on that image and count the number of

successful detections. This is different from the previous steps when we ran the Source

Extractor on the whole MUSE cube.

We have created a mock image for each LAE, which has been built based on its

masked max NB image. This image is tracked following the previous steps using the SN

value of the source in its detected layer in the MUSE cube. The injection is done only in

pixels that are unmasked to make sure that the completeness value is properly taken into

account.

The source profile is injected randomly 500 times on the mock image, each time the

source is placed, the pixels are masked to avoid dominating too much at a given position

or overlapping with other mock sources, and a new NB image will form. It asks Source

Extractor to run using the same values of MIN_AREA and DETECT_THRESH. We match the

detected source position in the catalog, which is created by Source Extractor to the input

source position. If the distance between the two positions is less than 0.8", then the process

is considered successful. The final completeness value is defined by the ratio between the

number of recovered sources and the number of injected sources. The uncertainty in the

completeness value of an individual source is estimated in the same way, the distribution

of the recovered fraction provides the uncertainty value.

4.1.3 Discussion

Fig. 4.2 (left) displays the final values of completeness versus the detection flux of individual

LAEs in the present data sample. The faintest sources have very low completeness and

large uncertainty values, while the bright ones often have very high completeness and
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Figure 4.2: Left: Completeness vs. detection flux of LAEs from the present sample. Dif-
ferent colors indicate the quality of extraction from SExtractor. Only sources
in the unmasked regions of the detection layer are considered here. Right: A
completeness histogram for the sources used for the LF computation.

small uncertainty values. The appearance of Flag = 2 sources with low detection flux

can be attributed, in part, to the population of faint extended sources. Although, the

integrated flux of these sources in the max NB image is not high, a sufficient number of

pixels meet the detection conditions. Consequently, these sources are still assigned of

flag value of 2. I recall that for the rest of the work, we only use sources having Flag =

1,2. Fig. 4.2 (right) shows the completeness distribution. A large number of sources has

completeness value greater than 50%. In most works dealing with the LF in lensing fields,

all the images/sources are kept in the sample irrespective of their completeness values

(that is, applying Equation 4.1 below without any restriction). For this reason, here we

keep as many sources as possible by rejecting only sources having completeness values

below 1%. This is discussed in more detail below. Note that [128] rejected sources with

completeness below 10%, making this comparison more difficult.

Fig. 4.4 shows the measured fluxes of LAEs versus their redshift. Fig. 4.4 (left)

displays the normal case of noise evolution, while Fig. 4.4 (right) shows an abnormal

case of noise evolution with a clumpy appearance surrounding z ∼ 3.7, corresponding

to a wavelength of ∼ 5500 Å. The low-completeness sources are the faintly detected flux

ones, while the high-completeness sources seem to be detected with high signal-to-noise.

These features are visible in the figure. However, some sources have high detection fluxes

and low completeness values, suggesting that source morphology is important, as already

mentioned above.
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Figure 4.3: Source distribution in each luminosity bin before and after correction for the
completeness value. From left to right, up to down is the distribution at redshift
2.9 < z < 6.7, 2.9 < z < 4.0, 4.0 < z < 5.0, and 5.0 < z < 6.7.

Fig. 4.3 displays the number of sources distributed in each luminosity bin before

(blue line) and after (orange line) correction for the completeness values at 4 redshift

ranges 2.9 < z < 6.7, 2.9 < z < 4.0, 4.0 < z < 5.0, and 5.0 < z < 6.7. At lower luminosity

bins, most of the sources are faint ones with low completeness values. Therefore, when we

correct for completeness, the number of sources should be detected in the cube increasing

significantly. In contrast, the higher luminosity bins contain a large number of sources

having a high completeness value, so the corrections do not have a strong impact.

Figure 4.4: Detection flux vs redshift for all sources in the present sample. The color bar on
the top shows the completeness value of each source in the sample. The grey
points show the evolution of noise level as a function of wavelength/redshift or
cluster A2667 on the left and AS1063 on the right.



82

4.2 LF computation

This section presents how to compute LF points in each luminosity bin after obtaining

completeness and Vmax of individual sources. In each luminosity bin, the value is defined

as follows:

Φ(Li ) =
1

∆logLi

∑

j

1

C j Vmax,j
(4.1)

where the index i defines the luminosity bin i th , index j corresponds to the source

j in the data sample, C j and Vmax,j are the completeness and Vmax of the j source, ∆log(Li )

refers to the width of luminosity bin i th in logarithmic scale. To check the possible evolu-

tion of LF with redshift, we use four redshift ranges: 2.9 < z < 6.7, 2.9 < z < 4.0, 4.0 < z < 5.0,

and 5.0 < z < 6.7. We refer to these ranges as zal l , z35, z45, and z60, respectively. The

luminosity bin width has been used as a normalization factor to study the density of the

sources in a given co-moving volume and a given luminosity value. However, the number

of sources in the faintest luminosity regime decreases quickly, so there may not be enough

sources to populate the faintest luminosity bins. For this reason, in the global redshift

interval, we divide the explored range into 12 luminosity bins with a width of 0.25, except

for the faintest bin, which has a width of 1.25 to have a homogenous source distribution in

each luminosity interval. This is applied to other redshift ranges with a larger width of 0.5

covering a luminosity range from 39.0 to 43.0, 39.0 to 43, and 40.0 to 43.0, with respect to

the z35, z45, and z60. To estimate the mean and the uncertainty of the LF values, we have

employed an MCMC method that takes into account the contributions of completeness,

flux measurement, and magnification of individual LAE in the data sample. We compute

the LF for each of the 20,000 MCMC iterations. At each iteration, the value of completeness

and flux are taken randomly within their error values while the magnification is collected

from its magnification distribution in the image plane.

Faint sources are often highly magnified and have large magnification uncertainties.

During each MCMC iteration, the luminosity of the source is recomputed based on the

random input values of the source magnification, completeness, and flux, as described

above. This means that the MCMC process may spread the contribution of a faint LAE

source to several luminosity bins. On the other hand, bright sources with moderate

magnifications only contribute to a given luminosity bin during this process. These features

are illustrated in Fig. 4.5. Fig. 4.6 shows the LF results for each of the 12 luminosity bins

after 20’000 MCMC iterations, together with the LF face value, which is computed directly

based on the observed values of LAEs. The mean and statistical uncertainties of LF points

are obtained from these histograms.

Apart from the statistical uncertainty obtained by MCMC process, there are two

additional uncertainties that contribute to the total uncertainty of the LF points: cosmic
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variance, which accounts for the limited field of views of the survey and is derived from the

calculations in [209], and the Poissonian representation of the source distribution within

each luminosity bin. The final uncertainties are written under the form:

∆Φ(Li )2 =
1

∆l og Li

Ni ,c

<Vmax >

√

δ2
CV

+
(

1
p

N

)2

+δ2
MC MC

(4.2)

where δCV refers to the cosmic variance uncertainty, δMC MC is the MCMC uncer-

tainty, Ni ,c is the number of LAEs after correcting for their completeness values in i th bin,

<Vmax > is the average value of Vmax in i th bin. The Poissonian uncertainty represents the

bias of source distribution in each luminosity bin referred by 1/
p

Ni .

Fig. 4.7 shows the total LF uncertainties for different luminosity bins and redshift

ranges. It raises the important point that the LF face values obtained directly from obser-

vations are subject to large uncertainties, as they may not reflect the “true” values. This

shows the importance of properly taking into account different sources of uncertainties

when computing the LF.
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Table 4.2: Luminosity bins and LF points used for Fig. 4.13

log (L) [erg s−1] log (φ)(∆(log (L)) = 1)−1[Mpc−3] < N > < Ncor r > <Vmax > [Mpc3]

2.9<z<6.7
39.00<39.63<40.25 -0.68+0.04

−0.35 22.4 706.0 11827
40.25<40.38<40.50 −0.40+0.04

−0.39 17.6 645.4 15074
40.50<40.63<40.75 −0.17+0.16

−0.95 22.8 429.3 28457
40.75<40.88<41.00 −0.71+0.06

−0.68 45.2 301.5 31613
41.00<41.13<41.25 −0.83+0.19

−0.45 68.9 415.7 37344
41.25<41.38<41.50 −0.96+0.03

−0.33 105.0 547.9 41321
41.50<41.63<41.75 −1.17+0.07

−0.19 96.4 305.5 42227
41.75<41.88<42.00 −1.88+0.09

−0.11 76.4 105.1 46139
42.00<42.13<42.25 −1.51+0.07

−0.09 70.4 202.5 45795
42.25<42.38<42.50 −2.43+0.24

−0.29 27.5 33.5 47554
42.50<42.63<42.75 −2.98+0.13

−0.19 12.9 13.0 49295
42.75<42.88<43.00 −3.20+0.15

−0.25 7.7 7.8 49258
2.9<z<4.0
39.00<39.63<40.00 −0.15+0.07

−0.52 6.64 415.33 1712
40.00<40.25<40.50 −0.10+0.13

−0.62 14.19 920.22 6114
40.50<40.75<41.00 −0.85+0.09

−0.22 34.0 396.17 11397
41.00<41.25<41.50 −1.08+0.07

−0.10 83.7 473.6 14529
41.50<41.75<42.00 −1.01+0.08

−0.14 69.5 148.0 15914
42.00<42.25<42.50 −1.53+0.06

−0.11 35.6 101.55 16327
42.50<42.75<43.00 −2.93+0.15

−0.23 10.0 10.0 17320
4.0<z<5.0
39.00<39.25<39.50 −0.93+0.30

−1.91 1.0 38.0 730
39.50<40.00<40.0 −1.16+0.11

−0.22 2.4 48.3 4904
40.0<40.25<40.5 −0.38+0.09

−0.50 7.4 311.4 3159
40.5<40.75<41.00 −0.38+0.11

−0.88 19.6 205.1 7662
41.00<41.25<41.50 −1.43+0.10

−0.14 51.4 161.2 11044
41.50<41.75<42.00 −1.48+0.1

−0.15 55.0 148.5 12164
42.00<42.25<42.50 −2.30+0.13

−0.18 30.0 32.2 13182
42.50<42.75<43.00 −3.15+0.20

−0.42 4.7 4.8 13433
5.0<z<6.7
40.00<40.25<40.50 −1.55+0.20

−0.45 6.0 23.8 4725
40.50<40.75<41.00 −0.89+0.24

−1.08 14.3 116.5 11105
41.00<41.25<41.50 −0.66+0.15

−0.43 38.9 705.5 13545
41.50<41.75<42.00 −1.52+0.19

−0.39 48.2 122.9 16190
42.00<42.25<42.50 −1.63+0.09

−0.11 32.3 105.2 16705
42.50<42.75<43.00 −3.19+0.2

−0.37 5.9 5.9 18542
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Figure 4.5: Illustration of the contribution of a given source to the luminosity bin during
the MCMC process, when completeness, detected flux, and magnification are
varied within 1−σ. The ordinate shows the number of sources in the simulation
(20’000 in total), and the abscissa shows i th luminosity bins from the faintest
bin (0) to the brightest bin (11). Each panel represents an individual source in
one cluster field. Sources contributing to the brightest luminosity bins exhibit
little dispersion, whereas sources contributing to the faintest bins are spread
into several luminosity bins.
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Figure 4.6: From left to right, up to down: LF histograms of each of the 12 luminosity bins
(for the global redshift range) obtained from 20’000 MCMC iterations. Their
median, median of log and log of the median are shown together with the face
value.
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Figure 4.7: LF points in each luminosity bin at four redshift ranges obtained after 20’000
MCMC iterations are shown by the cyan lines together with face value LF found
from all the Lyman alpha sources in the final data sample. The final uncer-
tainties of LF points have already accounted for the statistical, Poissonian, and
cosmic variance uncertainties.

4.2.1 Binning effect on the LF points

One factor that may affect the shape/evolution of LF at different redshift bins is the width

of the luminosity bins, from that it may affect the source density measured in each bin.

This can be tackled by testing the stability of the results obtained with different bin widths,

as presented in this subsection.

Fig. 4.8 displays the effect of luminosity binning on the shape of the LF evolution.

At redshift zal l , we have divided into six groups corresponding to six different bin sizes

of luminosity and recompute LF values with respect to each bin. This also has been

applied to other redshift ranges z35, z45, and z60. The results show that the evolution of

the LF does not significantly depend on the binning, as can be seen at low redshift ranges

zal l and z35. But in the higher redshift range, which contains fewer sources, the shape

may vary a bit (Fig.4.8 bottom right). The figure also shows the changes in uncertainty

values allocated in each luminosity bin during the tests. Independently of the binning

tests, we find that the contribution of cosmic variance to the total uncertainty budget

is about 15 to 20% at redshift zal l and 15 to 30% at other redshift ranges. The MCMC
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Figure 4.8: The LF points in each redshift range using different luminosity bin sizes.

uncertainty significantly dominates at the lower luminosity bins, where the magnification

and completeness uncertainties are larger compared to the bright luminosity bins. The

Poissonian uncertainty becomes the main contributor at the highest luminosity bins with

a smaller source density. There is a drop at log L = 42 erg s−1, this causes by an appearance

of a low completeness source contributed to the previous luminosity bin.

4.2.2 Effect of source selection to the evolution of LF points

As I mentioned earlier, in this work we only use LAEs that have been identified with a high

secure zcon f = 2,3, and reject the ones having a lower rate zcon f = 1. In this subsection,

I include the sources which are treated as a lower quality to the final data sample and

investigate their effect on the shape of the LF. It is worth noting that zcon f = 1 objects

have a tentative redshift assigned, with ∼50% chances has been corrected. There are

typically two different cases for zcon f = 1 LAEs: faint detections with low SNR, or higher

SNR detections with an ambiguous identification of a unique line. LAEs belonging to

multiple imaged systems have zcon f = 1 because of lensing considerations, making the

redshift determination more secure.

Before including all of the zcon f = 1 sources, we have made a small test on the

sources observed from RXJ1347 to probe their effect and decide what we should do in

the next steps. Indeed, there are 46 LAEs listed as zcon f = 1 in this cluster observed with
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a shallower exposure time, that is two hours in the extended region and three hours in

the central one. Most of these zcon f = 1 LAEs are single-imaged, with a relatively small

magnification value. Applying the same procedure and same criteria as the zcon f = 2,3

sources we found that the completeness values of these sources are very small. The faintest

sources are the ones having a poor extraction quality which are marked by Flag = 2, 3 in Fig.

4.9. In addition, we find that more than half of the sources have completeness below 10%.

Combining these results with the information on the definition of zcon f = 1 leading to a

final decision, we don’t have 100% confidence to say that they are real LAEs detected from

the cube.
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Figure 4.9: Left: Completeness histogram of LAEs (zcon f = 1) behind RXJ1347. Right:
Completeness versus the measured flux of zcon f = 1 sources behind RXJ1347.

Figure 4.10: Source distribution in each luminosity bin when zcon f = 1 sources are taken
into account.

Based on the preliminary results, I have performed two tests to estimate the effect of

source selection on the final results. One includes half of zcon f = 1 and the other is adding

all the zcon f = 1 to the final data sample. In both cases, when adding the zcon f = 1 LAEs,

the assigned values for the completeness and Vmax in each luminosity bin were taken from

the median values of zcon f = 2,3 sources in the same bin. This was also applied for the

uncertainty values of completeness and Vmax of the zcon f = 1 sources, meaning that these
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values of zcon f = 1 sources were set equal to the zcon f = 2,3 sources corresponding to

that bin.

Figure 4.11: LF points in each luminosity bin when half and all the zcon f = 1 sources have
been included in the data sample.

Fig. 4.10 shows the relative contribution of zcon f = 1 sources to each luminosity

bin. At the faint end (log L < 41.25 [erg s−1]), the number of zcon f = 1 is similar to the

number of the zcon f = 2,3 whereas, the appearance of zcon f = 1 sources at the bright

end is almost zero. With the assumptions given above, we find that there is no effect of

zcon f = 1 sources on the shape of the LF and its uncertainty values at the bright end. On

the contrary, there is a small variation towards the faint end. Fig. 4.11 shows the results of

the LF points when incorporating half (blue) and all (red) zcon f = 1 sources into the data

sample. It again confirms that the source selection effect does not significantly affect the

obtained LF shape, especially at the faint end. These results are later used to estimate the

systematic uncertainties associated with the faint-end slope.
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Figure 4.12: Faint end slope of LF at four redshift ranges 2.9 < z < 4.0 (blue), 4.0 < z < 5.0
(green), 5.0 < z < 6.7 (red), and 2.9 < z < 6.7 (black) when 1% completeness
cut (left) and 10% completeness (right) cut have been applied. These fits use
only our LF points constructed from the current sample. The open squares are
not included in the fit.
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Redshift range 1% completeness cut 10% completeness cut
2.9 < z < 6.7 −2.12+0.15

−0.16 −1.64+0.12
−0.12

2.9 < z < 4.0 −1.76+0.26
−0.27 −1.55+0.17

−0.17
4.0 < z < 5.0 −1.99+0.12

−0.17 −1.63+0.21
−0.21

5.0 < z < 6.7 −1.96+0.50
−0.54 −1.66+0.22

−0.24

Table 4.3: Comparison slope values obtained from linear fitting using different complete-
ness thresholds.

4.3 LF results and comparison to the literature

To investigate the evolution of LF with redshift, we performed a simple linear fit to the

slope on our LF value in four redshift ranges: one covers all the data sample and three

others are sub-ranges corresponding to 2.9 < z < 4.0, 4.0 < z < 5.0 and 5.0 < z < 6.7. These

results are shown in Fig. 4.12. The open squares at the faint end are not included in the fit.

They are often associated with sources that have low completeness, low luminosity, or too

high magnification values. In these cases, they are considered less reliable for simple linear

fitting. We will discuss the possibility of taking these points into account for Schechter fits

later. The best-fit results are plotted in four redshift ranges with a 68% confidence region,

shown as a shaded region. It is worth mentioning that, due to lacking statistics in the faint

luminosity bins, the width in such cases is larger compared to the others. The final slope

values of the LF are −2.12+0.15
−0.16, −1.76+0.26

−0.27, −1.99+0.12
−0.17 and −1.96+0.5

−0.54, corresponding to the

redshift range zal l , z35, z45 and z60. Our results confirmed that there is no evolution of the

slope with the redshift, which has been mentioned in previous literature, specifically the

work of DLV19, that focused on the LF at redshift 3 < z < 7.

The work has been extended by applying the same completeness threshold (10%)

as the one presented in [128] (Fig. 4.12 right). In both cases, a turnover at log L ∼ 41 [erg

s−1] is seen. Rejecting sources having completeness below 10% corresponds to repudiating

62 additional sources from the present sample, with 51 of them belonging to the six faintest

luminosity bins. This significantly reduces the number of sources in these bins. Comparing

the slope value in both cases, there is a noticeable decrease at a higher completeness

threshold, i.e., 23%, 22%, 19%, and 16% with respect to the redshift zal l , z35, z45 and z60.

The results are presented in Table 4.3.

4.4 Fitting with of a Schechter function

After having a general view of the linear fitting to the LF points, in this section, I present

the procedure to fit our LF points using the Schechter function at four redshift ranges. I

compare the results to the literature and discuss the findings. The data used in this work are

from lensing clusters, which probe fainter luminosity bins compared to other observations

in the blank field. However, the total co-moving volume in the present work is smaller
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due to being constrained by the magnification. To analyze the LF evolution we use the

Schechter function, which is written under the form:

Φ(L)dL =Φ∗
(

L

L∗

)α

exp

(

−
L

L∗

)

dL

L∗
(4.3)

In the log form, this equation translates into:

Φ(L)dL = ln(10)Φ∗
(

L

L∗

)α+1

exp

(

−
L

L∗

)

d(logL)

where L∗ is the characteristic luminosity parameter when the Schechter function

transfers from exponential law at the bright part to the power law at the faint part, α is the

slope value of the Schechter function at the faint end, Φ∗ is the normalization parameter.

The previous studies showed that the characteristic luminosity of the Schechter function is

usually around log L∗∼ 42 [erg s−1]. Our sample’s maximum luminosity of ∼ 43 [erg s−1]

means that our LF points are less efficient to probe the bright regime. To better constrain

the bright part LF, we have used the results from the literature, which cover the same

redshift and luminosity ranges as the present work. However, including such numerous

data for the fitting could lead to bias that dominates the bright-end data. Therefore, these

data have been averaged with the same size of luminosity bin as in the present work.

We use the Python package Lm f i t [210] for the fitting process. Lm f i t makes use

of the Levenberg-Marquardt algorithm to minimize the three Schechter parameters. There

are several pieces of literature used as a constraint in the bright part such as:

+) [211] investigated the LF of 89 LAEs within a redshift range of 1.9 < z < 3.8

observed by Hobby Eberly Telescope Dark Energy Experiment Pilot Survey (HETDEX)

using the same Vmax method.

+) [124] constructed the LF of 604 LAEs covering the same redshift range compared

to the present work in which the data were collected in the blank field by MUSE/VLT.

+) [212] used data from Vimos-VLT Deep Survey to study the LF of 217 LAEs at

redshift 2 < z < 6.62.

+) [213] presented the work with a large number of LAEs of ∼ 4000 collected by the

Subaru and Isaac Newton Telescope, observed in the ∼ 2 deg2 COSMOS field that covering

a luminosity of 42.2 < logL < 43.0.

The best-fit results of the Schechter function fitting in four redshift ranges are

shown in Fig. 4.13. The best-fit parameters are shown in Table 4.4. The 68% and 95%

confidence regions of the Schechter function fitting are shown in the dark red shaded area.

As mentioned before, some open squares at the faintest bins have not been included in the

traditional Schechter fit.

The luminosity log L∗ found in this work is in line with [128], a few percent higher

than the one obtained in [125] 42.20+0.22
−0.16 at global redshift range 2.9 < z < 6.7. As mentioned
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in [128], the selection of data sets used for the Schechter fitting has an impact on the

final results. This has been confirmed in the present work when we applied a different

completeness threshold to decide which source would be kept for the LF computing. Even

though the data are collected from the literature and used as a constraint at the bright part,

a strong degeneracy between the parameters is still being seen. Consequently, we have to

be careful to choose reasonable literature data, as performed here. From the present work,

the log L∗ parameter is well measured with different redshift bins. Within the uncertainty,

this parameter displays a slight increase with the redshift.
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Figure 4.13: Evolution of LF with redshift in different redshift intervals, including previous
literature data points. The red squares are the points from the present work.
The literature points at the bright end of the LF: [108], [213], [214], [125],
and [124] have been used for fitting. The blue points [128] are shown for
comparison purposes only. The best-fit (Schechter function) are shown as
solid lines and the 68% and 95% confidence areas as dark red shaded regions,
respectively. The dashed lines shown in lower panels are modified Schechter
functions to account for a possible turnover at the faintest luminosity bins.

The normalization factor Φ∗ of the Schechter function is in line with the results

obtained from [128] and [213], but it shows a smaller value compared to the one from [125].

This parameter is a normalization factor. It gives the number density of objects per unit

volume and strongly depends on the literature data points used for the fitting.

While previous investigations, which lack data in the faint luminosity regime, usu-

ally fixed the slope value α at a fiducial value and tried to find the correlation between
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Table 4.4: Best fit parameter values for the Schechter function

Redshift Φ∗ [10 −4Mpc−3] log L∗ [erg s−1] α

2.9 < z < 6.7 7.41+2.70
−2.20 42.85+0.10

−0.10 −2.06+0.07
−0.05

2.9 < z < 4.0 6.56+3.20
−2.40 42.87+0.11

−0.1 −2.00+0.07
−0.07

4.0 < z < 5.0 4.06+2.70
−1.70 42.97+0.13

−0.11 −1.97+0.09
−0.08

5.0 < z < 6.7 3.49+2.11
−1.50 43.09+0.10

−0.08 −2.28+0.12
−0.12

the two other parameters, the present work is able to find these parameters without any

constraint. The final slope value α varies from −2.0+0.07
−0.07 at redshift range 2.9 < z < 4.0

to −2.28+0.12
−0.12 at redshift 5.0 < z < 6.7. At the global interval 2.9 < z < 6.7, the slope value

−2.06+0.07
−0.05 is consistent with the values measured by [125] and [124].

The sudden enhancement at the luminosity bin log L ∼ 42 at redshift ranges zal l

and z35 can be explained by the existence of very low completeness sources, which will

contribute a large number of sources to the bin after correcting for completeness value.

This may be related to the overdensity of background sources at redshift z ∼ 4. Once again,

this suggests that a larger cosmic variance than expected may happen in this bin.

The present work extends the work performed by [128], therefore it is worth com-

paring the results obtained from the two works. The best-fit parameter of the characteristic

luminosity displays a consistency within 1−σ uncertainties in both different redshift bins.

However, the slope value obtained in the present work is 20% steeper compared to previous

published values. This could be explained by:

+ The difference in the data sample. The current study includes four times as many

sources as those in [128].

+ The different completeness thresholds. Applying a lower limit in the present work

to include as many sources as possible also affects the shape of the LF at the faint end. To

illustrate this discussion, we have applied a completeness cut at 10% as performed in the

work by [128]. The results are displayed in Fig. 4.16. As expected, the number density of

sources decreases significantly compared to those that are cut at 1%. In both cases, the

turnover/flattening trend at luminosity logL ∼ 41 ergs−1 is observed.

+ The improved MCMC procedure (with respect to [128]) better captures the rela-

tionship between magnification and Vmax values of the sources.

- Effect of the literature data on the fitting of the linear function and the Schechter

function.

As mentioned earlier, the data obtained from the lensing field are not sufficient to

constrain the LF in the bright luminosity regime, i.e., above L∗. Therefore, literature data

from the bright end are needed for the fitting process. However, as the data in the bright

end are numerous, including them for the fitting of the Schechter function may affect the

final results. In this part, we investigate different combinations between our data points

and those from the literature to study a possible impact. Specifically, at the bright end,
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above log(L) ∼ 43, we rely on literature data points and rely solely on our LF points at the

faint end. By doing this, we want to illustrate the importance of the current data sets. For

linear fitting, we made the fit in a luminosity interval of 40.5 < log L [erg s−1] < 42.5 for

2.9 < z < 6.7, 5.0 < z < 6.7 and 40.0 < log L [erg s−1] < 42.5 for two redshift bins 2.9 < z < 4.0,

4.0 < z < 5.0. The results are shown in Fig. 4.17. The faint-end slope values indicate a

decrease when compared to the previous case involving a complete data sample (Fig. 4.12,

left). The decreases are 16%, 18%, 7% and 23% with respect to the redshift interval zal l ,

z35, z45, and z60. L∗ is the parameter describing the “knee” of the Schechter function at

the bright end. By removing the “knee” point, which is constrained by bright LF literature

points, the faint-end slope decreases, as expected.

We performed the Schechter fitting, using LF data log(L) above 43 [erg s−1] from

the literature and below 43 [erg s−1] from ours. The results are shown in Fig. 4.18. In

general, the new results are in line with the original Schechter function fitting within their

slope uncertainties. The slope value of the Schechter function when applying a different

completeness threshold and including only literature data points that are above 43 [erg

s−1] to the fit are presented in Table 4.5.

42
.6

42
.8

43
.0

43
.2

43
.4

lo
g
(L

∗
)

0 4 8 12 16

φ∗[10
−4.Mpc−3]

−
2.
4

−
2.
2

−
2.
0

−
1.
8

α

42
.6

42
.8

43
.0

43
.2

43
.4

log(L∗)

−
2.
4
−
2.
2
−
2.
0
−
1.
8

α

2.9 < z < 6.9

2.9 < z < 4

4 < z < 5

5 < z < 6.9

Figure 4.14: Correlation of three parameters of the Schechter function for four redshift
intervals as indicated in the legends. Contours show the 68% confidence level
of the fittings.

- Effect of source selection

In the 17 lensing clusters, 190 LAEs (unique systems) have been classified as

zcon f = 1. However, due to the ambiguous nature of their detection line profiles, we

have not included them in the computation of the LF presenting in the previous section.
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As mentioned earlier, at the faint-end,log L< 41 [erg s−1], zcon f = 1 sources are just as

numerous as zcon f = 2,3 sources. They may contribute significantly to our faint LF points.

To evaluate the impact of zcon f = 1 sources on the final luminosity function (LF) points,

we have incorporated them into our LAE sample. By adding two sub-datasets (half of

zcon f = 1 and all the zcon f = 1) to the present data sample and employing the Schechter

function fitting, the faint end slopes obtained from the two categories are −2.14±0.08 and

−2.29±0.09, respectively. These values are steeper compared to the original sample (i.e.,

5% steeper when half of zcon f = 1 sources have been included, and 10% steeper for the

case in which all the zcon f = 1 sources have been added).

- Systematic uncertainties attached to the faint-end slope

+ Apart from the three types of uncertainties —statistical, cosmic variance, and

Poissonian — one should also take into account the systematic uncertainty coming from

lensing models, which constitutes another significant factor within the overall error es-

timation. The adoption of various lensing models might lead to distinct magnification

factors for a given source, thereby amplifying the uncertainty associated with the obtained

luminosity. This systematic uncertainty has been extensively documented in studies such

as [215, 122, 216, 217]. Its impact could be particularly notable within the faint end lumi-

nosity regime. As discussed in [128], its contribution reaches approximately 15% at log(L)

of 40.5 erg s−1, particularly in the case of the lensing field A2744.

+ Another source of systematic uncertainties may come from the flux measure-

ment. As mentioned in the previous section, source fluxes are obtained from two different

methods. We mostly use fluxes from [147], which were obtained by fitting source spectra

(first method). The remaining 1/3 of the sample was obtained from the second method

using SExtractor. To assess the impact caused by the choice of using different methods, we

recomputed the LF points by replacing all source fluxes obtained from the first method

with those of the second one, i.e., using only detection fluxes. This computation further

confirms the robustness of our results, as there is quite good agreement between the two.

Using these new LF points, we obtain the Schechter’s faint end slope value that is approxi-

mately 10% less than the previous slope. These results are useful to estimate the systematic

uncertainties attached to the faint end slope.

Taking into account all possible effects that may affect the shape of the LF at the

faint end, such as the completeness threshold, source selection, literature selection, and

flux measurements, we estimate the uncertainty values of the slope at different redshift

bins. The final slope values are −2.00±0.50, −1.97±0.50, −2.28±0.50 and −2.06±0.60

corresponding to the redshift ranges z35, z45, z60 and zal l . The final results are shown in

Fig. 4.19 together with results from the literature. The horizontal error bars represent the

redshift range of the survey. The results display a slight increase in the slope with redshift,

but the uncertainties remain large. The results are presented in Table 4.6.
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Figure 4.18: Schechter fits for the different redshift intervals, using the constraint that our
LF points are at the faint end and literature data points are at logL > 43 erg s−1.
The red squares are the points from this work. The literature points are shown
in the insert. The best fits of the Schechter function are shown as a solid line
and the 68% and 95% confidence levels as dark red shaded areas, respectively.

Figure 4.19: Faint end slope at different redshift ranges derived from the present work (red)
and literature (other colors) as indicated in the legends. The horizontal error
bars are the redshift range of the surveys.
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- The probability of a turnover in the faint-end at the higher redshift ranges.

Until now, the shape of the LF at the faintest luminosity/magnitude regime and

the high redshift ranges is still not well known due to a lack of data. It is possible that

there is a turnover, such as the one mentioned in [215] at MUV > −15 with a faint end

slope of α = −1.91±0.04. [122] presents a probability of such a turnover at a faint end

slope of α = −2.01+0.12
−0.14, a curvature parameter of β = 0.48+0.49

−0.25 at a turnover magnitude

MT = −14.93+0.61
−0.52. However, the recent paper by [123] ruled out this trend at redshift

z ∼ 6 when the magnitude reaches MUV = −14. It is also possible that the faint-end

slope continues to increase with magnitude, as suggested by [218] with a slope value of

α=−2.10±0.03 at magnitude MUV <−12.5. [219] used the CODA simulation to study the

UV LF at redshift z ∼ 6 and found strong evidence against a possible turnover at magnitude

MUV =−12. In the present work, we do not take the LF points at the faintest luminosity

bins into account for the traditional Schechter fitting. We observe a possible turnover at

the highest redshift intervals z45 and z60 (Fig. 4.13, lower panels). To account for this, we

have introduced a modified Schechter function by multiplying the original function by an

exponential term, which is now written in the form:

Φ(L)exp(−LT /L)m =
Φ∗
L∗

(

L

L∗

)α

exp(−L/L∗)exp(−LT /L)m (4.4)

where: Φ(L) is the traditional Schechter function together with its three free parameters

(L∗,Φ∗,α), m is the curvature parameter defining a downward turnover if m > 0 and

upward turnover if m < 0, LT denotes the position of turnover, which is defined as the

luminosity where the derivative (dΦ/dL)L=LT = 0. The shape of the modified Schechter

function is shown in the lower panels of Fig. 4.13, 4.16, 4.17. Our data suggest that m is

about unity and log (LT ) are ∼ 40 and ∼ 40.7 erg s−1 for the redshift bins 4.0 < z < 5.0 and

5.0 < z < 6.7, respectively. The appearance of a turnover at the faintest luminosity bins is

explained by star formation inefficiency in small dark matter halos [220, 221, 222].

4.5 Comparison with theoretical predictions

Recently, two models have been developed by [223] and [224] to predict the Lyman alpha

LF at redshift z ∼ 6. It is therefore necessary to compare the results of these models to that

obtained in the present work for the highest redshift interval 5.0 < z < 6.7. The first model,

developed by [223], applies the SPHINX radiation hydrodynamics cosmological simulation

to predict the Lyman alpha LF at the EoR by estimating the radiative transfer of the sources

from ISM to the IGM scales. The second model, developed by [224], uses the AMIGA

(Analytic Model of Igm and GAlaxy evolution) model to predict the possible scenarios

of single and double ionization, taking into account the impact of galaxy formation and

its evolution within their feedback on the IGM. The former predicts a single hydrogen
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ionization stage at redshift z ∼ 6, while the latter predicts two reionization stages at redshift

z ∼ 6 and ∼ 10, with two separated phases defined by a short recombination episode.

The results are shown in Fig. 4.20. At the luminosity range 40 < logL[ergs−1] < 42, the

prediction from AMIGA double ionization is in line with the one obtained from the SPHINX

simulation after correction for the IGM. In general, the LF points are in good agreement

with the two predictions without any normalization requirement. At the faintest luminosity

bin, when log L < 41, our LF point tends to depart from the SPHINX predictions but is

still close to the single ionization model from [224]. However, at these redshift ranges,

the uncertainty values are generally large, preventing us from evaluating the difference

between the predictions. More observational data at the faint luminosity regime and at

high redshift ranges are needed to solve this problem.

Figure 4.20: LF points obtained in the present work (red crosses) at the highest redshift
range are compared to the model predictions [223] (dashed color lines) and
AMIGA models [224] (solid lines). The two LF points at the brightest part are
taken from the literature by averaging their values in the same luminosity and
redshift bin.
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5 Star formation rate density and

implications for the reionization

Contents

One of the greatest interests in the studies of galaxy evolution and reionization is

understanding SFRD, which is a fundamental quantity of star formation occurring per unit

time per unit volume at a specific redshift. Following the instruction proposed by [225],

the quantity can be determined within a redshift range by integrating the LF to compute

the luminosity density and be transformed using the following formula:

SF RDLy a[M¹yr−1Mpc−3] = ρLy a/1.05×1042 (5.1)

where ρLy a is Lyman alpha luminosity density in units of erg s−1 Mpc−3 given by this ex-

pression: ρLy a =
∫Lsup

Li n f
Φ(L/L∗)d(L/L∗). The total star formation rate density (SFRD) shows

a direct correlation with the density of luminosity and can be estimated by applying the cal-

ibration method established by [226]. This estimation involves assuming an intrinsic factor

of 8.7 between the intrinsic fluxes of Lyα and Hα. Furthermore, the evaluation adheres to

the case B recombination scenario, as outlined by [71], where the assumption is that all

newly generated Lyman photons are re-absorbed by the neutral hydrogen atoms within

the HII region. On the other hand, one converts the Lyα luminosity into Star Formation

Rate (hereafter SFR) by assuming that the escape fraction for Lyman alpha photons is one,

meaning that the SFRD above is a lower limit. From the luminosity distribution and the

evolution of the LF at log L [erg s−1] > 42, the shape of LF fits quite well with the Schechter

function. This means that the final value of SFRD will not be affected by the upper limit

of luminosity Lsupp for the integration. On the contrary, the steep slope at the faint end

makes the lower limit Linf play an important role in estimating SFRD. This is illustrated

in Figure 5.1. The red crosses show the SFRD for a luminosity interval of (39.5 < log L

[erg s−1] < 43), which covers the full range of present work. The brown-reddish crosses

show the SFRD for high-narrower luminosity range of (41.0 < log L [erg s−1] < 43.), whic

corresponds to the limit ∼ 0.03×log(L∗). This narrower range was chosen to include only

the most secure determinations of the LF. It is clear that at a narrower range, the number

of sources contributing to the budget is smaller than in the case of a wider luminosity
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range. The yellow region shows 1−σ and 2−σ confidence levels of the SFRD required

to fully ionize the Universe, taken from the [227], assuming a clumping factor of 3 (see

below) and the conversion to UV luminosity density with an assumption of log(ξi on fescp )

= 24.5, where fescp is the escape fraction of UV photons, ξi on is the production efficiency

of Lyman-continuum photons per unit UV luminosity. The conversion to SFRD is then

calculated as, SF RDLy a[M¹yr−1Mpc−3] = ρUV /(8.0×1027).
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Figure 5.1: Cosmic evolution of the SFRD as a function of redshift. The data points are
taken from the literature listed in the insert.

Figure 5.1 shows the evolution of the SFRD as a function of redshift, by comparing

the results obtained in this work with previous results from the literature (see references

in the legend). It is worth mentioning that [212] computed their SFRD by correcting for

the influence of IGM absorption, assuming an escape fraction of ionizing photons that

varies from 15% at redshift z=3 to 50% at redshift z=6, combining with a factor of radiative

transfer as the one presented in [5]. [124] used 604 LAEs in the blank field observed by

MUSE/VLT to estimate the contribution of LAEs to the cosmic SFRD. It is clear that using

data in the blank field will only help to detect bright sources, leading to a lack of data in

the faint end. This means that the procedure to compute SFRD at the highest redshift

will be associated with a large uncertainty. [115] integrated into the full range of their

data to derive the SFRD. However, they fixed the slope value of α=−2 due to the lack of

observation towards the faint end. This is a very common situation when observations do

not reach faint enough luminosity to compute the slope of the LF.

The ability of a population of sources to reionize the Universe is usually assessed

by comparing its ionizing power to the critical value needed to maintain reionization at a
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Figure 5.2: Evolution of fescp as a function of redshift. The data points are taken from the
literature listed in the insert. Credit: [228].

given redshift. This critical value, which is the photon emission rate per unit cosmological

comoving volume, was introduced by [229] as follows:

Ṅ = (1051.2s−1Mpc−3)C30

(

1+ z

6

)3 (

Ωbh2

0.08

)2

(5.2)

where C30 is the clumping factor CH I I =<n2
H I I >/<nH I I >2, normalized to CH I I =30,

nH I I is the mean comoving hydrogen density in the Universe. The clumping factor is a

correction that takes into account the inhomogeneities in the IGM owing to the structure

formation. It is a function of redshift and is used to estimate the amount of recombination

that radiation must overcome to maintain the ionized state of the Universe [230, 229, 5].

[231] introduced a function to relate the clumping factor to redshift, CH I I = 2.9× ((1+

z)/6)−1.1. This includes the recombinations that occurr in gas that is a local domination

candidate for ionization state. This clumping factor is around 4 at redshift z = 3.5, and

decreases at higher redshifts. For example, it is 2.4 at z = 6 and falls between 1.2-1.4 at z > 6.

This decrease can be explained by the increase in the neutral fraction of hydrogen in the

environment. This clumping factor is even lower than 1 at redshift z > 10, as mentioned in

the [232].

Assuming C30 = 1 and Ωbh2
50 = 0.08, the critical SFRD is written as:

SF RDcr i t = Ṅ ×10−53.1 f −1
escp ∼ 0.013 f −1

escp ×
(

1+ z

6

)3

(5.3)

where fescp is the escape fraction of ionizing photon, which is defined as the fraction

of ionizing photon that escape from the source galaxy to the IGM after correcting for

recombination within its halo. If the escape fraction from the host galaxies is low, it is
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obvious that the star formation will be inefficient to reionize the Universe at high redshift.

There are several ways to estimate the escape fraction of ionizing photons using the data

collected from observations. One way is to use the HI covering fraction, dust attenuations,

and column densities to compute the escape fraction. Another way is to use the Lyman

alpha escape fraction. A third way is to compute the flux ratio of OIII/OII. These methods

were described in detail by [233]. Recent results show that the escape fraction of ionizing

photon fescp , typically falls within the range of 10 to 20%. This value remains consistent

regardless of the mass or luminosity of the galaxy [234, 235]. It is difficult to directly

measure fescp at high redshift (z > 6) due to the substantial opacity of the IGM towards

ionizing photons ([236]). However, computing the escape fraction of the ionizing photons

is still a subject of debate, and more data is needed to constrain its value. In theory, this can

be done by focusing on the absorption of the photons as they travel through the interstellar

medium. Some recent results include: [237] found a rough value of fescp < 1% at redshift

z ∼ 10, suggesting that this value decreases with increasing redshift due to the increasing

density of galactic discs. [238] found that fescp ∼ 1−2% at z = 2.39 and fescp = 6−10% at

z = 3.6 using the galaxy formation simulations combined with 3D radiative transfer. In

addition, hydrodynamical simulations suggest that fescp is probably anisotropic and time-

dependent [239, 240]. It depends on the characteristics of galaxies, such as a potentially

higher fescp for galaxies with lower mass, as demonstrated by [241]. This could impact the

process of reionization [242].

The relationship between the Lyman alpha escape fraction and redshift is important

for constraining the reionization history of the Universe. [228] observed an evolution trend

of f
Lyα

escp with redshift, described by f
Lyα

escp ∝ (1+ z)ξ, where ξ= 2.57+0.19
−0.12 across an interval

of redshift 0.3 < z < 6 (see Figure 5.2). This evolution peaks at a value of unity at redshift

z = 11.1. The increasing trend of f
Lyα

escp with the redshift corresponds to the changing of

dust content within the galaxies up to z ∼ 6. Beyond this point, there is an appearance of

decline.

The quantities of f
Lyα

escp and fescp are expected to be correlated. This was explored in

[243, 244]. Combining the results obtained from [228], the order of magnitude expected

for fescp is ∼ 5% at z ∼ 3, and up to 25% at z ∼ 6. Figure 5.1 shows the critical SFRD value

obtained from these two extremes of fescp , displayed as a shaded region using a typical

value of the clumping factor of 3, which is mentioned in some studies, such as [245, 61,

235, 227, 246]. The SFRD points obtained by integrating the luminosity in the range of 41 <

log L [erg s−1] < 44 are consistent with the critical values obtained from an average value

of fescp ∼ 8% and a typical clumping factor of 3 within a redshift range of 3 < z < 6.7. This

suggests that the contribution of LAEs to the ionizing flux in the given redshift range is

sufficient to keep the hydrogen ionized. At redshift z ∼ 6, this contribution is comparable

to the one provided by LBGs.

Using LF face values as presented here implies that the role of the LAEs population
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in the cosmic reionization might exceed initial expectations. However, there are a few

considerations to keep in mind. Firstly, the vast majority of past surveys have focused on the

most luminous galaxies in the rest frame UV, which are ideal candidates for spectroscopic

follow-up. However, these surveys can not probe the faint luminosity regime, down to

1039 [erg s−1], as the present work does. Moreover, IFU observations can identify LAEs

without any preselection. Secondly, the contribution to the SFRD is linked to the steepness

of the faint-end slope being obtained, which is directly proportional to the Lyman alpha

luminosity density. A slope that is 20% steeper significantly changes the contribution of

LAEs to cosmic reionization. Thirdly, the lower boundary of the integration also affects the

final contribution. Furthermore, there are significant uncertainties regarding the f
Lyα

escp and

its evolution with redshift, which makes it difficult to compare this study to other studies

that use different methodologies.
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6 Conclusions and perspective

futures
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6.1 Summary and Conclusions

In this thesis, I have presented a study of LAEs LF using a large data sample of sources

detected behind 17 lensing clusters observed with MUSE/VLT. Thanks to the lensing effect,

the signal from distant galaxies has been magnified by a factor of 4 to 10 allowing us to

blindly detect LAEs without any pre-selection and reaching to the faintest luminosity level

compared to the blank field observations.

Because of the lensing effect, we usually observed multiple images of the same

system. In this case, we have to choose one representative image for each system. The

image should have a high signal to noise ratio and be more isolated than the other images

of the same system. Finally, 600 LAEs have been selected behind 17 lensing clusters,

covering four orders of magnitude in luminosity over 39 < logL[erg s−1] < 43, within a

redshift interval of 2.9 < z < 6.7. In the high redshift regime where they are one order of

the magnitude fainter than those of current blank field surveys, in order to investigate a

possible evolution of LF with redshift, and to estimate the associated contribution to the

total cosmic reionization budget. Consequently, we probed the LF of LAEs over four redshift

intervals. To deal with both the data obtained from lensing fields and from MUSE/VLT

datacubes, we have adopted the approach described in [128], which uses the Vmax method

to compute the LF values. The main idea of the method is the creation a 3D detectability
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mask for each source in the MUSE cubes in the source plane, followed by an evolution

of the cosmological volume obtained by integrating over the unmasked pixels in the 3D

source plane mask. While maintaining the core framework, we made several changes to the

original pipeline. These changes extended the previous sample to 17 lensing clusters and

better accounted for the lensing magnification. The total co-moving volume in the global

redshift range 2.9 < z < 6.7 is ∼ 50’000 Mpc3. This value is three times larger compared to

the previous work of [128] that probed the LF of LAEs behind 4 lensing clusters (A1689,

A2390, A2667, and A2777). However, it is much smaller than the value reported in blank

field surveys. This is due to the lensing magnification effect.

To compute a luminosity function point, we must correct for the completeness of

each source, in addition to its Vmax. The completeness value is calculated by injecting

the real source profile into a mock image and then counting the successful rate of this

procedure. Aiming to include as many sources as possible for the LF computation, we

used a 1% completeness threshold to reject faint sources. We computed the LF points in

each luminosity bin and redshift range and fitted them with the Schechter function. The

LF points at the faintest luminosity bins in the higher redshift ranges 4.0 < z < 5.0 and

5.0 < z < 6.7 were not included in the fit due to low completeness, and high magnification.

They seem to suggest a flattening/turnover at the faintest luminosity regime in these two

highest redshift ranges. To account for this, we have introduced a modified Schechter

function: Φ(L)exp(−LT /L)m = Φ∗
L∗

(

L
L∗

)α
exp(−L/L∗)exp(−LT /L)m where LT is turnover

luminosity and m the curvature parameter defining the shape, downward or upward.

From the best-fit values of the Schechter function, we integrated the LF to compute

the luminosity density and then converted it to the SFRD using an assuming an intrinsic

factor between Lyman alpha and Hα fluxes and case B of the recombination [71]. The

results showed that the LAEs contribute significantly to the reionization budget. At the

critical value of photon emission rate per unit cosmological comoving volume, we estimate

that the escape fraction of Lyman alpha photons is about 8% associated with a typical

value of clumpy factor of 3.

In summary, we have presented a study on the LAEs LF using an extensive dataset

consisting of 17 lensing clusters from the Lensed Lyman Alpha MUSE Arcs Sample observed

with MUSE/VLT. From this dataset, we have selected 600 lensed LAEs behind these clusters

within a redshift range of 2.9 < z < 6.7 with a wide range of luminosity spanning four orders

of magnitude 39.0 < log L [erg s−1] < 44.0, and effectively probing the faint luminosity

regime, reaching down to 1040 [erg s−1]. This data sample sets a strong constraint on the

LF for faint luminosities and provides insight into the evolution of the slope as a function

of redshift. The key outcome and conclusions are presented as follows:

- Regarding the methodology and processing pipeline, we have thoroughly investi-

gated various effects, leading to improvements in the final results compared to the work of

[128]. We extended the previous sample to 17 lensing clusters and better accounted for the
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lensing magnification during the Vmax computation process.

- The evolution of LF with redshift has been investigated in four redshift intervals:

2.9 < z < 6.7, 2.9 < z < 4.0, 4.0 < z < 5.0, and 5.0 < z < 6.7. The total co-moving volume of

the survey is ∼ 50000 Mpc3, largely dominated by A2744, as presented in [128].

- The best-fit value of the three parameters of the Schechter function in the redshift

range of 2.9 < z < 6.7 are: α = −2.06+0.07
−0.05, Φ∗ [10−4 Mpc3] = 7.41+2.70

−2.70, log L∗ [erg s−1] =

42.85+0.10
−0.10.

- Toward bright luminosity, log L[erg s−1] > 42, the present LF values are consistent

with the results of the previous studies which is used the data from the MUSE-Wide obser-

vations, as well as with other published results using different observational techniques.

- Toward faint luminosity, the LF values are dominated by highly magnified and

low completeness sources as expected. The source density is described by a steep slope

of α∼−2, obtained from both linear fitting and fitting using the Schechter function. Our

results are consistent with the slope values obtained by [124] for all redshift intervals, by

[125] for 2.9 < z < 6.7, and 20% steeper than those obtained by [128]. Taking into account

various factors, such as different completeness thresholds, different flux measurements,

varying fitting models, and source selection, the faint end slopes for four redshift ranges

are −2.00±0.50, −1.97±0.50, −2.28±0.50 and −2.06±0.60. These values are consistent

with other works within a 1−σ deviation.

- The faint end slope of the LF steepens with redshift, consistent with DLV19, al-

though the uncertainties are large. There may be a turnover at luminosities fainter than log

L ∼ 1041 [erg s−1] for the two highest redshift intervals, yet the uncertainties remain large.

- The choice of the luminosity lower limit for the LF integration affects the SFRD

value. The increase of SFRD with redshift implies that the LAEs play a major role for the

cosmic reionization.

- The ionizing flux from LAEs seems to be sufficient to maintain the hydrogen

ionized. At redshift z ∼ 6, this value is comparable to the one provided by LBGs.

6.2 Future Perspectives

6.2.1 Luminosity function of line emissions observed with MUSE

The Lensed Lyman Alpha MUSE Arcs Sample has observed 25 massive clusters with an

observing time of ∼150 hours in total. It is expected to find more than 700 LAEs. This will

be the largest data sample of lensed LAEs collected by MUSE/VLT at a redshift range 2.9 <

z < 6.7. The data from the project yields valuable insights into the luminosity distribution,

enhancing the statistical representation of sources in the faintest luminosity regime.

In addition, the MUSE cube also includes information on other emission lines, such

as Hα, OII, with good SNR. Using the same present method, we can look for the correlation
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between these emission lines and the total SFR. This will give us a unique opportunity to

extend the results obtained in this thesis and improve our understanding of the LF and

SFRD at a lower redshift, as well as their evolution with redshift.

6.2.2 Luminosity function using data from JWST and Euclid

missions

Nearly 2 years since its launch, JWST has shown its power in collecting data at the EoR.

Its observations of several gravitationally lensed clusters with its exquisitely sensitive NIR

instruments (NIRSpec, NIRCam, NIRRISS) have provided the strongest constraint at the

faintest end of the UV LFs. The galaxy density in such regimes can be estimated from the LF,

suggesting that these galaxies may have played a significant role in the cosmic reionization.

There are many first galaxies in the redshift range 7 < z < 15 that have been confirmed on

either Lyman alpha line emission with NIRSpec or the Gunn-Peterson Trough with deep

photometry. I will pursue this topic by using the JWST data to study the evolution of the LF

at the higher redshifts compared to the MUSE data.

Another opportunity is using Euclid data. Euclid is a space-based visible and near-

infrared observatory with a primary mirror of 1.2 metres in diameter. The Euclid Deep

Survey data will cover a region of 40 deg2 with a limiting flux ∼ 5.10−17 erg s−1 cm−2 in the

wavelength range of 920-1850 nm using the Euclid’s blue and red grisms [247]. This survey

would be a great opportunity to study the Lyman alpha population at redshift z ∼ 6.5−9 by

constructing a blind flux-limited sample without any preselection. I will re-use and adapt

some of the tools I have developed for this thesis to the Euclid survey to compute the LF of

LAEs towards the bright end of the LF

6.2.3 Global escape fraction of Lyman alpha photons as a

function of redshift

Using our LF of LAEs combined with the UV LF of all galaxies from [227], we can estimate

the global evolution of the escape fraction of Lyman alpha photons from 2.9 to the highest

redshift in which we can find the galaxy based on JWST observations.

6.2.4 The ionizing photon production efficiency for LAEs using

JWST and MUSE

The excellent combination of JWST and MUSE will open a new window to infer the ionizing

photon budget of the Universe using a large data sample of LAEs. I will estimate this

parameter’s value in two cases: one without accounting for dust attenuation and another

with dust attenuation corrections, using the assumption of a Calzetti attenuation law.
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NQI DUNG NHAN XET
t. Tinh cdn thi\t, thdi sry, jt nghia khoa hpc vd thryc ti6n crta di titi luQn dn.

Trong nhirng nam gAn d6y, nho vi6c dua vdo khai thitc circhQ kinh thi6n v6n nhrr JWST,
MUSE/VLT, VIMOS Ultra Deep Survey, hu6ng nghiOn cfru c6c thion hd 6 thdi ki dAu rrong qu6
trinh ti6n tri6n cua Vfr tru cl5 tro nOn ndng d6ng vd thu hrit dugc r6t nhieu nhA khoa hoc tpp trung
nghien cfu' Muc ti6u khoa hoc trong linh vqc ndy ld nghiCn criu c6c thi6n hd trong thdi ki t6i ion
h6a vd u6c luong dong g6p ctra c6c ngu6n nay d6i v6i quri trinh t6i ion h6a cria Vfr tru. Ngu6n
g6c c6c ngu6n tai ion hod Vfr tru so khai ld m6t trong nhirng cdu hoi quan trong c[ra vdt li thi6n
vdn duong dai' Vfr trtt so khai ban dAu trung hod sau do chuy6n pha quan trong sang vir tru ion
ho6 nhu ngdy nay.

LuAn 6n tdp trung nghi0n criu hdm dd trung cfia loai thi0n hd phat xa vach Lyman alpha,
m6t trong hai loai thi6n hd hinh thdnh sao chinh; dinh luong ho6 d6ng gop vdo qu6 trinh tai ion
ho6 Vfr tru so khai' E6ng g6p quan trong cria luAn 6n la khio s6t d6ng di€u cua hdm dQ trung dr

ving c6c thi6n ha o gicri han mo nh?t nh6t ilng duirc biet d6n, th6ng qua vi6c sir dung m6y quang
ph6 da d6i tuong MUSE cua Ddi thi0n vdn Nam Au (VLT), t6p trung nghien ctiu him d6 tr.ung

cira 600 ngu6n phat x4 vach Lyman alpha trong b6n khoAng dich chuy6n d,6 2.9<z<6."1,

2'9<z<4.0,4.0<z<5.0 vd 5.02<6.7 ding sau 17 cum thi6n hi th6u kfnh hAp clSn vd co d6 trung
trong khoAng 39.0 < log L < 44.0.
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NQI DUNG NHAN XET
1. Tinh cin thiat, thdi sw, j, nghia khoa hgc vd thryc tidn crla tli tdi luQn dn.

Trong nhfrng nam gAn dAy, nho viQc dua vdo khai thbc citchO kinh thi6n van nhrr.TWST,

MUSE/VLT, VIMOS Ultra Deep Survey, hu6ng nghiOn cuu c6c thien hd o thoi ki dAu trolg qu6
trinh ti6n tri6n cia Vfr trLr cld tro nOn n[ng d6ng vd thu hrit duoc rAt nhieu nhd khoa hoc tQp trung
nghion cfu' Muc tiOu khoa hoc trong linh vuc ndy ld nghien criu c6c thi6n hd trong thdi ki t6i ion
h6a vd u6c luong d6ng g6p cria c6c ngu6n ndy d6i v6i qu6 trinh t6i ion h6a cira vfr tru. Ngu6n
g6c c6c ngu6n tai ion ho6 Vfr tru so khai ld m6t trong nhlrng cdu hoi quan trgng cira v6t li thi6n
v[n duong dai' Vfr tru so khai ban dAu trung hod sau d6 chuy6n pha quan trong sang Vir tru ion
ho6 nhu ngdy nay,

LuAn an tdp trung nghi0n cuu hdm d6 trung cfra loai thi6n hd phat xa vach Lyman alpha,
m6t trong hai loai thi6n hd hinh thdnh sao chinh; dinh luong ho6 d6ng g6p vdo qu6 trinh tai ion
hod Vfr tru so khai. D6ng g6p quan trong cira ludn 6n ld kh6o s6t d6ng di6u cua hdm d6 trung o
virng c6c thi6n ha o gidi han md nhat nh6t tring duirc bi6t d6n, th6ng qua viec s[r dung m6y quang
ph6 da d6i tuong MUSE cua Ddi thien v[n Nam Au ryLT), tdp trung nghien ciru hdm d6 h.ung
cria 600 ngu6n phat x4 vach Lyman alpha trong b6n kho6ng dich chuy6n d.6 2.9<z<6.1,
2'9<z<4.0,4.0<z<5.0 va 5.02<6.7 ding sau 17 cum thiOn hd th6u kinh h6p d6n vd co d6 trung
trong khoing 39.0 < log L < 44.0.



Dfr li6u md ludn 6n s[r dung ld dir li6u uu tiOn cria c6ng d6ng MUSE quan sat 17 cr,rm th6u

kinh hAp d6u manh, la k0t quA cria su hgp t5c qu6c tti cria phdng Vat li thiOn v6n (DAP/VNSC)

o mQt trong nhirng linh vuc soi dQng nh6t cfra v6t li thiOn v6n.

Do d6, dAy li luAn 6n c6 tinh thoi sq cao, li ,1916,, tham khAo quan trong cho c6c nghi6n

ciru dang ndy trong thoi gian t6i.

2. SW kh1ng trilng tqp cfia di tat nghi1n crt'u so vdi ctic cAng fiinh, IuQn dn cld cilng bd d tong
vit ngodi nu'6c1 tfnh trung thryc, rd rdng vd dfry drt tong trich cl6n fii liQu tham khclo.

Vdi hieu bi6t cira nguoi phdn bi6n, Oe tai kh6ng trung lflp v6i cac lu4n an tiOn si dd dugc

bAo ve troug va ngodi nudc, tricli c16n tdi li6u tham khAo dAy dir, 16 rdng, trung thirc. Cic quy

trinh xu li dir liqu quan tric dunc thuc hiQn rnQt c6ch ch{t chO, cic phucrng ph6p nghi6n cfu duoc

sir dung d5 ducrc chirng minh c6 dO tin c6y cao. C6c nhdn x6t, d6:nh giit vit k6t ludn li c6 co so

khoa hoc.

3. Sry phil hop giira tAn iti tdi vdi nQi dung, gitta nQi dung vdi chuy€n ngdnh vd md s6 chuy€n

ngdnh:

Htr6ng ngliiOn cuu c[ra Lufln 6n ld phu hop v6i t6n chuy6n ngdnh ddng ki (Vat li nguyOn

t[r vri FIpt nhdn)

4. DO tin cQy vd tfnh hiQn dqi cfia phtong phtip ttd sdr dqng it€ nghiAn cftu.

Phtrong ph6p xu li dir li6u 6p dqng c6c ki thu4t chuAn vi cdp nh6t nh6t cua cQng d6ng

MUStj. M6 hinh thAu kinh h6p ddn cho c6c curn dd duoc x6y dung vh ph6t triOn tru6c d6 boi

cQng d6ng MUSE dua tr6n nhfrng dir liQu cAp nh4t nh6t hiQn c6. NCS vd nh6m tap th6 hu6ng

d6n da ph6t triOn m6t ki thuQt tinh to6n th6 tich cira ngu6n ph6t trong kh6o s6t cho mQt lugng lcrn

cum thAu kinh h6p d6n, dpa trOn g6i phAn mdm dd dugc ph6,t tri6n trudc d6 cria cQng d6ng ndy

cho b6n cprn thAu kinh.

5. Ifth qud nghi\n cfru mdi crta ilic gift.
:.- Tflp ruAu c6c thi6n hi ph6t x4 vach Lyman alpha trong lu4n 6n rTiry co d6 trung phdn b6

trong b5n bAc dQ l6n cua dQ trung tt 103e tdi 1043 erg s-r, l6n nh6t trong ciic kh6o s6t hiQn c6,

girip d6nh gi6 hiQu qufr phdn b6 cria hirn dQ trung (Luminosity Function) o vung dQ trung thSp

hon khoing vii chuc lAn so vdi c6c kh6o s6t trudng tr6ng trudc d6. I(rlt qui nghiOn criu cria ludn

6n ld ngu6rr th6ng tin tham kh6o quan trgng cho nghiOn cfu trong linh vgc nhy.



- Nh6m NCS vd tdp th6 hucrng d6n dd phSt tri6n thdnh c6ng mQt g6i tfnh toan tu dQng x6c

dinh th6 tich Vir tru (Vmax) chi6m boitrmg thi6n hd duoc phdt hi0n trong kh6o s6t cho m6t luong

lon 17 cum thi6n hd th6u kinh h6p d5n. ThuAt to6n d6nh gi6 th6 tich vmax dd duoc ki6rn tra,

dinh gi6, so s6nh vdi c6c nghiOn cfu tru6c d6, d6m b6o dQ tin c4y.

- Ktlt qua khdp him Schechter vdi dir li6u cria lupn 6n nhin chung phu hqp v6i c6c nghi6n

c[ru trudc do o vung dd trung mpnh, v6i dir li6u tu c6c kh6o s6t s6u c6c trudng tr6ng hay c6c

trudng th6u kinh v6i tAp m5u nho hon nhi0u. D6 d6c l6n cria hdm d6 trung Schechter cO -2 tidp

tuc duoc duy tri cr virng dQ tnmg md nhat hcrn muoi lAn so vdi c6c kh6o s6t trudng tr6ng tru6c

d6' Xu hucrng tdng nhg ctra d0 d5c ndy theo dich chuy6n d6 cfrng ti6p tuc ducyc kh6ng dinh. Sai

sO ne tnOng inh huong t6i dO d6c niy cfrng lAn dAu tiOn duoc d6nh gi6 dAy dt, quan tAm r6i c6c

y6u t6: hq sO knu6ch dai tu m6 hinh th6u kinh h6p ddn; c6ch do dac th6ng luong ngudn; do qu6

trinh lua chon ngudng cit d6 loai bo c6c ngu6n md nhat; tinh d6n c6c ngu6n c6 dQ tin c4y thAp

hon.

- KOt qui ludn 6n cho thAy mOt d0 t6c d6 hinh thinh sao cua loai thi6n hd ph6t xa vach

Lyman alpha tang theo hdm cua dich chuyOn do. C6c thi6n hd hinh thdnh sao ph6t xa vach Lyman

alpha ndy dong g6p d6ng ko vdo qu6 trinh t6i ion h6a vfr tru so khai.

6. Uu rliim vd nhwqc di€m vi nQi clung, rat ciiu vd hinh thrbc cita ludn dn.

LuAn 6n duoc vi6t bing ti6ng Anh voi b6 cuc 16 ring, chdt che, chinh x6c. Ludn 6n cfrng

dd dugc doc va chinh sira theo nhu gop y cira h6i d6ng bdo vQ co sd v6i c6c chuy6n gia phin

biOn qu6c t6 tu Thuy Si vd NhAt Bdn vd nhi0u thinh viOn qu6c tC ld chuyOn gia trong linh vuc

ndy. Tuy nhiOn o phAn t6m tit lu6n 6n, cfrng con d6i ch6 c6ch trinh bdy hinh 6nh, chf thich cdn

c6 th6 ldm t6t hcrn.

7. Nli dung luQn tin dd ittqc cbng bO tr€n tqp ch{, kj yiu hQi nghi khoa hgc ndo vd gid tri
khoa hgc crta cdc c1ng trinh itd cilng bO.

C6c ktit qud thu duoc ctra ludn 6n ld phong phri, c6 gi6 tri khoa hgc vd gi6 tri thuc ti6n

trong nghi0n ciru thi0n vdn vfr tru. K6t quA cua luAn 6n duoc c6ng b6 thnnh 2 bdi tr6n t4p chi

qu5c t6 Q1, Astronomy & Astrophysics, uy tfn hdng dAu trong chuy0n ngdnh, m6t trong sO OO

NCS ld tic giir dAu tiOn. Ngodi ra NCS cfrng c6ng UO t Uai trOn tap chi trong nu6c. C6c c6ng trinh

ndy d0u c6 ch6t lucrng t6t, c6 gia trf khoa hoc cao, n6i dung phu hop vdi ae tai cria ludn 6n.



s' Kd luSn chung cin khing dlnh mfic dQ ildp *ng cdc y\u ciu aiii vdi mQt ruQn tin fidn sI
chuy€n ngdnh' Bdn tdm tiit tuQn dn phritt dnh trung thdnh nQi dung co ban crta h4n dn hay
khong; luin dn co tne etwa ra bdo v0 ciip Hgc viQn da nhQn hqc v! tian si ryqc hay hlt6ng.

NQi dung Ad tai d6p ri'ng c6c you cau v6i mQt lupn 5n ti5n si chuyen ngdnh. D6y ld m6t
luin 6n c6 tinh hop t6c c1u6c t0 cao, tflp trung viro m6t vdn rl0 thdi sq c[ra vdt li thi6n vdn duong
dpi' Ludn 6n Ti6n si cria nghiOn ciru sinh TrAn Th! Thdi dap ung c6c y6u cAu d6i v6i mQt luAn
6n ti6n si theo Quy dinh cua Quy ch6 deo t4o trinh d0 ti5n si. B6n t6m tit ludn 6n ph6n 6nh trung
thdnh nQi dung co b6n cfia ludn 6n. Nghi6n cri'u sinh hodn todn c6 th6 b6o vp lu6n 6n tru6c H6i
d6ng chAm luAn 6n dC nh6n hgc vi Titin si.

Nguoi nh$n x6t

PGS.TS. Ngd Nggc Hoa

/'.l/
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Tên đề tài luận án: The sources of Cosmic re-ionization as seen by MUSE/VLT 

Chuyên ngành: V¿t lý nguyên tử và h¿t nhân  

Mã số: 9 44 01 06 

Nghiên cứu sinh: Trần Thß Thái 

Người hướng dẫn: TS Ph¿m Tu¿n Anh (Trung tâm vũ trụ VN) 

                               TS Roser Pello (Trường Đ¿i hác Aix-Marseille)     
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Nội dung nh¿n xét:  

1. Ý nghĩa khoa học và thực tiễn của đề tài luận án. Nội dung chính của luận án là phân 

tích giải phổ Lyman của nguyên tử hydro phát ra từ các thiên hà ở khoảng cách rất xa 

trái đất (z ~ 7), là tín hiệu của quá trình tái ion hóa khí hydro trong các vùng mật độ 

vật chất cao hình thành sau Big Bang khoảng 300-400 nghìn năm (được coi như tiền 

các sao nguyên thủy nhất của vũ trụ). Đây là đề tài nghiên cứu thời sự, có ý nghĩa qua 

trọng đối với Vật lý thiên văn (VLTV) và vật lý nguyên tử (VLNT). 
  

2. Sự hợp lý và độ tin cậy của phương pháp nghiên cứu: Phương pháp ghi đo và phân tích 

phổ nguyên tử hydro phát ra từ khoảng cách gần chục tỷ năm ánh sáng chỉ có thể được 

thực hiện từ những năm gần đây nhờ tổ hợp hệ detector kết nối với telescopes hiện đại 

nhất, được khẳng định có độ tin cậy cao.  
 

 
3. Những đóng góp mới của luận án: Các kết quả thu được là mới và có ý nghĩa quan 

trọng đối với các nghiên cứu quá trình hình thành sao trong các thiên hà nguyên thủy 

sau thời đại tối (khoảng 300-400 nghìn năm sau Big Bang), vào giai đoạn đầu của quá 

trình tiến hóa vũ trụ trong gần 14 tỷ năm qua.   
 

4. Sự phù hợp của các kết luận của luận án với hướng nghiên cứu của luận án: Các kết 

luận của luận án phù hợp với nội dung nghiên cứu trình bày trong luận án.  
 

 
5. Sự không trùng lặp của luận án so với các luận án hay công trình khoa học đã công bố 

trong và ngoài nước: Nội dung và các kết quả nghiên cứu thu được là mới trong lĩnh 

vực VLTV và VLNT hiện đại, không có trùng lặp với các kết quả nghiên cứu đã công 
bố của các tác giả trong và ngoài nước. Các công trình khoa học liên quan của các tác 

giả khác được trích dẫn nghiêm túc và đầy đủ. 

 

6. Chất lượng những công trình khoa học đã được công bố: Các bài báo khoa học của 

nghiên cứu sinh đều được công bố trên các tạp chí VLTV quốc tế uy tín có hệ số ảnh 

hưởng cao, đáp ứng đầy dủ yêu cầu đối với luận án tiến sĩ vật lý.  



7. Nội dung, kết cấu và hình thức của luận án: Nội dung luận án được trình bày trong kết 

cấu hợp lý, đặc biệt phần tổng quan và giới thiệu nội dung vật lý của luận án được 

trình bày chi tiết và dễ hiểu đối với người đọc. Hình thức trình bày của luận văn khá 

hoàn chỉnh có thể được dùng như sách tham khảo trong các nghiên cứu VLTV hiện đại.  
 

8. Kết luận: Luận án đáp ứng đầy đủ các yêu cầu về nội dung và hình thức đối với một luận 

án TS vật lý. Bản tóm tắt lận án phản ánh đúng nội dung cơ bản của luận án. Luận án có 

thể được đưa ra bảo vệ cấp Học viện để nhận học vị TS vật lý. 

 

 

 
 

Hà Nội, ngày 06 tháng 08 năm 2024 

Người nh¿n xét 

                                                                                                

                                      GS TS Đào Ti¿n Khoa 
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Nguoi phin biQn: PGS. TS. Dd QuOc TuAn

Co quan cdng tic: Trudng Dpi hqc Phenikaa

Y rrnN NHAN xET

Lufn 6n ti6n si"The solrces of cosmic re-ionization as seen by MUSE/I/LT' oia

nghi0n criu sinh (NCS) TrAn Thi Th6i le sp t6ng h-o. p c5c nghiOn cr?u dd dugc cdng b6

tr6n hai bdi b6o ddng trOn tpp chf ISI r6t uy tin trong cQng ddng thi0n vdn th6 gi6i vd

mQt bii hQi nghi uy tin v6 thi6n vdn (hai bai NCS ldtdc gia diu). Do d6, lufln 5n c6 y

nghia khoa hgc vd thUc tiSn cho cQng tl6ng thi6n vdn trong vd ngodi nudc. C6ch rlAt v6n

dA cria lufln 5n cfing r6t khoa hgc vd h-o. p ly, vdi phuong phAp nghiOn criu c6 dQ tin cfy

vd hqp ly cao. C5c ki5t lufln cria lufln 6n phtr ho. p vdi cSch dflt v6n dC vd c6 srlc thuyi5t

phgc cao.

Ngodi ra, lufln 6n kh6ng c6 su tring lflp so vdi c6c dO 6n, lufln vin, lufln 6n hay

c6ng trinh khoa hgc dE c6ng b6 trong vd ngodi nudc. C6c tdi 1i9u tham kh6o dfl dugc

nghiOn criu sinh trich d6n trung thgc. C6c c6ng thrlc, hinh vE, bing bi6u sO tiCu dugc

NCS trinh bdy rd ring, chi tiiSt. Lufn 6n kh6ng cAn phii sira chfta hay b6 sung gi th6m.

Lufln in ddp ring ddy dri y6u 
"Au 

vA nQi dung vd hinh thric d6i v6i mOt 1u0n 6n Ti6n si

i10 duqc b6o vQ tai HQi tlOng cAp Hgc viQn.

T6i ddng 1i cho NCS b6o v0 Lu0n tn cdp Hsc viOn aC nfran hgc vi titin si.

Ha NQi, ngdy 6 th6ng 8 ndm 2024

Ngudi nhfn x6t

//
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BẢN NHẬN XÉT LUẬN ÁN TIẾN SĨ CẤP HỌC VIỆN

Tên đề tài luận án: The sources of Cosmic re-ionization as seen by MUSE
Chuyên ngành: Vật lý nguyên tử và Hạt nhân 
Mã số: 9 44 01 06
Nghiên cứu sinh: Trần Thị Thái 
Người hướng dẫn: TS. Roser Pello, TS. Phạm Tuấn Anh
Người nhận xét: PGS.TS. Nguyễn Văn Thái
Cơ quan công tác: Khoa Vật lý Kỹ thuật, Đại học Bách khoa Hà nội

NỘI DUNG NHẬN XÉT

1. Nhận xét chung
Luận án trình bày kết quả nghiên cứu dữ liệu thiên văn thu được từ hệ quang

phổ MUSE/VLT nhằm lựa chọn phân loại các thiên hà phát xạ vạch Lyman-
quan sát được nhờ thấu kính hấp dẫn, từ đó áp dụng và cải tiến phương pháp Vmax
nhằm tính  toán tiến triển của Luminosity Function (tác giả gọi là hàm độ trưng) và
tốc độ hình thành sao theo hàm của z (redshift: độ dịch chuyển về phía đỏ)

Luận án được viết bằng tiếng Anh, trình bày trong 140 trang, gồm 6 chương, 9
bảng, 90 hình vẽ cùng tài liệu tham khảo. Luận án có bố cục hợp lý, trình bày
mạch lạc, ít có lỗi chính tả, không có sự trùng lặp so với các công trình, luận văn,
luận án đã công bố ở trong và ngoài nước; luận án thể hiện tính trung thực, rõ ràng
và đầy đủ trong trích dẫn tài liệu; luận án thể hiện rõ sự phù hợp giữa tên đề tài và
nội dung, giữa nội dung với chuyên ngành và mã chuyên ngành.

2. Kết quả nghiên cứu mới và ý nghĩa khoa học của luận án
Kết quả nghiên cứu dữ thu được nhiều thông tin mới có ý nghĩa và tầm quan

trọng cao, cụ thể là với 1400 hình ảnh thu được từ 17 cụm thiên hà thấu kính hấp
dẫn tương ứng với 600 nguồn phát xạ vạch Lyman- thể hiện sự gia tăng đáng kể
về số lượng nguồn có độ trưng thấp (log L < 40 erg/s). Ngoài ra NCS đã sử dụng
và cải tiến hàm độ trưng Schechter có tính đến sự suy giảm về số lượng thiên hà ở
những giới hạn mờ nhất. Mặc dù một số kết quả có sai số lớn chưa thể đánh giá
phân biệt được chất lượng của mô hình, kết quả thu được cũng có đóng góp nhất
định trong việc gợi ý ở vùng độ trưng mờ nhạt, số số lượng các thiên hà mờ sẽ
giảm sớm hơn ở những vùng dịch chuyển đỏ cao hơn.

Một đóng góp quan trọng của NCS trong luận án là kết quả nghiên cứu về tốc
độ hình thành sao ở những khoảng dịch chuyển đỏ khác nhau dựa trên kết quả thu
được về tiến triển của hàm độ trưng cho thấy các thiên hà phát xạ vạch Lyman
alpha đóng góp đáng kể vào quá trình tái ion.

3. Các công trình công bố 



Các kết quả được NCS công bố trong 02 bài báo trên tạp chí Quốc tế có uy tín
đều nằm trong danh mục ISI (Astronomy & Astrophysics, Q1), 01 tạp chí trong
nước (Communications in Physics) đã khẳng định ý nghĩa khoa học và giá trị thực
tiễn, độ tin cậy của kết quả nghiên cứu.

4. Kết luận: Luận án đáp ứng các yêu cầu đối với một luận án tiến sĩ theo Quy chế
tuyển sinh và đào tạo trình độ tiến sĩ hiện hành; bản tóm tắt luận án phản ảnh trung 
thành nội dung cơ bản của luận án; Tôi đồng ý luận án có thể đưa ra bảo vệ ở cấp 
Học viện.

Người nhận xét

PGS.TS. Nguyễn Văn Thái
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V t i5n nh$n x6t

1. Tinh cAn thi6t, thoi sp, y nghia khoa hoc vd thpc tiSn cua Ae tai lufln 6n:

Su titin b0, ph6t tri6n cta khoa hgc vd cdng ngh6 dd cho con nguoi chring ta co

nhieu hi6u bitit hon vd sq hinh thdnh va phat tri6n cia vfr tru. Theo thoi gian vdi su ra
ddi cira cilc kinh thi6n vf,n rnoi cA tr0n rn4t d6t lAn trong kh6ng gian co kich thuoc kinh
to hon, nhay hon, bao phir rOng hcrn c6c vung buoc song kh6c nhau tu gamma, X-ray,
quang hoc, h6ng ngoai, v6 tuy6n, khi6n cu6c dua tranh tirn kiOm cdc vdt th€ xa nhdt
trong Vfr tru ngdy cdng sdi dQng, thuc dAy vd liOn tuc rno rQng gi6'i han hi6u Ui6t ve Vir
tru cira lodi nguoi. Trong d6, su hinh thdnh vd ti6n ho6 crha thiOn hA la rnQt qu6 trinh
k6o ddi nhiOu ti ndrn khi thoi gian t6n tqi ngin ngui ctra loai nguoi viOc d6i theo rnQt

thi6n hd riOng 16 ld kh6ng th6. Tuy nhiOn n5u thu thflp df liqu cA ngan thi0n hd khac
i. ., .

nhau, va rn6i thi€n hd trong s6 chung dang o nhtng giai do4n ti6n hori kh6c nhau, c6

thO girip chung ta s0 co duoc bric tranh vi, sq ti6n ho6 cua thiOn ha noi ri6n-e cfrng nhu
vfr tru noi chung

V6i nhirng gi quan s6t ghi nhAn duoc hi€n nay, chirng ta dang s6ng trong rn0t Vt
tru gi6n no, khoAng c6ch grira chc thi0n hd ngdy rnQt ldn d6n theo thoi gian. V4n t6c

dich chuy6n ra xa cira thi6n hd lai ti l0 vdi khoAng c6ch tdi chirng. Bric x4 thu dugc tu
cac thi0n hir o xa bi dich chuy6n v0 phia vung budc song ddi hon (clich chuy,5n vd phia
d6). Th6ng qua do d6 dich chuy6n d6 ndy c6 thO xac dinh dugc khodng cdch toi chung.

Tin hiQu dugc truydn di v6i vfln tdc 5nh sSng nhung do khodng cdch toi c6c thi6n hd o
xa rdt l6n, tin hiQu ciia chring cDng mAt hdng ti nam d6 toiTrii dilt. Cac kinh thi6n vdn

thuc su ld c6c c6 rn6y thoi gian.girip chring ta nhin l4i qu6 khir cria Vfr trp. Khi ta do

dugc dich chuy6n d6 co tn0 Ulet.dugc thi6n hd nay dang, o' thoi diOrn ndo trong qua

khri. Ei0u do co nghTa khi tim hi6u nghiOn cuu circ vdt thC/thien ha 6 xa, thi cang gdn

hon vd thoi ki so khai ctra Vfl try.
Cho d6n nay ngu6n g6c c6c nhdn t6 d6ng vai trd t6i ion hoa Vfr trq so khai vAn

chua duoc hi6u bi6t mQt cach dAy du. C6c df iig, qrun s6t gAn d6y dAn dAn cho th6y,
c6c thi6n hd dang co ho4t dQng hinh thdnh sao, c6c thi0n ha Lyrnan - break va thi€n ha

ph6t x4 v4ch Lyman - alpha, dong vai trd chinh trong qu6 trinh ndy. LiQu s6 lugng cac

thiOn ha hinh thanh sao dang nay co dt dC t6i ion ho6 Vfr tru so khai? Viqc x6c dinh
mflt dO c6c thi6n hir trong rndt don vi the tich crla Vfr tru theo hdrn cria d0 trung vd theo

hdrn cira thoi gian s0 girip tr6 kvi cau h6i do.

Lu4n in ctn nghiCn cuu sinh duoc thuc hiQn tai Phong Vflt lf thi6n vdn Vfr tru,

Trung tAm Vfr tru ViQt Nam, hqp tdc v6i ViQn thi6n vdn o Marseille su dung d[ liOu

quan s6t cua 17 cum th6u kinh h6p d6n quan s5t boi rn6y ptr6 tC da vpt tne VtUSe tap



dflt tr6n kinh thi6n v6n VLT dd t4o lflp dugc rnQt tAp sO tieu l6n nhAt c6c thiOn hd hinh

thdnh sao duoc kh6o s6t t6i vtrng Of trung rnd nhat nhAt cho-tdi hiOn tai d6i vdi cac

thien hd ph6t xa vach Lyman - itp\u aC ngfrien cfu ngu6n S69 c1c nhan t0 clong vai

trd t6i ion ho6 Vfi trp so khai. C6c k6t quA nghiOn cuu cta lu0n 6n cho thAy, 11t 0.Q 
9ac

thi0n ha hinh thdnh sao quan s6t dugc la dfi d6 cung c6p lugng photon c6n thi6t d0 ion

ho6 hodn todn Vfr tru so khai kho6ng rnQt ti ndrn tru6'c. CAc thi0n hd phSt xa vach

Lyrnan - alpha d6ng g6p quan trgng giirp vu tru hoirn thanh qu6 trinh chuyen pha til

trung hod sang bi ion ho6 quan trong ndy. Ti le tho6t cria c6c photon !r.Tu" - alpha 6

c6c ihiCn hd ph6t xa vach ndy ctng ld mQt thdng tin quan trong: cdng nhiOu photon ndy

tho6t ra thi dorg gop ctia thiOn ha d6 vdo qu6 trinh tAi ion ho6 Vfr trp clrng cao' Tuy

nhi6n cflng kh6ng dt) d0 c6c photon ndy thoat ra boi chring c6 th6 d6 dang bj,l4p jlt
boi bpi trong thi6; ha. RO rdng vdi c6c thi6n ha thdi ki dAu Vfr tru, co tuong d6i it thoi

gian OC ti6n noa so vdi c6c thi6n hd hiqn nay, nOn luong bsi trong thi6n hd d.Yn:5i

inng cfrng c6 it hon. Do d6, ti lQ tho6t oia cdc photon Lyman - alpha se tdng ddn khi

,g*!" vC qu6 khri'. Ni5u c6c thien hd ph6t xa v4ch Lyrnan - alpha dugc ph6t hien dt
l|n, phong do6n li thuy6t ndy mdi co thtl do dac vd x6c nhfln cu th6. Dpa vao urpt d0

cira thien tra ninn thdnh sao Lyman - alpha do d4c duoc, chring ta c6 th6 x5c dinh ti lQ

thoifictra photon Lyman - atpnara kh6ic6c thi6n hd do. Ktlt qra boO. dAu cho th6y c6

sg tdng nhg cira ti lq tho6t photon Lyman alphatheo hirrn cua thdi gian trb vd qu6 khir.

D6y cfrng chinh ld nhirng d6ng gop quan trong cua lu4n 6n vua c6 tinh ch6t.thoi sr,r vira

c6 y nghia khoa hsc vd d6c biCt b9 16 tiQu co y nghia r5t l6n O6i vOi cQng d6ng c6c nhd

khoa hgc trong cung linh vuc quan t6m.

2. Su kh6ng trung lflp cua oc tai nghien cfu so vdi c6c c6ng trinh,_luln van, ]$19n f.]
cdng b6 o tiong vd ngodi nudc; tinh trung thyc, 16 rdng vd d6y du trong trich ddn tdi

liEu tharn kh6o:
NQi dung cria luf,n.6n dugc chia thdnh 6 chuong chinh theo cdu trfrc nhu sau:

Chuong L TOng quan vd sy hinh thanh cria Vfr try, c6c thiOn ha vd muc tiOu nghi0n

ciru cta lu6n 6n; ih,rong 2. Trinh bdy vC DU 6n th6u kinh hAp d6n sri dqng rn5y quang

ph6 cla d6i tuqng (MUSE): ttr quan s6t c6c cprn thiOn ha kh6i lugng 16n tdi viOc lua

,hgn *5, nguOn ptratxqLayman; Chuong-3. Trinh Paf Ylt6t qui tinh to6n hdm d0

trung cin citc cpm thiOn hd th6u kinh hAp d6n: th6 tich 3 chi6u ,lgng mat phdng ngu6n

va tinh gi6 tri Vmax; Chuong 4. Trinh,bdy v0 chi ti€t cdc d$c di6m cua_laT dg^,1Ytg

cfing nhu so s6nh v6i dU do6n ly thuytft; Chuong 5. Trinh bdy vC rrat dQ t6c d0 hinh

thdnh sao cira thi6n hd vd ring dgng tinh to6n t6i ion ho6;.Chuo?g 
9_ 

Ld phdn kOt luQn

vd <linh huong nghiOn criu ti6p theo. Lu4n ay c6 t6ng s6 126 trang, 09 bing

bii5u, 80 hinh ve vd247 tdi liQu tham kh6o. Circ kOt qua nghiOn criu trong nQi dung c0a

lupn 6n li6n quan trqc tii5p aC" O: cdng trinh cOng tO trOn cdc t4p chi qu6c.t6 uy tin

trong linh vr,rc thiQn vdn vd vat ly thi0n v6n d{c biCt la 02 c6ng trinh c6ng bd tr6n t4p

chi Astonorny & Astrophysics (Thi6n vdn & Vat ly thi6n vdn) co chi sd 6nh huOng

cao.
pC tai vd nQi dung.nghi0n ciru ludn 6n kh6ng trilng lflp so vdi c5c c6ng.trinh, ludn

v5n, lufln 6n ddcOng bO 6 t.org va ngodi nu6c..ba..tet qui khoa hgc vd s6 liQu c6ng

U6 irong ludn 6n d6ng gop quan trqng vdo ngudn s6 tiQu chung cho c6ng d6ng khoa

hqc n6i chung.

3. SU phu hqp giira t6n AC tai v6i n6i dung, gita nQi dung v6i chuy6n ngirnh vd md sd

chuy0n ngdnh:



LuAn 6n co t6n ti6ng Anh "The sources of 
. 
cosmic re-ionization as seen by

MUSE/VLT,,vd ti6ng Vieita "Nghian ciru c6c ngu6n t6i ion ho6 Vfl tru sri dgng m6y

;r* ,i; o" aai,"qrg MUSE cua ddi thi6n vdn Narn Au (VLT)". Mic dn doi tusng

nghion criu cria dC tai c.ia luan 6n thu0c linh vpc thi6n vdn. vfr trq tuy nhi6n vA rn[t ban

.iairgirfO, .,i, Ou. tron vibc thu nh4n s6 tigu pho nguyon tu ph6t xqLaym.a' 
'i 

qul

tuong nghiOn criu cita chuy6n ngdnh vQt ly hat nhAn vh nguy6n tir' Chinh,vi v{y' c6 th6

;;;H;;; ;aix lufln 6n phu hop v6i noi dung vd rnd s6 chuydn ngd,h Vat li nguv6n

tu'vir h4t nhan, md sO 9440106.

4. DO tin c?y va tinh hiQn dai cira phuong ph6p d6 sri dpng d0 nghion cuu:

pO do chinh x5c dich chuy6n do ngudi ta phii sit dsng circ mfty quang ph6 hlgl

d?i nhu MUSE (Multi-unit Spectros.opi. Explorer) olog t1n tron kinh thi6n vdn vLT
(Very Large 'felescope) cr-ia bai tnien'vdn Nam Au. Khi niry tirn ki6rn c6c thi€n hd o

xa dia tr0n vach pUit'xA cria nguyOn tu Hydrggen - vach Lyrnan alpha: day la m6t

trong nhirng vpcn pfrat xa c6 cuong dQ rn4nh nhAt trong c5c thi6n ha'

C6c thi0n hd dugc ph6t hiQn theo c6ch ndy gqi lit citc thi0n ha phdt x4 v4ch Lyman

- alpha. cung voi thien ha ph6t hion theo ki thuat Lyrnan - break, chirng dugc ggi

chung lit citcif,len hd hinh thdnh sao, vd dong vai trd quan trong trong viQc thdp sdng

virtiti ion ho6 Vfl tru so khai.

Ngoai ra, d€ ph6t hiQn c6c thi6n hit 6 xa,th6ng qua hiQn tuong th6u kinh h6p dan

mpnh. Lray ta h0 qua tryc ti6p cria thuy6t tuong ddi r6ng cua Einstein: 6nh s6ng bi b6

cong trong truong hAp d5n. SU be cong cdng rnanh khi tia s6ng hay 
9Y:."U 

d^t{ t^u c1a

,ali1,a o ia di ca"ng iAn v6t the co kh6i luong lon. Sp be cong ndy khi0n vat thO xu6t

hiQn o vi tri kh6c so vdi vi tri thgc cua n6 tpo nOn hiQu rirng 6o 6nh va t6p trung tia

s6ng. Nhd hiQu ring t4p trung tia s6ng ndy ma tin hiQu .o tne duoc khu6ch dai l6n

;hi[" lin, d6 ddng ion^trong vigc pnai hiQn c6c thi6n ha rno nh4t o xa' Flay.n6i cdch

kh6c, thAu kinh h6p ddn,rarh nhu-rn6t kinh thiOn vf,n cita tg nhiOn giirp tirn ki0rn c6c

vpt the rnh trong d$u kien binh thudng kho c6 the duoc quan sdt dugc.

c6 tho noi phuong.phap duoc sir dung trong lu6n fn iry dung trong qu6 trinh

nghiOn criu duoc cEng dO"g i6c nhd thi€n vdn hqc vd ",{ ti thi6n v5n hi€n nay c6ng

nhAn vh su dung .0rg rai t<Ct hop vdi thiOt bi quang ph6 hiQn d1l. 
$yOc 

l6p trOn Kinh

thi6n vdn lon - Vlf. fi5t qu6 nghi0n cuu cira lupn 6n phu hop v6i kOt quA cira cdc titc

gihkhirc vd dd duoc c6ng b6 trOn c6c tap chi c6 uy tin trong nudc (Comrrunication in

Fhysics) vd ngodi nu6c (Astronomy & Astrophysics) duoc cQng d6ng khoa hqc d6nh

gi6 cao.

Cac c6ng trinh li6n quan truc ti6p ctra lu4n 6n td:

- Thai et al., Probing the faint-end lurninosity function of Lyman-alpha ernitters

at 3 < z < J behind 17 MUSE lensing clusters, A&A, 678 (2023) 4139'

D Ol: https : I I doi. or gl I 0 . I 0 5 1 I 000 4 -63 6 I I 2023 4 61 | 6 .

- Goovaerts I. et ai., Evolution of the Lyman- cr -emitting fraction and UV
properties of lensed star-forming galaxies in the range 2'9 < z < 6'1,2023,

A&A, 67 S (2023), All 4. pQt ; https ://doi. org/ 1 0. 1 05 1 /0004-63 6 1 /202347 1 I 0 ;

- Thai et al., Studying the luminosity function of lyrnan alpha emitters selected

behind 17 lensing ilusters from rnulti-unit spectroscopic explorer (rnuse/vlt)

observations, Comniunications in Physics, Vol. 32, No. 43 (2022), pp' 441-

45 1. DOI: https://doi.org/l0. 1562510868-3 166/1 7126'



5. KOt quA nghiOn criu m6i cl ,atdc gih

- LuQn an dd xdy dgng dugc bO s6 tigu vdi 600 ng,.,i,,, phai xq v4ch Lyman alpha c6

khodng ii.tr.tr,ryen'dt:2.i 12l-6.7, ddy la UO dt lieu-lon nh6t vC c6c thien T^p16ti?
Lyman'alpha quan s6t duoc nho hiQu fng th6u kinh hdp dAn su dung m6y quang ph6 dadoi

tuqng MUSE, dat t.Cn Kinh VLT (Very Latge Telescope) t?i. Ddi tt]i.".r,lel 
.N?t" 

Au' C6c

,gra?, ph6t xa Lyman alpha trong t1p mfiu ndy kh6ng bi anh hucrng boi bat ki chon loc trdc

qiurrg nao truoc-do (thuong uu iien-cac nqrot phat xa li€n tpc manh)' Tap mAu ndy c6 d0

tirrng trai ddi rrong khoang-tu 10re t6i 10aj erg s-r,-vd x6c dinh hi6u.quA hdm d0 trung cta

thi6;ha ving md 
"t it 

ruOig t6i 1040 erg s-r. 1i{p m5u ndy thi6t lap m6i tucrng quan gita hirm

d6 trung tai vung.r6i *o"nh4t ttrg.thu tU bien ddi cua h9^s5.g6c.theo.hdm cua su dich

.rruvcn?o. po a6 au'liQu cfrng nhu kct qua nghiCn criu cira lu6n 6n lir ngu6n th6ng tin tham

khdo quan trong cho c6c nghiCn cuu trong lTnh vuc ndry'

- Lufln fn dd ph6t tri6n thdrnh c6ng mQt g6i tinh to6n tu dQng xdc dinh th6 tich Vfr tru

(Vmax) bi chi6m glg UOi m6i thien hh duoc ph6t hiQn trong k!6o s6t cho mqt lugng lcrn i7

curn thi6n'hd thAu t irt-r t Ap d6n. Day ld d4i lucrng quan trong nh6t trong vi6c xiy dung hdm dO

trung nham x6c dinh m6t dO thi€n hd trong mQt don vi d6 trung cho tru6c trong mQt dcrn vi

the tich Vfr tru.
- D0 d6c 16n cua hdm d0 trung Schechter ti6p tuc dugc quan s6t thay tr vung dQ l'ul"g To

nh4t hcrn mudi lAn so voi c6c khao s6t lrucrng tr6ng tru6c d6. Xu hucrng tdng nhe cua dQ d6c

ndy theo dich chuy6n do cfrng ti0p tqc dugc khang dinh'

- Sai s0 hQ th6ng li6n quln tOi viec tinh to6n t-,a," Ag trung trong c6c truong hAp dAn m4nh

cflng duoc d6nh gi6]trong do bao gom: trQ sO t<nu0ch dqi tir m6 hinh th6u kinh h6p d6n; cach

do dac th6ng luc-rng'1gr6"n; do qu6-trinh llra chon ngu0ng cat ae loai bo c6c ngu6n mo nh4t;

tinh d6n c6c ngu6n c6 d6 tin c4y thAp hon.

- fet quA"cua luAn 6n chi ia mdt dO t6c dg hinh thdnh sao cta loai thi€n hd ph6t xa vach

Lyman.alpha tang theo hirm cua dich chuy6n do. C6c thi6n hd ph6t x4 vach Lyrnan d6ng gop

d6ng kO viro qu6 trinh tdi ion hoa Vfl tru so khai'

6. IJu di6m vd nhuoc di6rn vdi nQi dung, t6t cAu cria lu4n 6n. Chi racac v6n d6 cAn

ph6i dii:u chinh, l2rrn 16:

Uu cltetn;

Lu4n 6n co b6 cpc vd n6i dung dugc trinh

liqu dugc trich d6n dAy dir. Cac nOi dung trinh
,;. .A

tlep den luan an.

bdy 16 rdng, dAy dri. 56 luqng c5c tdi

bdy trong ludn 6n dOu liOn quan truc

Nhrctc di€rn;
LuAn 6n:
- DOi voi Chuong 5 kh6ng nOn d6 duy nhAt tndt muc 5.1 hofic n6u dC thi tieu de

muc 5.1 cflng phai dAy du gi6ng ti0u d0 cua chuong se hqp ly hon.

forn t6t ludn 6n:

- BO sung ien ti6ng Vi6t ciralu A,n in trong Tom tdt lu0n 6n ban tir5ng ViQt' 
. i..

- N6n co phAn Mpc lpc AO ae theo d6i vd b6 sung rnpc Tai liQu tharn kh6o d6i v6i

cfc trich dfln hoac khi trich dfln tdi liQu co ducrng d6n (link) cho tdi lieu d6 trong birn

Torn tit 1u4n 5n titing Anh vd titing ViQt
- T6m tit luanZnbintiOngVigt can dfch mQt s5 tu'th6ng nh6t vd s6t nghla hon

nhU: "lanh dAn", "chiu tr6ch nhi6m", "thien hd co nhAn hoat dQng",."thiOn hd hinh

thanh sao"... non su'dung ViQt hoa gdn nghia hon vi dp nhu "nguoi dAn", "lh nguyen

nh6n cua ...", "nhan thion hd hoat dong", "thi6n hd co sao hinh thDrnh"...

Y t i0n khdc: Kh6ng.



i. K5t luan chung cAn khing dinh mric d0 d6p ung c6c y6u cAu d6i voi rnQt lu4n an

tiOn si"t"yOn ,gfrrh. Bin t6ir tat lu6n 6n ptrin 
-an| 

tyne ,l?nh-16i, 
{un-e 

co fal c{
lu4n 6n hay kh6ng; lu6n 6n c6 th6 dua ,u bao vQ c6p Hqc vign d0 nhan hQc vi ti6n si

dugc hay khdng?

Nhin chung, Luan an dugc trinh bay c6 b9 cgc hgp ly, logic phu ho.p lqi t6t,Ti
dung nghien criu da drg" da ra cflng nhu c5c k6t qua nghien criu rnQt cach th6ne nhit'

Oay"fai"Ot luan 6n dugc hodn thdnh tron co so 02 cong trinh da Ayq.c c6ng bO tron tpp

chiqu6c ic .ry tin Astronomy & Astrophysics co chi sO cao (IF:5'4) vd 01 c6ng trinh

;;;;trior rup .rri Communicalign in Hrysics. Cn nOi dung vdr hinh thirc ddu d6p irng

c6c y6u cAu d6i v6i mQt l.u4n 6n ti6n si' , ,
Ngudi nh4nxei ae nghi nghi6n criu sinh TrAn Thi Thai duoc b6o v0 trudc HQi

AO"g .fral" t"ar'a, ti6n si JAp ffq" viQn vd nh6n hsc vi ti6n sT chuyon ngdnh Vat ly

nguy6n tri vd h4t nh6n.

Hd Ni.i, ngdY 06 thdng 0B ndm 2024

Ngudi nhfln x6t

Ph4m Ngq" Ddng

fi\



VIE. N HAN LAM
KHOA HQC VA C6NG NGHE \TN

HQC VIEN KTIOA HQC VA CONG NHE

CQNG HOA XA HQI CHT NGHIA VIET NAM
EQc lfp - Tq do - H4nh phtic

Hd NAi, ngdy 29 thdng B ndm 2024

NGHI QUYET
CUA HQI DONG DANH GIA LUAN AN TIEN Si CAP HQC VIEN

TCn nghiCn cfu sinh: TrAn Thi Th6i

VA Od tdi: "The sources of cosmic re-ionization as seen by
MUSE/VLT"

Chuy0n ngdnh: Vat ly nguyOn tu vd hat nh6n. Md s6: 9 44 0106
Nguoi hudng d6n 1: TS. Phpm Tu6n Anh,

Trung tdm vfl tfu Vi0t Nam, ViQn Hdn Ldm KH&CN ViCt

Nam.

Nguoi hu6ng ddn2: TS. Roser Pello,
Trubng Eai hqc Aix-Marseille, CQng hda Phdp

SO tnann vi6n HQi d6ng ddnh gi61u4n 6n ti6n si c6p Hgc viQn c6 m{t:07107

HQi d6ng d6nh gi5 lufln finti€nsi c6p Hqc viQn cria NCS. TrAn Thi ThAi dA

hgp tir 9 gio 00 phrit d6n 11 gio 30 phrit ngay 2910812023 tai Hgc viQn Khoa
hqc vd Cdng nghQ, s6 tS dudng Hodng Qu6c Viet - CAu Gi6y - Ha NOi.

Sau khi nghe nghiOn ciru sinh TrAn Thi Th6i trinh bdy nQi dung lufln 5n

trong thdi gian 30 phft, HQi d6ng dd nghe cdc phhnbiQn ph6t bi€u nhfln x6t lufln
an. AOi d6ng cla ti6n hdnh th6o 1u0n chung tai HQi trudng, sau d6 HQi d6ng da

hgp ri6ng vd nhSt tri quy6t nghi nhu sau:

1. KCt qui bo phitSu ddnh giit 1u0n 6n cria HQi d6ng: s6 phitlu t6n thdnh ld
07107, trong d6 sO phi6u xu6t sic ld05lO7.

2. Nhfing k6t luQn khoa hgc ccr b6n, nhffng di6m mdi, d6ng g6p mdi cira lufln
6n

Tirc gih d5 nghiOn cfu sO liQu thu dugc tu hon 600 ngu6n ph6t bfc xa
Lyman alpha dugc quan s6t bei MIISE vd VLT. C6c s6 liQu d6 dugc phdn

tich su dung phuong ph6p dugc gi6i thieu $ong c6ng trinh G. de la Vieuville
et a1..,2019 (DLV 2019) sau khi dugc diOu chinh dC p\u hqp vdi d0 dich
chuy6n d6 lcrn. 'lirc gih da tinh to6n vd dua ra b0 tham s6 phu hgp cria hdm
Schechter v6i d0 dich chuy0n do thAp 6 mric dQ dich chuy6n d6 cao,

4.0<z<5.0 vdr 5.0<z<6.7,hitm Schechter dugc thay thO bing hdm Schechter
biOn d6i. Sri dpng hdm Schechter, tdc giittinh to6n vd thu dugc mflt d0 s6ng,

tt d6 suy ra t6c d0 hinh thdnh sao vd ddnh gi6 qu6 trinh tdi ion h6a. KCt qu6
cho thAy ring circngudn ph6t x4 Lyman alpha c6 vai trd quan trgng trong qu6
trinh t6i ion h6a. Chi ti6t cu th6 nhu sau:

ffiY uoc</
'5[ xnon
,t\ coxr



. PhAn tich s6 liQu thu dugc tir lrcrn 600 ngu6n ph6t bric xa Lyman alpha
phiasau1ZclustertFaf liintrh-6p-d6at1ru-duge-boiMUSFvd-V{,T-v6i-dQ--
di.h rhryi5n do 2.9<z<6.7, vd 39.0<logl[erg s-11<44.0. thc tich kh6o s6t

kho6ng 50000 Mp"', eap 3lAn th6 tich dd dugc kh6o s5t b6i DLV 2019.

. Tim ra b0 tham s6 phu hgp cho hdm Schechter v6i cho tctroAng dfch
chuyOn d62.9<z<6.7.

. Cdc gi6 tri cria hdm dQ trung o v[rng dQ trung lcrn (logl>42) hodn todn
phu hqp vli cdc k€t qu6 nghi€n cfu tru6c d6. O vung c6 d0 trung thAp

hcrn, v6i d6ng g6p tit c5c ngu6n md vd c6 c10 ph6ng dai l6n cria hiQu ring
thAu kinh hAp d5n, mflt d0 ngu6n thu dugc nim trong gi6i hpn sai sO cho

ph6p.N6 cfing phu hcr-p v6i mOt sO nghi0n ciru tru6c d6.

. Cdc ktit quA cho thAy hinh th6i cria hdm dQ trung khi logl<47 c6 th6 la
nguy6n nh6n ldm tdng mflt d0 hinh thdnh sao virng 3.0<z<6.0. N6 cflng t6i
khing dinh vai trd cria bric x4 Lyman alpha trong viQc duy tri trpng th6i
ion h6a cria nguy6n tt Hydro trong v[ tru. O virng dfch chuy€n d6 z - 6,

d6ng g6p ctra chting tuong duong vfi cdc ngu6n LBG.

3. Co sd khoa hgc, d0 tin cpy cria nhfing lu4n diOm vd nhfng ki5t lu{n nOu

trong lufln 5n

C6ck€t qu6 cria lufln 6n thu dugc dpatr6n sg ph6n tich co so dt liQu thu
dugc tu i6c trpm quan sdt MUSE vd VLT, 1i6n qudn d€n bric x4 Lyman
alpha tu nhi6u ngu6r, kh6c nhau voi tdc dQng cria hipu ring th6u kinh hap

ddn. Sau khi tinh to6n hdm dQ trung, tdc gih c6 thO u6c lugng dugc tdc d0

hinh thenh sao vi tt d6 ddnh gi6 qu6 trinh t6i ion h6a. Edy ld phuong ph6p

nghiCn crlu hiQn dpi vd c6 d0 tin cfly cao.

4. Nhfrng uu di6m cria lufln 5n (!'nghia ve ty lufln, thgc tiSn vd nhfing dO nghi
sri dpng c6c kt5t qu6 nghiCn criu cria lufln 6n)

. NOi dung 1u0n 6n c6 y nghia khoa hoc cao, ld d6ng g6p c6 y nghia cho
ngdnh y[lj,n6i chung vd v0t ty thi6n vdn n6i ri6ng. Cung cAp nhfing hi6u
bi6t chuy6n sAu v€ qu6 trinh ph6t tri6n cria vff t4r.

. Cdc k6t qui thu dugc trong lufln 6n c6 th6 dugc sri dpng dC so s6nh vdi
cdc thi nghiQm 1i6n quan nhim dfuh gi6 tinh x6c thlrc cria c6c md hinh,
cflng nhu str dpng trong c6c nghi€n ciru m6i trong tuong lai.

5. Nhtng thi0u s6t c0n b6 sung, srla chta (n6u c6):

Lufln 6n dugc trinh bdy mpch lqc, cdu ffric h-o. p ly, tuy nhi6n v6n cdn mQt sO l6i
nh6. D€ nghi NCS srla lai ludn intheo d6ng g6p cria c6c thdnh vi0n hQi ddng.

6. KCt lufln cria hOi ddng:

. Lu0n 6n dfip fng dAy dri c6c yeu cAu cta mQt lufln 6n Ti6n si chuy0n ngdnh
VAily nguyen tri vd h4t nh6n theo quy dinh cria nhd nudc.
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\-rE\ r-rAN rAu ceNG HoA xA rler cHU Ncuia vIET NAM

iaHo \ Hoc \iA cONc NGFm vN
Hec \rE\ KHoA Hec va cOxc Ncrno

DQc tflp - Trp do - H4nh phtfic

Hd N|| ngdy 29 thdng B ndm 2024

BIEN gAN HQI DONG DANH GIA LUAN AN TIEN Si CAP HQC VIE,N

Nghi6n cfu sinh: TrAn Thi Th6i

pC tai: "The sources of cosmic reionizations as seen by MUSE/VL?'.

Chuy0n ngdnh: Vat ly nguy6n tu vd h4t nhin.

Ngudi huong d5n 1: TS. Pham TuAnAnh,

Md s6: 9 44 Ol 06.

Trung t6m vfr tru Vigt Nam, ViQn Han LAm KH&CN Vi-et Nam.

Nguoi hucrng ddn2: TS. Roser Pello,

Trucmg Eai hqc Aix-Marseille, CQng hda Ph6p

Quy6t dinh thanh lflp HQi d6ng s5: 885/QD-HVKHCN ngity 19/712024 ci,r. Gi6m d6c

Hqc viQn Khoa hoc vi C6ng nghQ

Thbi gian hgp: 9 gid 00, thri Ndm, ngiry 29 th6ng 8 ndm 2024.

Dia diOm: HQi truong 1705, nhd A28, Hqc viQn Khoa hqc vd C6ng nghQ, sO iS duong

Hodng Qudc ViQt, CAu Gidy,Ile NOi.

NOI DUNG

1. Tt 9 gid'00 tl6n 9 gid'30:

- Eai <liqn co s6 ddo t4o tuy6n bO 11; do, doc Quyt5t dinh thdnh 10p HQi d6ng d6nh

gi6 lufln an c?,,p Hoc vi6n. DC nghf Chtr tich HQi d6ng di6u khi0n bu6i hqp.

- ChtI tich HOi d6ng diAu khiOn bu6i hsp:

+ Tuy6n bO sO thdnh vi0n HQi ddng c6 mifi: 07101 (c6 danh s6ch kdm theo).

+ 56 1&6ch mdi tham dU bu6i b6o vQ: 10 ngudi

+ Thu k)l hOi d6ng dqc ly lfch khoa hoc vd ki5t qui hqc tQp cianghiOn criu sinh.

2. Tir 9 gid 30 tl6n 10 gid'00:

- Nghi0n criu sinh TrAn Thi Th6i trinh bdy nQi dung lufln 5n'

3. Tir 10 gid'00 tliin 10 gid'30:

- Phin biqn 1: Doc nhtn xdt lufln 6n (kdm theo todn vdn nhQn x6t).

ffi
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- PhAn biQn 2: Dgc nhQn xdt lufln 6n (kdm theo todn vdn nhfln x6t).

- PhAn biQn 3: Doc nhfln xdt lufln 6n (kdm theo todn vdn nh6n x6t).

Cfc cffu h6i cria thinh vi6n HQi tl6ng vi cflu tri ldi cria nghiGn criu sinh:

1, Y kit5n ctra PGS. TS. Ng6 Ngq. Hoa (phAn biQn 1)

Ciu h6i L: Trong qu6 trinh kh6p ph6 vach Lyman alpha aC tintr th6ng lugng
"lcta ngu6n, c6 mQt vdi v4ch phirtx4lAn cQn vach Lyman alpha, nhtng vpch ndy

c6 ducvc tinh d6n trong qu6 trinh khdp ph6 kh6ng, ldm sao dC loai b6 anh hucrng
cua chring? Trong qu6 trinh ndy, vi6c 16y mo r6ng th6m 6.25 Angstrom vC hai
phia trdr phAi ctra dinh vach ph6 c6 Anh huong gi d6n qu6 trinh kh6p ph6
kh6ng?

Tri ldi:

C6 hai c6ch d0 tinh th6ng lugng ctra ngu6n:

C6ch 1: Khop ph6 v4ch cria m6i ngu6n phdtx4vach Lyman alpha sri dung hdm
Gausian Uat AOi xring do Shibuya et al. 2014 dO xu6t. Trong trudng hgp ndy,

i. ). -flux cira m6i ngu6n dugc tinh tr6n mQt lft6i dfi liQu c6 kich thu6c 5"x 5" x 12.5

Angstrom. Tuy nhi6n, gi|tritrung binh cria dQ rQng nua chi6u cao ph6 cia chc
ngu6n ph6t x4 v4ch Lyman alpha trong m6u ld 7 Angstrom. Do d6, khcrp ph6
phatx4Lymanalpha v6i d0 rQng 12.5 Angstrom ld hoan todn dim bAo.

Cdch2: Su dgng phAn m6m Source Extractor aO tintr th6ng lugng cua ngu6n c6
kich thu6c 10"x10"x d trong d6 d h d0 rQng v4ch ph6t xp Lyman alpha dugc
x6c dinh bing c6ch xem x6t dQc lflp tung ngu6n cp thO. Chring t6i lo4i bo d6ng
g6p cu.a chc phdt,xa continuum cfing.nhu nhiSu cua nhfrng vach lAn cfln (x6c
dinh bing cdch l6y trung binh mirc n6n bOn tr6i vd b6n phAi v4ch ph6 Lyman
alpha v6i d0 rQng khoing 20 Angstrom).

Thdng luo. ng cta ngudn ph6t x4 Lyman alpha theo hai c6ch ndy sai kh5.c nhau
ktroAng 10%. Su sai kh6c ndy dugc su dung dC d6nh giri sai s6 trO ttr6ng cua k6t
qui hdm dQ trung.

Ciu h6i 2: T4i sao s6 lugng ngudin phdn bi5 trong nhfing khoing dQ trung thAp
sau khi tinh d6n "completeness" l4itdng 16n d6ng k6? Khi log L :42.25-42.5,
tai sao st5 lugng ngu6n sau ktri hiQu chinh l4i tdng dQt ngQt so v6i nhtng kho6ng
dQ trung ldn cfln?

TrA ldi: D4i lugng completeness "c"' d{c trung cho x6c suAt tim th6y ngu6n
trong 1 k6nh bu6c s6ng cfing nhu d6ng g6p cira ngu6n vdo gi5 trf hdm dQ trung
trong mQt kho6ng dQ trung cho tru6c. X6c sudt cdng nho nghia ld d6ng g6p cta

I . ,^
ngu6n sau hiQu chinh cdng 16n. Hdu hOt c5.c ngu6n md, log L < 40 d6u c6 gi6 tri
completeness kh6 nh6, do d6 s6 lugng ngu6n tdng lOn ddng kO khi tinh d6n dai
Iu.-o.ng niy. O virng dQ trung log !:42.25-42..5, s5 luo.ng ngu6.n saukhi tinh
d6n completeness tdng l6n d6ng kO ld do su xu6t hign cria 1 ngu6n c6 dQ trung
l6rn tuy nhi6n completeness cira ngu6n niy kh6 nho chi o mfc vdi dcrn vi phAn
trim.

Z,Y ktenctu GS Dio Ti6n Khoa fuhnn biQn 2) .
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Cflu hdi l: Cfuc ngu6n ph6t x4 vach Lyman alpha duoc quan s6t nhd vdo hiQn

tuong th6u kinh h6p d6n; tin hiqu tir chring dugc ph6ng dai nhiOu lAn. Theo

thuy6t tuong d6i, tin hiQu bi bd cong theo kh6ng thcri gian. Em c6 xdy dgng m6

hinh cho su b6 cong niy kh6ng?

T16 ldi: Trong ki thuflt nghiOn criu th6u kinh hAp h6n, mO hinh b6 cong kh6ng

thcri gian lu6n duoc dua ra OO tintr to6n dQ ph6ng dai oia inh. Trong 1u0n 6n

ndy, todn bO 17 cum thi6n hd thAu kinh hdp d5n dd dugc quan s6t boi Hubble

Space Telescope (IIST). Tuy nhi6n m6 hinh th6 thAu kinh h6p d6n v5n chua

duoc hodn thiQn do c6c quan s6t sau ndy cua MUSE dd phat hiQn th6m nhiAu

ngu6n, cffng nhu nhiOu enh, d mQt s6 cpm th6u kinh hAp d5n. Richard et al202l

dd chi thiQn mO hinh th6 th6u kinh h6p d5n dua tr6n nhtng quan s6t m6i ctra

MUSE ktit hqp v6i inh cua HST. Edy ld m6 hinh hodn thiQn nnat O thdi diOm

thUc hiQn ludn 6n, do d6 chring t6i da 6p dUng m6 hinh d5 vdo trong bdi to6n

cta minh.

:, Y tdtin cria PGS TS E6 Quiic Tu6n (phf,n biQn 3)

Cflu h6i 1: Trong qu5 trinh ktrop hdm bi0u diSn m6i li6n hQ gita ti le tho6t

Lyman alpha photon theo him cua dich chuy6n do, n6u chi khop hdm theo 3

di6m td k6t quA thu dugc tu bai b6o Thai et a|.2023, k6t qu6 thu dugc co du tin

cQy hay kh6ng?

Tri loi:

- Cdc quan s6t hiOn nay, n6u kh6ng th6ng qua th6u kinh hap ddn chi c6 thO tim

ki6m dugc c6c thi0n hd c6 dQ trung log L - 41, tronglfti d6 su dgng th6u kinh

h6p d6n cho ph6p ph6t hiQn nhiAu hon cdc thi6n hd o dQ trung thfp log L < 41.

Vt6i tl6n hQ gitra ti le tho6t Lyman alpha photon theo hdm cira dich chuyOn do

duqc bat dau v6i c6c thi6n hd ph6t x4 Lyman alpha c6 d0 trung 1og L -41. c6ch

ti6p cQn ndy nhim so s6nh cdc l<6t quA nghiCn cuu gAn d6y v6i c6ch ti6p cfln

truy6n th6ng cira Blanc et al. 2011, Hayes et al. 2011, Konno et al. 2018.

- Khi c6c quan s6t v6i thi0n hd thAu kinh h6p d6n duoc thuc hiOn, cho ph6p tim

kiOm nhiOu hon c6c thi0n hi c6 dO trung thAp. 56 lu-o. ng m5u kh6o s6t trong bdi

b6o Thai et al. 2023 kh6 16n -600 ngu6n, cho ph6p khio s6t hdm dQ trung o

nhtng virng md nh6t hiQn nay, k6t qui hdm dQ trmg tiOn triOn theo thdi gian thO

hiQn su giatdngdang k6 mat d0 thi6n hd md ry virng dQ trung th6p. Trong pham
A a A r\ I \'1 I l-- --1--\- 1- ^.'^ --r.:vi sai s6, kOt qui nghiOn criu tu bdi b6o ndy phu hgp v6i m6 hinh dugc d0 xuAt

boi Hayes et al.201t. f6t nhiOn, sai sti trong trudng hqrp ndy v6n cdn kh6 16n

nOn chua th6 khang dinh tinh chEc chdn.
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+,'f kitin cria PGS TS NguySn Vin Thr{i (thinh viOn HQi tl6ng)

c6u h6i 1: Qu6 trinh khcrp hdm d0 trung 6 cdc khoang dich chuyOn do kh6c

nhau, sai s6 giatridQ trung o nhirng vung dQ trung thAp kha 16n, c6 c6ch ndo d0

cAi thiQn sai s6 kh6ng?

Tri ldi: O nhfing virng c6 d6 trung th6p log L < 40 chi kho6ng 20 ngu6n, hAr-r

h6t nhtng ngu6n ndy c6 dQ ph6ng dai l6n, gi6 tr! completeness thAp, sai s5 cua

nh0ng d4i luqng ndy khri lon do d6 kh6ng dugc tinh d6n trong qu6 trinh khdp

hdm. T6t ch cdc ngu6n sai s6 dd dugc tinh d6n AOi vOi nhtng virng c6 dQ trung

th6p. Tuy nhi6n, c6ch t6t nh6t va hiQu quA nh6t v5n li tdng s6 lu-o. ng ngu6n.

Trong chuong trinh quan s6t uu ti6n cua Ddi thi0n vdn Nam 4u,25 cum thi0n

hd thAu kinh hAp d5n dugc lua chon quan s6t dC tim ki6m c6c thi6n hd c6 d0

trung thdp. Tdt ci nhtng quan s6t ndy dOu dd dugc thgc hiQn vd dang trong qu6

trinh xu I s6 hQu, x6c dinh d0 dich chuyOn d6, vd udc luong dQ ph6ng dai cua
). ^-tirng ngu6n. SE c6 khoAng 40 ngu6n c6 d0 trung thdp log L < 40.5, dQ ph6ng

d4i 16n duoc th6m vdo m6u khAo s6t hiQn c6, sai s6 gia tri hdm d6 trung o

nhfing virng ndy chhc chtn sC duoc cii thiQn d6ng k6. CAn phni n6i ring, chi phi

cho 1 dOm quan s6t cira Ddi thi6n v[n Nam Au ln kh6 l6n, chirng t6i sC cO gang

xin thdi gian quan s6t nhi6u nfr6t cO ttrO.

S, V ki6n cria TS Dinh Nguy6n Dinh (Thu kf HOi tl6ng)

h6i: Sau khi kh6p hdm d0 trung, em tinh t6c dQ hinh thanh sao nhu th6

Tri ldi: Bin ch6t cua hdm dQ trung ld s6 luqng thi6n hd c6 th6 quan s6t dugc

trong mQt don vi th6 tich Vfl tru vd mQt khoing giatri dQ trung. Do d6, mflt d0

dQ trung dugc x6c dinh bing cach l6,y tich phdn hdm dQ trung theo gi6 tri dO

trung trong virng kh6o s6t. Ap dpng d5i v6i truong h-op t6i k6t hqp B (case B

recombination) (Brocklehurst et al. l97l) d nhiQt dO 10 000 K, ti s6 th6ng

luo.ng gif,a Lyman alpha vd Halpha la 8.7 ((ennicutt et al. 1998), t6c dO hinh

thdnh sao dugc tinh dga tr6n c6ng thirc:

SFRD :1/z I (1.05 l0o')

Trong d61/z li mflt d0 d0 trung ciaphdt xa Lyman alpha.

6,'f tritin cria PGS TS Dinh VIn Trung (Chri tich HQi tl6ng)

Cflu h6i: Khi dC cap d6n c6c ngu6n c6 d0 trung thAp, nhiOu ngu6n trong s6 d6

c6 d0 ph6ng dai kh6l6n. D0 ph6ng d4i ndy ld m6 phong hay do thUc t6?

Cflu

ndo?
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4.

Tri ldi: tdt ca cic thiOn hn th6u kinh h6p ddn dugc su dqng trong 1u0n 6n d6u

dugc xdy dr,rng m6 hinh th6 thAu kinh h6p d5n dga tr0n nhtng 6nh quan s6t boi

FIST, VLT. Nhtng mO hinh th6u kinh niy cho phep x6c dinh d0 ph6ng d4i cua
.t,

ngu6n dua tr6n vi tri cua ngu6n so v6i dudng tu quang caustic, kich thu6c cua

ngu6n, v.v. Do d6 gi|trf ph6ng d4i cua tirng ngudn ld gi|trf do thgc tti (vdn phu

thuQc vdo m6 hinh th6u kinh). D6ng chiy, trong 1u0n 6n ndy c6 sU xu6t hie.,

cta cpm thi6n hd th6u kinh h6p dAn A2744 c6 c6u tnic phric tap, cQng d6ng

thiOn v6n v6n dang titip tuc hodn thiQn m6 hinh th6u kinh h6p d6n cho cqm thi6n

hd ndy. O thdi di6m thuc hien 1u0n 6n, md hinh cua A2744ld m6i nh6t, dAy dri

nhAt. Chirng t6i ph6t hiQn, ddng sau cum thi6n hd th6u kinh hAp dan ndy c6 1

ngu6n dugc ph6t hiQn v6i dQ ph6ng dai lOn ddn 137 , tuy nhi6n sai s5 gi6 tri
ph6ng dai 16n d6n 100%, khi ndng ngudin ndy nim ngay tr6n duong t.u quang.

Tt 10 gi& 40 tl6n 10 gid 55: Nghi giii lao

Tt 10 gid 55 tl6n 11 gid'20: Hgp hQi tl6ng ri6ng

Th6ng qua k5t lufln cria HQi d6ng (c6 vdn bin kdm theo)

Ghi phi6u nhfln x6t lufln 6n.

KOt qui kiOm phi6t 07107 thanh viOn t6n thanh (trong d6 s6 phi6u xuAt s6c

05107) vd d0 nghi Hgc viQn ra quyOt dfnh c6ng nhfln hpc vi Ti6n si Vat ly

nguyOn tu vd h4t nhdn cho nghiCn criu sinh TrAn Thi Th6i.

Ttr 11 gid 20 tl6n 11 gid 30

Chu tich HQi d6ng dgc ktlt lufln cua hQi d6ng ddnh gi|lufln 6n.

Cht tich HQi d6ng nOu c6c di6m chinh sira, b6 sung cira lufln 6n.

HQi d6ng k6t thuc hic 11 gio 30 phrit ngdy 1110512023.

THUrf ngr DONG CHU TICH HOI EONG

TS. Dinh Nguy0n Dinh TGS.TS. Dinh Viln Trung
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vtEN HRN I-Air,t

Kr-roA I'tec vA c0Nc NGHE vN
[[ec vIEN KHoA Hqc vA c6uc NGI{E

ceNG uoa xA HQI cHU Ncuia vllir NAIVI

DQc l$p - Tr.r do - H4nh Phitc

nAN GIAI TRINH cI{iNFI su'A, nO suxc LUAN AN unN si
CAP I{OC VIEN

Ngriy 29 thdng 8 ndm 2024,IIgc viQn l(hoa hoc vdr C6ng nghQ dd t6 chirc c16nh gi6
, .i * A r r'.

rlran iur rrep sl cap I-Ioc vi6n cho ngliiCn citu sinlt TrAn Thi Thfi theo Quy0t ctinh s6

88-5ieD-1{VKIICN ngiy t9 rh6ng 7 ndm 2024 ciaGi6ni c16c FIgc viQl.

OO tai: The soLrrces ol'cosmic re-ionization AS seen by MUSII/VLT

1'6n f i6lg Viet: Nghi6n ciru c.{c ngu6n tdi ion hoa Vir trr-r sir clung mfy qtlang ph6 da

ci6i tLrgng IvIUSE ctra dii 1hi6n vdn Nam Au ryLT)
Ngdnh: VQt ly rrguy0n tir vir H4t nliAn, Md s6: 9 44 01 06

Ngtrtri htrcrng clAn khoa hoc: 'l'S. Pham TtrAn Anh, Trttt.tg tAm Vti tru Vi6t Nanr

TS. Roser Pello, Dai hgc Aix-Marseille, C6ng lioa Plidll

'l'heo Ili6p btin cua I{Qi cl6ng, NCS b6 sung vi chinh sira ltrAr-r 6n cdc cli6m sar-r cl61':

NQi dung dfl-(lu'c.rc chinh stl:r,

- 
b6;q1g

NCS dA chinli s[La theo Qtry clinh

Nghi6n ciru sinh chin tlidnh cAm on Qui thAy, c6 tror-rg I{Qi d6ng c16nh gia 1u4n

dn ri6n si cAp Llc.rc viQn clA g6p y vd t4o co h6i cho NCS hoAn thiQn ltrAn zin cila tlinh.

Xin tr0n trc.rng can-r on.i.

Hit N1.i, nga1, .f 4 thcing /A ndnt 202-l

TAP THE rrU'oNG DAN NGHIEN CU'U SINTI

Itoser Pello

xAc NIIAN c(ta llgc vt$N fub,/rrffi rr i r.A]\Ir. NTr,frl]^.r'
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PGS. TS Einh Vin Trttng

Ph4m

NQi tlung d0 ngh! chinh sii'a, b6 sung

NCIS cAn chinh stia T6ru tdt lttiirr iin Ti0ng ViQt

va 'f iting AIrh theo Qtry clinh cLra IIoc vi6n
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