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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:

253
Ty

in which p is the density of the gas, G is the gravitational constant, c; is the sound speed



0.5
identified by ¢ = (%) (y is the adiabatic index, T is the gas temperature, i is the mean
molecular weight, m,, is the mass of the proton, and kj, is the Boltzmann constant). During

this stage, the mean gas density can be computed using the following form:
05 =pcQp(1+2)° (1.2)

where p. is the critical density of the Universe, the baryon density parameter
and redshift are 0, and z, respectively. [1] have shown that at redshift z; = 136, the
temperature can be estimated as T = 2.73(1+z;) = 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, My ~ 3.2
x10* M, and its temperature decreases as a~ ! ( [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 Mo, will have their thermal pressure compensated by gravity. However, for the halos
with a mass below 108 My, the stars formed in this region will require another mechanism
to cool down the gas temperature below 10* K. This mechanism is called molecular cooling

caused by the formation of H, molecules:



The Dark Age The Ferst Galaxes

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 +vy
H+H — Hy+e

Considering feedback of H, formation combined with simulations until the end
of reionization, [8] found a constant rate of metal-free stars at 3 x 10~ M, yr~! 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 sSSFR = % ~1078yr tif
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 1077 M, of metal-poor stars and their host halos can contain a dark matter at a
mass of 10° My [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



size can vary widely. The most massive galaxy contains 10'2 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_122/1ect23/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 (Nal) and single ionized calcium (Call). The
appearance of these lines has been integrated by [15] as evidence for diffuse, extraplanar
hot gas (T ~ 10°K). 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
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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 ~ 10'2cm™~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 MglII and Call 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 Lya forest within a
region of 100 kpc in which HI is not seen [25, 26]. Atlog L ~ 16 the absorption becomes
a major factor, and robust column densities have to be obtained from profile fitting or
higher Lya series lines if the system is redshifted enough. This value is quite close to the
Lyman limit system Ny > 10'6cm™2. If the limitation is covered (z > 0.24 for Hubble), the
decreasing of flux at A = 912(1 + z) A allows us to measure precisely log Ny and metallicity
properties. At the higher level, i.e. log Ny ~ 18, where Ny 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 Lya 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



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.
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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 Call, Nal, MgII,
and Fell. 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 n?, where 7 is the number density of the gas and
the CGM has ny ~ 1072, 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 Lya emission has been



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:
1

" onuz)

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

(1.3)

z, ny(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 / ~0.2 ckpc at redshift
z =20 and [=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 10K, efficiently photo-evaporating proto-halos of
virial temperature below 10*K.

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



(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 7;,,, = 1048801
s~!Mpc~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 a4 is a measure of the
probability of recombination per unit volume per second. At a temperature of T ~ 10* K,
the recombination coefficient for hydrogen is: a4(H°,10*K) = 4.2 x 107!3 cm3 s™!. This
value is much larger than the typical value of 107!* cm3 s™! 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~%7. There are two main

channels for recombination: direct recombination, in which the electron decays to the



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
coefficientis ap(H°,10*K) =2.6 x 107 Bcm? s71.

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 a as follows:
trec(T,2) = (@(T)ng(z))~', where «a 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 Lya 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 Lya doublet. Three states 2S;,,, 2Py/2, and 2P3,, 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).

Lya 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.
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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].

Lya 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 Lya 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
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photons blueward the Lya limit, allowing them to ionize the surrounding ISM neutral
hydrogen gas and to emit Lya emission lines. The wavelength of the Lya 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 Lya emission extended over 10 kpc, or even more. The intrinsic
Lya luminosity in HII regions can be computed, based on the number of ionizing photons
emitted from stars [70]: L(Lya) = 2/3(1 — fosc) hvoQp erg s~1, where Qp is total flux of
ionizing photons, f,;. is fraction of Lya photons which do not ionize hydrogen atoms, v
is frequency of Lya photons in the rest frame. Under the optical thick assumption, which
is typical of HII regions, all Lya photons emitted by recombination of hydrogen atoms
are likely to be re-absorbed. All three states 2S;,2, 2P;,2 and 2P3,» of neutral hydrogen
atoms are equally populated, namely 2/3 of the recombination in HII regions converts to
Lyman-alpha photons [71].

The Lya 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 10°M,, 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 Lya
photons, the time scale of the Lya emission.

The intrinsic Lya 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 Lya 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 Lya 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 Lya photons and hence their probability to be absorbed by dust
grain. As a result, the transportation of the Lya 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 Lya 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 Lya 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 Lya 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 = Lijne/ Leontinuum  [76]. Liine,
Leontinuum and EW are in units of erg s, ergs™' A™!, and A, respectively. The EW of LAEs
could reach 240 A for normal stellar metallicities and 360 A 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 A 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 Lya emitting galaxy having
EW > 25 A for faint galaxies (Myy>—20.25) and bright ones (Myy < —20.25). This fraction
increases with redshift between 4 and 6, then decreases at higher redshift, implying that the
opacity of Lya 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.

400 [ T LJSN B e e e T
'y — ] Vi = —20.25 :
300 : \ O'G — A f;p.' < =20.25 —
S
r B ) A | 1 i
= WL s \ -.'-. Y ] g_(_)‘l - i |
i emisaion . '... . . > | j .
] ! AL, constant SF 4 L ] | | A
100 | b e 1 0.2+ ! . I I 7
[ “ inst. burst l i . . I L |
0 - 3 1 ]
| PR TP st | PSPPI ML P PRI '
5 8 7 8 o 00 4 5 6 7 8
log age [yr] Redshift

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)



13

EWpy,[A] <97.2 EWp,,[A] >97.2
=75] Nv Sir Ny {Sin St
It i : it + O
Ss0f
i ANV
= L
“oof L L A I S 1 1 AN

0.0

zs| M%MWWW sk /!\
a i i 20 e Ak nfLm.m/\aﬁ MA,«/‘MA

[ WY wv e d vwv v vw*vruw- vww,
oL n n n n 1 n n n n 1 n n n n OW W '“f n n
1250 1300 1250 1300
_1.5F 7.5
=
éso} 5.0F
I '
o L
$ 2.5
= L
Of———— i
<5k =
STV W] Y| SR AR, AA A _'n
. | | _ "\/ v WV'V WW \W\‘v\u./“vv \‘VW W“www\]\fuvu W‘VV LY
0 1400 1450 0 140() 1450

151 St v Hell 15F Sitrs HiCiv Hell

=

§5.o'— 5.0F

2 :

5} I B

& 25F 25F W

= A A
0.0F P SR £ S E S S— oofb——— S Ty
Z sl -

%5F sk M .y .
g ) ) T A T e
0 1550 1600 0 1550 1600

15 o) 151 o)

. ‘ _

[10720 erg/s/cm?/A)
v
=

2.5
0.0F
Z sk -
a 3 1 S h_ ] s
0 e o DY At et Mol e A ki Ve T TVt
1700 1750 1700 1750
_15F Sir) 751 Sirn] : et
I - : P
Es.o' 5.0F
5 WMWWMM i :
o B i L
= ” Py Ay
0.0 R 0.0H————— T AL —
Z r
aswwwmwmmm Do F A
of . . . . o bt T eV S UL ey
1850 1900 1850 1900
A (Angstrom) A (Angstrom)

Figure 1.8: Mean spectra of LAEs with Lya EW < 97.2 and > 97.2 (left and right, respec-
tively). The median values of the Lya 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 Lya analysis, such

halos may be extended by a factor of 5 to 15 compared to the UV emission. By dividing Lya
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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 Lya 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
Lya halos and found a correlation between extended Lya 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 A, 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.
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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 A). The break of the UV continuum flux can be
seen in the interval of 912 - 1215 A.

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 Lya line. The UV continuum flux in the blue part of the
Lya 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 Lya 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 Myyr~! at the redshift z ~ 3 [83]. They are a bit older than LAEs, typically ~300
Myrs at redshift z ~ 3 [84], more massive, 108~ M, 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 Lya forest

Spectra of high-z galaxies in the early Universe often display a series of absorption lines
that are related to the Lya 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 Ly« 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
ny > 0.94 at redshift z =5.9 [91, 92]. The lower column density region Ny ~ 1012-16
cm™2 is an ideal environment to observe Lya 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.
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Figure 1.10: Observed spectral energy distributions of a quasar at redshift z ~ 3.6 in the
rest-frame. The series of absorption lines (Lya 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 Lya forest. Credit: http://www.astr.ua.edu/
keel/agn/forest.html.

An example of using Lya 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 Lya 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 ~ 10* K [95, 94].

The very first confirmation of the presence of Lya series from the mostly absorption
of HI Lya 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 Lya 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 Lya line.

1.5.4 The Gunn — Peterson effect

It is already known that the Lya line is formed from a transition between the ground state
and the first excited state at a wavelength of 1215 A. 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 Lya
line. In some observations of quasars at redshift z > 6, one usually sees a strong absorption
pattern blueward of the Lya 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).
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Figure 1.11: Spectrum of a quasar at redshift z = 6.13 (ULAS J1319+0959) taken from [59]
simulation for the existence of Lya 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 Lya 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 xz; > 10~ exists in the environment

of IGM, this region will become optically thick to the Lya 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 Lya 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 Lya 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 Ny; = 102° cm™2, the absorption property can
be observed in the wing.

A (R)

F000 7500 BOCD 8500 S000 8500

J1148+5251 z=6.42 ' W___.__,
A At AT PRI e

L
F J1030+0524 z=6.28

P J1623+3112 2=6.22

J1048+4637 z=6.20

A M. A

- 125043130 2=6.13

J1602+4228 7=6.07

- 1630+4012 2=6.05
= Tl s i i sl . e
E J1137+3549 z=6.01

J0818+1722 z=6.00

- J1306+0356 z=5.99

F J1335+3533 z=5.95

|- e ke
E J14114+1217 z=5.93

J0840+5624 7=5.85

s

F JOOO5—-0006 z=5.85 __;k\_\

: J14351ﬁ)7 e PSP P 3R e o e o s

il

E J0B36+0054 z=5.82

J0002+2550 z=5.80

=:\=2:'_'}|:"— e —
J0927+2001 z=5.79

J1044—0125 z=5.74

7000 7500 BDOO 8500 9000 9500

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 A 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.
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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].
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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 A and several reference spectra
obtained from theoretical research aiming to find a minimum difference y? which is

performed as the one proposed by [101]:

Ny; 2
fiters 1 Fops,i — b x Ftemp,i(2)

Y@=y (1.4)

i=1 Oi
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where Fyps i, Fremp,i and 0; 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 Lya line emission is 1215 A. 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 Lya emission line [106]. A measure of the
quality of identification of a Lya 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 A.

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 0f 0.6 £ 0.1 kpc at z ~ 6 [109]. They have low stellar masses
ranging from 108 to 109 M, at z ~ 3, and from 10° to 10" M, 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 A [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’ x 1" in Wide Field Mode (WFM) and 7" x 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.
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Figure 1.16: Illustration of LAE detection at redshift z = 6.96 using the NB technique. In
this case, the Lya 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™! Mpc®)~L. 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]:

(1.5)

LLya )d( LLya )

¢O(Liya)dLpyg = ( Liya )a (
= * ex -
Lya Lya = ¢ I p Liya* Liya*

Lya *

where Ly, is the LAE luminosity, ¢+ a normalization factor, Ly« is the value taken by
the LF at the knee, a the value of the slope at the faint end. The Schechter function may be

re-written in logarithmic form:
(,b(logLLya) — (11'110)(/) % 10(a+ 1) (lOgLLya _IOgLLya *) exp (_ 10(108LLya _lOgLLya *)) (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 Lya 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 Ly yq > 10433 erg s, [117] measured & = —1.35+0.84 from observations of the
Javalambre Photometric Local Universe Survey (J-PLUS) covering a region of ~ 1000 deg®.
[118] examined 1266 LAEs at redshift z = 5.7 and z = 6.6 using data of Subaru/Hyper

= 104287138 ! measured

Suprime Cam Survey with luminosity in the range of log L ergs”
o= —2.6f8:2 and a = —2.5f8:g, 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 @ = —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
Lya emissions. To cope with it, the fits were made with a fixed value of @ = —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 Lya 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~! in the redshift interval z = 2.9 — 6.7. They measured a slope of
—2.03*} 0% at z=3.44 and a = —2.86.07° at z = 5.48. [125], using observations covering
22 arcmin? in the CANDELS/GOODS-S field measured the LF of 237 LAEs in a luminosity
interval of 42.2 < log L [erg s~!] < 43.5 using three different non-parametric methods. They
obtained a slope a = —1.8470-4% with a characteristic luminosity value of log Lx [ergs™'] =

+0.22
42.2+922,
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Figure 1.17: Evolution of Ly LF from z = 0.3 to z = 5.7 (left) and from z=5.7to 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 Lya
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

=1039"% erg s71. The evolution of the LF is studied in four redshift

faint luminosities, log L
ranges, 2.9<2<6.7,2.9<2<4.0,4.0< z2<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 V5« method. Here, Vipax is @ 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 Vi,,x 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 Vj,.x 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 Lya 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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2.1 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’ x 1’ sampled at 0.2" x 0.2" in Wide Field Mode
(WFM) and 7.5" x 7.5" in Narrow Field Mode (NFM). A MUSE datacube contains 2048 x
2048 spatial pixels and 4096 wavelength channels spanning a range from 4650 A to 9300 A
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
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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-1lyon.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" x 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’ x 1’ with a spatial sampling of
0.2" x0.2"). 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 reachesa3 —-o
limiting flux of 1 x 10719 erg s™! 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 Lya 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.
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Figure 2.3: An example of finding extended Lya 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 Lya 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 10717 erg s™! cm™2 arcsec™ (central dotted
white). The last column is the radial Surface Brightness (SB) profiles of Lya
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 MglIl 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 arcmin? 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 Lya emission from background

sources at redshift 2.9 < z < 6.7.

HST: F555W | F814Vl F850LF
. . e

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 < z.; < 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 FGO6W 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 2x2 mosaic of MUSE
pointings aiming to cover all the multiple image area, i.e. center at a = 0071420.952°
and & = —30°23'53.88". 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].
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Figure 2.9: The red-green-blue HST image of the AS1063 is observed with MUSE. The
green square delimits 1’ x 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 p > 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 Mca50xpc = 3.8 x 10'* My, [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 (u ~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 arcmin® 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
WEFC ~ 5 arcmin? 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) x 101> M, [170], having a high X—ray luminosity Lx ~ 8 x 10*° ergs™! [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+0.210'* M) around the main cluster and 2.3 + 0.2 10'* M., 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 +0.110'* M, 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 arcmin?. 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
11.6787,17.6*53, 3.9%39 and 3.77 3. By analyzing the Spectral Energy Distribution using a
population synthesis model, they found a demagnified stellar mass of 10°My, a subsolar
metallicity Z/Z, = 0.5, low dust content, demagnified SFR of 3.2 My /year and a specific
SFER 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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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].
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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 ~0.910'° Mg, and oy 1200 ~ 1000 km s~! showing two main features: two central peaks

separated by 1000 km s™!

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.

» MACS0940

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 250um. Using the Far Infrared SED of the cluster to analyze two
parts of the arc, Northern and Southern, they showed a peak at 250um and a second at
100um, 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.

MACS1206

e

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 x 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].

RXJ1347

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 Magocri; = 3.54 +0.51 x 10™° M,
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 (@ =20:31:47.843, 6 = —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 T, = 156000 K,an electron density of n, = 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™! in peak shift and
420 km s~! 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~! 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].
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SMACS2031

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].

SMACS2131

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:

(FluXpreaiceli, jl — Flux [i, /1)
X%MZZ predictll, ] observell, ] @2.1)

i,j Oij

where FluXpredict, FluXopserve are the predicted and observed flux for pixel [j, jl, o;; is an
estimation of flux error in the pixel [j, 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

Cluster ARAIM] ADEC ["] £ Hldeg] Frorelkpe] roalkpel olkm s7']  Reference
A2390
DM 316718 15477 0667 2147935 261571 [2000.0] 1381 .ujﬁ;;[ Pello et al. 1991
DM2 [-0.9] (131 03508 g3pls 250718 75047100 585.1*2%0  Richard et al. 2010
BCGI [46.8] (12.8] 011810 114.8:38 [0.05] 23.1439 151 .9';%;; Pello et al (in prep)
L+ Gal [0.15] [45.0] 185.7733
A2667
DMI 0203 13705 046770 -444707 7933711 [12987] 1095.0737 Covone et al. 2006
L+ Gal [0.15] [45.0] 9133 Richard et al. 2010
A2744
DMI 2.1 14700~ 0.83* 001 9p.5tI0 854757 [10000]  607.17)5  Mahleretal. 2018
DM2 17172 157 051208 4557 48353 [1000.0] 742,831 R2]
L3 {13 —n.02 {18 e 142
BCGl [0.0] [0.0] [0.21] [-76.0] [0.3] [28.5] 3552113
BCG2 [-179]  [-20.0] [0.38] [14.8] [0.3] [29.5] 3217150
NGal [-3.6] [24.7] [0.72] [-33.0] [0.1] [13.2] 175.671,
SGal [=12.7] [-0.8] [0.30] [-46.6] [0.1] 6.8 10,65
L+ Gal [0.15] 3.0 155.5:42
A370
DMI 2210 1L3TE  DdgRE 686, 4T [800.0] 39477  Lagattuta et al. 2019
DM2 2012810 113583 069002 _122.3:04 1374402 [800.0] 1039*%,  R2I
BCGI [-0.01] [0.02] [0.30] [-81.9] [0.1] 57.671! 224
BCG2 [5.90] [37.24] [0.20] [-63.9] [0.1] 7762 38875
L+ Gal [0.15] 10.8:0¢ p5ar
AS1063
DM [0.] [0.] 0.61 375 130 [1000] 1352 Beauchesne et al. (2023)
DM2 0.0 0.03 0.27 [-35] 0.51 169 328
L* Gal [0.15] [45] 99
BULLET
DM 48707 1277 06850 79.5% 1387% [1000] ?371;5 R21
DM2 299730 26304 064738 55806 16874 [1000] 1004+
GALI [0.0] [0.0] [0.26] [43.5] [0] [150] 268*],
GAL2 [24.0] [29.1] [0.20] [37.4] [0] [112] 118+12
L+ Gal [0.15] 254 165+
MACS0257
DM 2.1 LEFS  0.5970%  200.9*7] 624 10147157 8777 R21
DM2 8530 -84700 087 150175 18970, 1093*}34 73343
GALI [-14.1] [15d] ‘gi3esgH  .ggend [0] B85, 184+8
GAL2 [-10.6] [17.6] [0.50] I0.62E2 [0] [40] 171+32
L+ Gal [0.15] ] B 1543
MACS0329
DM 04707 -047T 01600  64.777 5 [1000] 95913 R21
DM2 43243 7.8 [0.30] 73.150 7 [1000] 552550

Continued on next page
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Table 2.2 continued from previous page

Cluster ARA["] ADEC ["] 3 Hldez] rearelkpcl reurlkpe] olkm s~!']  Reference
GALI [0.0] [0.0] [0.19] [-73.6] [0] [98] 281413
GAL2 [-12.7] [-39.9] [0.14] [56.9] [0] [41] 218*
L+ Gal [0.15] [45] 159+
MACSD416
DMI -2.9:§;-§ 14705 0.73;{% 142.1j§; 59ﬁ§ [1000] I3 R2I
DM2 226003 42404 09001 j27,07 9242 [1000] Nﬂj:g
GALI [31.8] [-65.5] [0.04] [-40.4] [0] [62] 13741
GAL2 372008 q8¢l3 om2® 1135t [25] [200] 252{!3’
L+ Gal [0.15] 363 13742
MACS0451
DMI 43 1.0 0.8 8.1 88 [1000] 763 Basto et al. (in prep)
DM2 4.0 7.3 0.78 27.8 103 [1000] 933
GALI [-571 [-7.71 [0.22] -12.74 [50] [1000] 253
L* Gal [0.15] [10] 99.5
MACS0520
DMI 22 ) 0.38 7.0 78 [1000] 1186 Basto et al. (in prep)
DM2 [-0.] [0.] 0.19 [-3.1] 0.1 6 597
L* Gal 0.15 66. 329
MACS0940
DM1 063 06753 0.4ﬁ;f§jj; 23555 T 1386737 496,  R2I
GALI [-0.1] [0.1] 0.37+0%  [-7.7] [0] [52] 436* 55
GAL2 [-11.8] [3.1] {:-.mfﬁ-]ﬁ soi2d [0] [17] 195§f
L# Gal N o [0.15] 62162 mzfii
MACSI206
DMI -0.1°57 D.?‘_E::E {:-.ﬁsfie-_ﬁi 19.9%07 44‘_‘!: [1000] 888*7 R21
DM2 9.5:03 . s A s § [ oy 9475 [1000] 550
GALI [-0.1] [0.0] [0.71] [14.4] gl 20! 35541
GAL2 [35.8] [16.1] [023] 13387 [0] 4] 275138
L+ Gal 34+3 198+3
MACS2214
DMI ul.zjg-a;’ D.?jFEL {}.szﬁm t4?.5f$:é 384 [1000] 9031;; R2I
DM2 -208707 172503 070%0R  112.0°3% 30:; [1000] 299%,,
GALI [0.0] [0.0] [020] 151130 44 gtle 7945
GAL2 [8.2] [188] 04800 [0.0] [0] 81 3 169%5
L+ Gal [0.15] 46%3 11143
RXT1347
DMI 04701 51702 076 IILETS K i [1000] 63821 R2l
b2 i i 1 re | "y
DM2 -13.6707 457 07870 12145 78%5 [1000] Sm'#
GALI [0.0] [-0.0] [0.23] [-86.9] [0] 84+13 354+1
GAL2 [-17.8] [-2.1] [0.30) [-64.1] [0] 94:63 364'[%
L+ Gal [0.15] 81 fE 13553
SMACS2031
DMI 04 —0.7 fgi 031 _’715:3—: 347 i-_li 297 [1000] 6247 :j R21
DM2 612804 253101 046%20  g4tll 112+ [1000] 1037470
GALI [0.1] [-0.1] [0.09] [-0.4] [0.0] 128*12 242%
L+ Gal [0.15] 9°2 1614}
SMACS2131
DM1 32705 32 ﬂ.ﬁﬁ_"_;:"i 155203 847, [1000] 866'.° Rl
DM2 21.2447 [17.0] 9_53;::% 82.7:6% 95414 [1000] 452434
GALI [-0.0] [0.0] [0.11] 59.0° 1% [0] 155%%, 399 f‘;
GAL2 [6.7] [-2.2] [0.76] i 34 10] 961, 93*1%
L+ Gal [0.15] 935, 202+
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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 A 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 x 300 pixels of 0.2", covering 1 arcmin? 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 A 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 Lya 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.
Lya 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, Mgll, 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.

Checked
MAUSELET Save Elear
o Feeuet
3.7856
)
£rack: 1003000000000
MUSELET
LAES high SR
el Zeoofh id
-] 3 o
5
Defect ERIDR
Merge Homatch =

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
confidentlevel zcon f = 2,3 (pink), and of the representative images for each system having
zconf =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 zconf = 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.
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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.

1000
Al e Al

zconf=2,3 Line-only
mm zconf=2,3 unique | B Line-only zconf=2,3

L=

1000

100 4

104

Redshift Redshift

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 zconf > 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 zconf > 1.
Credit: [191].

101
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z

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 Lya flux measurement

Thousands of LAEs have been observed, showing a variety of Lya 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.

a=02 a=10.1 a=0 a=-1025
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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:

—(A=2p)?
2(a(h—Ag) + d)?

fQA)=Aexp 2.2)

where A is the amplitude of the emission line, Ay 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" x 5" x 12.5 A surrounding the source position. The flux value
is integrated along the wavelength channel with a range of [1¢ — 6.25 : Ao + 6.25] A. The
mean values of FWHM and asymmetry were found are 7 A and 0.2, respectively [147]. Fig.
2.24 shows different asymmetry Lya 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 x10718 erg cm™2 s71.

of the Ly line
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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" x 10" x width of the Lyman alpha line and its two
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neighbor cubes on both sides with a volume of 10" x 10" x 20 A. 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.
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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 10718 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.
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Figure 2.27: Distribution of weighted magnification in the present work.
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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.
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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 Vi,ax 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 Vi, .« 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 Vihax 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’"

channel is defined as:

<RMS; >4,y

Noise level; = Noise level (RMS;) =
< RM Sedian >x,y

(3.1

where < RMS; > is the RMS image in the jth layer, < RM Spegian > is the RMS image of

the median layer of the cube obtained by running the Source Extractor on the individual



61

MUSE Muselat ' Muselet | SExtractor ' RMS Spectral median Median RMS
cubes NB cubes cubes ’ Images
| 8
< 3
il o
S/N set %
3
detiggg;eNB Selecting NB in_\ag_e with max N I : %
3 P Lya emission 1G " -
images < - eneralized BP
S N.0|se level profile per cube
g Individual in cubes
z BP Set of 2D masks
A profiles asss/’?‘ciatled to
values
Filtered images 4 — ¥
(Bck subtracted \ 4 z={3.545,

|oojsuaT]

S/N evolution

of sources

+ convolved) (De)convolution -ped
I to different :
seeings O e—~ r

p limit rescaled
Xp tim in
(exp time + seeing T 2D masked
) 3D mask of Sar_np!ing S/N curves and source plane
Vmax Volume Integration § survey for picking correct masks magnification
urvey

maps at different

each source )
redshifts

Figure 3.1: Procedure to create the 3D mask images and Vj,ax. 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 A). 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 A wavelength range, with a detection limit of 3 — ¢ 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).

Bps for A2390,M79 Bps for A370,P8192
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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/N; = —nax(Bp) (3.2)
noiselevel(RMS;)

Using Eq. 3.2, a given pixel belonging to the source area could be detected and unmasked

if its value satisfies the following condition:
Bp[MIN_AREA-1]/DETECT_THRESH < local_noise[x,y] (3.3)

where [x, y] is the pixel on the RMS map and Bp[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.
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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.

A2390-L1 A2667-30

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 (Bpg). 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 Bp, 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(Bpg) = 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:
max(C x B Pg)

n =
Noise level(RM S, edian)

(3.4)
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where:
< RMS > edi
Noiselevel(R M Sedian) = median _ 4 (3.5)
<RMS > median

C and max(Bpyg) are independent, so max(Cx Bpg) = Cxmax(Bpg) = C, since max(Bpg)
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(Bpyg). In another way, we can
write as:

sin=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 x Bpg 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.

am

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 z
=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
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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 z
=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 A, 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 z; = 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 z; is the closest value to the (Asampiing/Arya) — 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 Vpax value

After the projection of the 2D masked images onto the source plane, we compute the Viax
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 :

O0F,

Hiim = K" 3.7)
where p is weighted magnification, Fj is the detection flux value, 6 F; is uncertainty of flux
value and p;;,, is the limited magnification of individual source. Following the definition
of limited magnification value, the source is only detected at the region in which u > pj;,,
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:

< RMSext >x,y,/1 32

ext
X Wiim, (3.8)
<RMSp>.y1 $5 P

Miimext =

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 >, , 3 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 V4 is integrated over the individual layers of the 3D source
plane masked cube, accounting for the condition of the limited magnification p > ;. At

a given channel the value is estimated following the equation:

c #max®)  D2(z))
f L ! (3.9)

AV = N\Uujim, k) x o— — dz
=Nl ) <o | U+ 22E@)
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where E(z) = V/Qn(1+2)3+ (1 —Q, — Qa) (1 +2)2 + Qa, Dy is the luminosity dis-
tance following the function of redshift, w is the angular size of the MUSE pixel, z,,,i, (k)
and z,,4, (k) are the redshift limits at k" channel with respect to its spectral width, and
N(uiim, 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 Vo 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.
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Figure 3.10: From left to right up to down: Total Vj,ax distribution of LAEs in the present
sample, the Vi, versus magnification p, Vinax versus detected flux and Viax
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 V4« 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 Vi, value.

The dependence of Vhax 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 V5« 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.
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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" x 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 1.3
2.5
1.1
1.0
1.0
0.9
0.9
0.8
0.8
0.8
0.8
0.8
0.8
0.7
0.3

WWWNNNDMNMNNDNDNDN — —
N AR TOIANDADDD O W D!
BN N UTO UGl Ul GOl R R

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" x 30" used by [128] to
80" x 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" x 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,
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Detection Filtered Detection Detection Filtered Detection
image JECKIN image profile image o image . profile

e —y P N

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 A. 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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source distribution in each luminosity bin 2.9<z<4.0
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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
29<2<6.7,29<2<4.0,40<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 < 2<6.7,29< z2<4.0,4.0< z2<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.
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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.
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4.2 LF computation

This section presents how to compute LF points in each luminosity bin after obtaining
completeness and Via of individual sources. In each luminosity bin, the value is defined

as follows:

1 1

D(L;) =
( l) AlOgLi ; Cj Vmax,j

(4.1)

where the index i defines the luminosity bin i*", index j corresponds to the source
Jj in the data sample, C; and Viayj are the completeness and Vinax of the j source, Alog(L;)
refers to the width of luminosity bin i*” in logarithmic scale. To check the possible evolu-
tion of LF with redshift, we use four redshift ranges: 2.9 < z2<6.7,2.9< 2<4.0,4.0< 2< 5.0,
and 5.0 < z < 6.7. We refer to these ranges as z,j;, 235, 245, and zgg, 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, 245, and zgo. 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:

1 Ni . 1 )2
AD(L;)? = ’ 52 +(—) +62 4.2
(Li) AlogL; < Vipax >\/ Vv VN McMC (4.2)

where 6 cy refers to the cosmic variance uncertainty, 6 y;carc is the MCMC uncer-

tainty, N; . is the number of LAEs after correcting for their completeness values in i*" bin,
< Viax > is the average value of Vi, in i'" bin. The Poissonian uncertainty represents the
bias of source distribution in each luminosity bin referred by 1/v/N;.

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™!] log (P)(AQog (L) =1 Mpc3] <N> <Neorr> < Vinax > [Mpc®]
2.9<z<6.7

39.00<39.63<40.25 -0.68*0-%2 224 706.0 11827
40.25<40.38<40.50 —0.407093 176 6454 15074
40.50<40.63<40.75 —0.17+0-8 22.8 429.3 28457
40.75<40.88<41.00 —0.71+9-08 45.2 301.5 31613
41.00<41.13<41.25 —0.83042 68.9 415.7 37344
41.25<41.38<41.50 —0.9670-%3 105.0  547.9 41321
41.50<41.63<41.75 —-1.17799% 96.4  305.5 42227
41.75<41.88<42.00 -1.8870% 76.4 105.1 46139
42.00<42.13<42.25 —1.51*0:07 70.4 202.5 45795
42.25<42.38<42.50 —2.431022 275 33.5 47554
42.50<42.63<42.75 —2.9870-13 12.9 13.0 49295
42.75<42.88<43.00 —3.2070-2 7.7 7.8 49258
2.9<z<4.0

39.00<39.63<40.00 —0.157027 6.64  415.33 1712
40.00<40.25<40.50 —0.10704 14.19  920.22 6114
40.50<40.75<41.00 —0.850-0) 340  396.17 11397
41.00<41.25<41.50 —1.08+9:7 83.7 473.6 14529
41.50<41.75<42.00 -1.01%0% 69.5 148.0 15914
42.00<42.25<42.50 —1.53+0:9 356  101.55 16327
42.50<42.75<43.00 —2.9370-2 10.0 10.0 17320
4.0<z<5.0

39.00<39.25<39.50 —0.930-39 1.0 38.0 730
39.50<40.00<40.0 —1.16703) 2.4 48.3 4904
40.0<40.25<40.5 —0.3870-20 7.4 311.4 3159
40.5<40.75<41.00 —0.380-44 19.6  205.1 7662
41.00<41.25<41.50 —1.4370:19 51.4 161.2 11044
41.50<41.75<42.00 —1.48701, 55.0 148.5 12164
42.00<42.25<42.50 —2.30"0 13 30.0 32.2 13182
42.50<42.75<43.00 —3.1570-20 4.7 4.8 13433
5.0<z<6.7

40.00<40.25<40.50 —1.557030 6.0 23.8 4725
40.50<40.75<41.00 —0.890-22 14.3 116.5 11105
41.00<41.25<41.50 —0.6670 13 389 7055 13545
41.50<41.75<42.00 -1.52%919 48.2 122.9 16190
42.00<42.25<42.50 -1.637097 323 105.2 16705

-0.11

42.50<42.75<43.00 -3.1970%. 5.9 5.9 18542
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Figure 4.5: Tllustration 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 —o¢. The ordinate shows the number of sources in the simulation
(20’000 in total), and the abscissa shows i /" 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 z,;;, 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 z3s5, z45, and zgy. The results show that the evolution of
the LF does not significantly depend on the binning, as can be seen at low redshift ranges
z411 and zzs. 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 z,;; 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~ !, 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 zconf = 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 zconf = 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 zconf = 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 zconf = 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 (zconf = 1) behind RXJ1347. Right:
Completeness versus the measured flux of zcon f = 1 sources behind RXJ1347.
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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 zconf =1 to the final data sample. In both cases, when adding the zcon f =1 LAEs,
the assigned values for the completeness and Vi, 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 Vipax of the zcon f = 1 sources, meaning that these
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values of zcon f = 1 sources were set equal to the zconf = 2,3 sources corresponding to

that bin.
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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 s71]), the number of zconf =1 is similar to the
number of the zconf = 2,3 whereas, the appearance of zconf = 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
0.15 0.12
29<2<67 —2.12;8_5g _1'6428'%%
29<z<4.0 —1.76J_r8:%Z _1'5518%
40<z<5.0 _1'9918:%5 _1'6318:%%
5.0<2z<86.7 ~1.96"0- —1.667,%,

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 < 2<4.0,4.0< z2< 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*013, —1.7670-26, —1.99*0-12 and —1.9670-2,, corresponding to the
redshift range z,;;, 235, 245 and zgy. 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 DIV19, 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 z,;;, z35, 245 and zgg.

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:

L

L\% dL
@(L)sz(D*(—) exp(——)
Lx*

I (4.3)

Lx*

In the log form, this equation translates into:

a+1 L
O(L)dL=In(10)D * (L_*) exp (—E)d(logL)

where Lx* 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, « is the
slope value of the Schechter function at the faint end, ®* is the normalization parameter.
The previous studies showed that the characteristic luminosity of the Schechter function is
usually around log L* ~ 42 [erg s~!]. Our sample’s maximum luminosity of ~ 43 [erg s~ ']
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 fit [210] for the fitting process. Lm fit 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 V5« 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 deg? 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*04 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 ®* 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 a 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 @+ [10 *Mpc3] logL+[ergs '] o
29<2<6.7 7.41*%19 42857010 —2.06*007
29<2z<4.0 6.561320 42,8701 —2.0070-%7
10<z<50 4067210 4297°003 ] g7+000
5.0<2<6.7 3.49+211 43.09+010 o ogt0lI2

’ ’ ~v-1.50 *~v-0.08 <9_0.12

the two other parameters, the present work is able to find these parameters without any
constraint. The final slope value « varies from —2.0*0-07 at redshift range 2.9 < z < 4.0
to —2.287)15 at redshift 5.0 < z < 6.7. At the global interval 2.9 < z < 6.7, the slope value
—2.06f8:8§ is consistent with the values measured by [125] and [124].

The sudden enhancement at the luminosity bin log L ~ 42 at redshift ranges z,;;
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 — o 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

1 is observed.

turnover/flattening trend at luminosity logL ~ 41 ergs™

+ The improved MCMC procedure (with respect to [128]) better captures the rela-
tionship between magnification and Vi« 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 Lx. 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™!] < 42.5 for
29<2<6.7,5.0<z<6.7and 40.0 < log L [erg s71] < 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 z,;;,
z35, 245, and zgg. 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™!] from
the literature and below 43 [erg s7!] 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

s71] to the fit are presented in Table 4.5.
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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
zconf = 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™'], zconf = 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
zconf =1and 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 s7!

, 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 z3s5, 245, 260 and z,;;. 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 4.15: The correlation of three free parameters of the Schechter function within

a 68% confidence level. From left to right, up to down corresponds to the
redshift intervals 2.9< z2<6.7,29<z2<4.0,40< z<5.0,and 5.0< z< 6.7,
respectively. The tuples denote the lower and upper limits of the luminosity
range with respect to the number of the bin.
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Figure 4.16: Same as Fig. 4.13 but applying a completeness cut at 10%.
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Figure 4.17: Faint end slope of the LF for four redshift intervals. The open squares at the
faintest and brightest parts are not included in the fit.
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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 Myy > —15 with a faint end

slope of @ = —1.91 £0.04. [122] presents a probability of such a turnover at a faint end

.49
.25

My = -14.93*0-21. However, the recent paper by [123] ruled out this trend at redshift

slope of a = —2.0170-13, a curvature parameter of § = 0.48"0-)? at a turnover magnitude
z ~ 6 when the magnitude reaches Myy = —14. It is also possible that the faint-end
slope continues to increase with magnitude, as suggested by [218] with a slope value of
a =—-2.10+0.03 at magnitude Myy < —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
Myy = —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 zg (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:

®(Lexp(—Lr/L)" = g (i) exp(—L/Lx)exp(—Lr/L)"™ 4.4)
L+ \ L

where: ®(L) is the traditional Schechter function together with its three free parameters
(L*,®x*,a), 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 (d®/dr)r-1, = 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(L7) are ~ 40 and ~ 40.7 erg s~ ! for the redshift bins 4.0 < z < 5.0 and
5.0 < 2 < 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™!] < 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.
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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:
SFRD1ya[Moyr "Mpc™>] = prya/1.05 x 10* (5.1)

where p;y, is Lyman alpha luminosity density in units of erg s~! Mpc~3 given by this ex-
pression: pryq = J, LL, :‘f’” ®(L/L%)d(L/Lx). 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 Lya and Ha. 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 Lya 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 atlog L [erg s711> 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 Lgypp for the integration. On the contrary, the steep slope at the faint end
makes the lower limit Lj,f 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 s7!] < 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~!] < 43.), whic
corresponds to the limit ~ 0.03 xlog(Lx*). 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



104

range. The yellow region shows 1 — o and 2 — o 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 10g(¢;on fescp)
=24.5, where fescp is the escape fraction of UV photons, ¢;,, is the production efficiency
of Lyman-continuum photons per unit UV luminosity. The conversion to SFRD is then
calculated as, SFRD4[Moyr *Mpc™] = pyv /(8.0 x 10%7).
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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 a = —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 fe,.p 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:

(5.2)

. _ _ 1+ 2\ (Qph? 2
N = (10°!%s 1Mpc 3)C30 ( 5 ) ( 0.08 )
where Cs is the clumping factor Cy=<n?,,>/<ny >, normalized to Cg;=30,
nyys 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, Cy;r = 2.9 x ((1 +
2)/6)~ 11, 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 C3p = 1 and Q,, hgo =0.08, the critical SFRD is written as:

1+2z)3
) (5.3)

SFRDcrit = N x 107 foig), ~ 0.013f550), % ( 5

where f,scp 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 f,scp 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 f,s., < 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 f,., is probably anisotropic and time-
dependent [239, 240]. It depends on the characteristics of galaxies, such as a potentially
higher f,cp 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 ff&% with redshift, described by feﬁ{‘,’; o (1+2)*, where & =2.57%019 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 feLSyC?, 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 feLS}é‘; and f,sp 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 fe,cp, 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™!] < 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
10% [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 feLsJé‘:, 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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6.2.4 The ionizing photon production efficiency for LAEs using JWST and

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 < logLlergs™!] < 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 V3 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: ®(L)exp(—Ly/L)™ = % (L—L*)a exp(—L/Lx)exp(—L7p/L)™ where L7 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 Ha 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™!] < 44.0, and effectively probing the faint luminosity
regime, reaching down to 10%° [erg s!]. 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:
29<2<6.7,29<2<4.0,4.0<z<5.0,and 5.0 < z < 6.7. The total co-moving volume of
the survey is ~ 50000 Mpcg, 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: a = —2.067097 @ [107* Mpc3] = 7.417270 log L [ergs™!] =

-0.05’ =2.70°
42.85%0-10,
-0.10

- Toward bright luminosity, log Llerg s711> 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 a ~ -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 — o deviation.

- The faint end slope of the LF steepens with redshift, consistent with DIV19, al-
though the uncertainties are large. There may be a turnover at luminosities fainter than log
L~ 10*! [erg s7!] 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 Ha, 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 deg? with a limiting flux ~ 5.107'7 erg s™! 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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VIEN HAN LAM CONG HOA XA HQI CHU NGHIA VIET NAM
KHOA HQOC VA CONG NGHE VN Doc lip - Ty do - Hanh phiic
HQC VIEN KHOA HOC VA CONG NGHE

SH: L5 /OD-HVKHCN Ha Noi, ngay A9 thang & nam 2024

QUYET DINH
V¢ vige thanh lip Hi dong dhanh gis ludin dn tién sicap Hoc vién

GIAM DOC
HOC VIEN KHOA HQC VA CONG NGHE

Can cie Quyét dinh s6 303/0D-VHL ngay 01/3/2023 cua Chu tich Vién Han
lam Khoa hoc va Cong nghé Viét Nam vé viée ban hanh Quy ché 16 chirc va hoat
dong cua Hoc vién Khoa hoc va Cong nghé;

Can cte Théng tw s6 08/2017/TT-BGDDT ngay 04/04/2017 cua B truong Bo
Giao duc va Dao tao ban hanh Quy ché tuyén sinh va deo tao trinh do tién si:

Can cir Quyét dinh 56 1948/QD-HVKHCN ngay 28/12/2018 cia Gidm déc Hoc
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Xét dé nghi etia Truong phong Pao tao.

QUYET DPINH:
Piéu 1. Thanh lap Hoi dong danh gia luan 4n tién sT cap Hoc vién cho nghién ciru
sinh Tran Thi Thai, Khoa Vit ly,
Tén d¢ tai tiéng Viét: Nghién ciru cic nguon tdi ion hoa Vi try sir dung may
quang pho da doi tugng MUSE cua dai thién vin Nam Au (VLT)”
Tén dé tai tiéng Anh: The sources of cosmic re-ionization as seen by
MUSE/VLT
Nganh: Vit Iy nguyén tir va hat nhan. Ma sé: 9 44 01 06.
Danh séach thanh vién Hoi dong danh gia luan 4n kém theo Quyét dinh nay.
Piéu 2. Hoi ddng c6 trach nhiém danh gia luan an tién si theo dung quy ché hién
hanh cua Bo Gido duc va Dao tao, cua Hoc vién Khoa hoc va Cong nghé.
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BAN NHAN XET LUAN AN TIEN ST CAP HQC VIEN

Ho va tén ngudi nhin xét lugn an: Pinh Vin Trung

Hoc ham, hoc vi: PGS.TS.
Co quan cong tic: Vién VAt ly, vVién Han 1am KHCN Viét Nam

Ho va tén nghién ciru sinh: Tran Thi Thai
Tén 4& tai ludn an: “The sources of Costmic Re-ionization as seen by MUSE/VLT”

Chuyén nganh: Vat 1y nguyén tir va hat nhén Ma sb: 9440106

Nguoi hudng dén: TS. Pham Tuén Anh (Trung tam Vi try Viét Nam)
TS. Roser Pello (Trudomg Dai hoc Aix-Marseille)

Nghién ciru sy phat trién cua vil try trong giai doan hinh thanh céac chu tric lom,
céic thién ha trong vii try hi¢n dang dugc quan tam béi nhiéu nhém nghién clru ciing
nhu sy tham gia cia céc co ¢ nghién ciru 1én sir dung céc thiét bj quan trac vat Iy
thién van hién dai nhét hién nay. Nghién ciru d6 chdi cua céc thién ha va dic tung
vit 1y ctia khi ion héa trong cdc thién ha tré gn thoi diém vy né Big Bang la van d¢
mai doi héi sir dung nhiéu cong cu nghién ctru thién van thyc nghiém cing nhu cac
ky thuat phan tich xur ly sé liéu tién tién. Do vy hudng nghién clru ¢ in 4n veé
cac ngudn déng gop vao qua trinh jon héa cdc thién ha st dung thiét bi quang pho
MUSE trén kinh thién vin VLT ¢4 tinh méi va tinh khoa hoc cao.

Pé tai cua luan 4n “The sources of Cosmic Re-ionization as seenl by
MUSE/VLT” - “Nghién clru cac ngudn téi ion héa vii tru sir dung méy quang pho da

4bi twong MUSE ctia dai thién van Nam Au VLT” do Nghién ciru sinh Tran Thi Thai
thuc hién la phu hgp vi chuyén nganh Vit ly nguyén tir va hat nhan va rnﬁ'ngénh
cua luan 4n. Dé tai khong trung 1dp véi cdic cong trinh nghién ciru da cong bd trude
day ¢ trong va ngoai nudc.

Phuong phédp nghién ciru st dyng trong lun 4n 1a két hop nghién ciu thuc
nghiém, phan tich va xir ly s6 liéu thu thap dugc qua thiét bi quang phé anh MUSE
trén kinh thién van VLT. Phuong phap nghién clru str dung trong ludn dn phu hop vai
huéng nghién ciu va muc tiéu dat ra.

Lugn 4n dugc chia lam 6 chuong bao gdm phin m& dau va két luan. Chuong 4
va chuong 5 trinh bay chi tiét cac két qua nghién clru ham do trung cua vach Lya va

qua d6 dénh gid téc do hinh thanh sao & cdc thién ha dugc quan st boi thiét bi quang
phé anh MUSE. bé xdy dung dugc ham do trung nay doi héi nghién ciru sinh thyc
hién phan tich sb liéu chi tiét, sir dung hiéu tmg thdu kinh hép dan d2 tang kha nang
phat hién céc thién ha voi bic xa yeéu. Tir do trung do duge nghién cuu sinh da
chuyén dbi sang téc dé hinh thanh sao trong céc thién ha va qua dé danh gid duoc
qué trinh ion héa va ty 1é thoat photon ion hoa trung binh tir céc thién ha la khoang
8%. Phin két luan cua ludn én trong chuong 6 tom lugce cac két qua dat duge cung
mét sb dé xuét goi mé cho céc nghién clu tiép theo. '
V& cong bé khoa hoc, nghién ciru sinh da c6 03 cong b khoa hoc trong do 12
téc gia chinh cua 01 bai bdo trén tap chi Astronomy & Astrophysics, 12 dong tac gia
ctia 01 cong bd trén tap chi Astronomy & Astrophysics va 01 bai bao dang trong kY



yéu hoi nghi quéc té co noi dung lién quan tryc tiép dén luan an. Tap chi Astronomy
& Astrophysics 1a tap chi quoc té hang dau trong linh vyuc vat 1y thién vén va thién
van hoc, co chat lugng cao.

Véi cac két qua khoa hgc dugc trinh bay trong ludn an va cac cong bé khoa
hoc, luan 4n dap (mg c4c yéu cdu ciia mét ludn 4n tién si vat Iy va co thé dua ra trinh
bay luan an truée héi dong cham luan 4n cép Hoc Vién Khoa hoc va Céng nghé aé
duoc nhan b;?mg tién si vat 1y.

X4c nhén cia don vi cng tac Ha Noi, ngay 06 thang 08 nam 2024

% PHONG OUAN LY TONG HOP L. .5
TRUONG PHONG Ngudi nhan xét




BAN NHAN XET LUAN AN TIEN SI CAP HOC VIEN

Tén dé tai luan dn: The sources of Cosmic re-ionization as seen by MUSE/VLT
Nghién ciru cic nguon tai ion hoa Vii tru
str dung may quang phé da déi twgng MUSE/VLT
Chuyén nganh: Vat ly nguyén tir va Hat nhan
Ma s6: 9440106
Nghién cttu sinh: Tran Thi Thai
Ngudi huéng dan: TS. Pham Tudn Anh; TS. Roser PELLO
Nguoi phan bign: PGS.TS. Ngé Ngoc Hoa

Co quan cong tac: Truong Dai hoc Sur pham Ha Noi

NOI DUNG NHAN XET
1. Tinh can thiét, thei su, y nghia khoa hoc va thwe tién cia dé tai lugn an.

Trong nhitng nim gan day, nho viée dwa vao khai théc céc hé kinh thién vin nhu JWST,
MUSE/VLT, VIMOS Ultra Deep Survey, hudéng nghién ciru cdc thién ha & thoi ki diu trong qua
trinh tién trién cua Vi tru da tré nén nang dong va thu hat duge rat nhiéu nha khoa hoc tap trung
nghién cru. Muc tiéu khoa hoc trong linh vuc nay la nghién ctru cac thién ha trong thoi ki tai ion
héa va ude lugng déng gop ciia céc ngudn nay doi véi qua trinh tdi ion hoa cia Vi try, Nguén
géc c4c nguon tai ion hoa Vi tru so khai la mgt trong nhitng cau hoi quan trong cua vat li thién
van duong dai. Vi tru so khai ban diu trung hoa sau d6 chuyén pha quan trong sang Vi tru ion
hoa nhu ngay nay.

Luén an tap trung nghién ciru ham do trung cua loai thién ha phat xa vach Lyman alpha,
mot trong hai loai thién ha hinh thanh sao chinh; dinh lugng hod dong gop vao qua trinh tai ion
hoa Vi tru so khai. Déng gép quan trong cua luan an la khao sat dang diéu ctia ham d¢ trung &
vung cdc thién ha ¢ gigi han mo nhat nhét tirng duoc biét dén, thong qua viée str dung may quang
phd da déi twong MUSE ctia Dai thién vin Nam Au (VLT), tdp trung nghién ctru ham d6 trung
cia 600 ngudn phat xa vach Lyman alpha trong bén khoang dich chuyén do 2.9<z<6.7,
2.9<2<4.0, 4.0<z<5.0 va 5.0z<6.7 déing sau 17 cum thién ha thiu kinh hip din va ¢6 do trung
trong khoang 39.0 < log L. <44.0.



BAN NHAN XET LUAN AN TIEN SI CAP HOQC VIEN

Tén de tai ludn dn: The sources of Cosmic re-ionization as seen by MUSE/VLT
Nghién ciru cic ngudn tdi ion héa Vi tru
str dung may quang pho da déi twong MUSE/VLT
Chuyén nganh: Vat ly nguyén tir va Hat nhan
Ma s6: 9440106
Nghién ctru sinh: Tran Thi Thai
Ngudi huéng dan: TS. Pham Tuén Anh; TS. Roser PELLO
Nguoi phan bién: PGS.TS. Ngé Ngoc Hoa

Co quan cong tac: Trudmg Dai hoc Su pham Ha Noi

NOI DUNG NHAN XET
1. Tinh can thiét, thoi sir, y nghia khoa hoc va thuc tién cia dé tai luan dn.

Trong nhitng nim gin day, nho viée dua vao khai théc cac hé kinh thién vin nhu JWST,
MUSE/VLT, VIMOS Ultra Deep Survey, huwdng nghién ctru cac thién ha & thoi ki dau trong qua
trinh tién trién ctia Vil tru da tré nén niing dong va thu hat duoe rét nhidu nha khoa hoc tap trung
nghién cru. Muc tiéu khoa hoc trong linh vuc nay la nghién ctru cac thién ha trong thoi ki tai ion
hoa va uéce lugng dong gbp ciia cac ngudn ndy doi v6i qua trinh tai ion héa cia Vil tru. Ngudn
gbe céc ngudn téi ion hoa Vi tru so khai la mét trong nhiing cdu hoi quan trong cua vat li thién
van duong dai. Vi try so khai ban dau trung hoa sau d6 chuyén pha quan trong sang Vi tru ion
hoa nhu ngay nay.

Luén én tap trung nghién ciru ham do trung cua loai thién ha phat xa vach Lyman alpha,
mot trong hai loai thién ha hinh thanh sao chinh; dinh lugng hoa dong gop vao qua trinh tai ion
hod Vi try so khai. Pong gép quan trong cua luén 4n la khao sat dang diéu cua ham do trung o
vung cdc thién ha ¢ gidi han mo nhat nhét timg dugc biét dén, thong qua viée sir dung may quang
pho da doi twong MUSE cua Dai thién van Nam Au (VLT), tap trung nghién ciru ham d6 trung
ctia 600 nguon phat xa vach Lyman alpha trong bdn khoang dich chuyén dé 2.9<2z<6.7,
2.9<z<4.0, 4.0<2<5.0 va 5.02<6.7 dang sau 17 cum thién ha thiu kinh hap din va c6 do trung
trong khoang 39.0 < log L < 44.0.



D li¢u ma luén an str dung la dix liéu uu tién cta cong dong MUSE quan sat 17 cum thau
kinh hép dan manh, 1a két qua cua sy hop tac quéc té cua phong Vit li thién van (DAP/VNSC)
¢ mot trong nhing linh vuc s6i dong nhat ctia vat Ii thién vin.

Do do, day la ludn an c6 tinh thoi su cao, 1a ngudn tham khao quan trong cho cc nghién
ciru dang nay trong thoi gian téi.

2. Sw khéng tring Idp ciia dé tai nghién citu so véi cdc cong trinh, lu@n dn da céng bé & trong
va ngoai nwgc; tinh trung thye, ré rang va day di trong trich dén tai liéu tham khao.

V6i hiéu biét cua ngudi phan bi¢n, dé tai khong tring lap véi cac ludn an tién si da duoc
bao vé trong va ngoai nude, trich dan tai lidu tham khao dﬁy du, rd rang, trung thye. Cac quy
trinh xir 1i dit lidu quan tric duoge thuc hién mdt cach chat ché, cac phuong phap nghién ctru duge
st dung da dugc ching minh ¢6 d6 tin ciy cao. Cac nhan xét, danh gia va két ludn la c6 co s
khoa hoc.

3. Sw phit hop giita tén @ tai véi nji dung, gika nji dung véi chuyén nganh va ma sé chuyén
nganh:

Hudng nghién ctru cia Luan an la phu hgp vdi tén chuyén nganh dang ki (Vat li nguyén
tir va Hat nhan)

4. D¢ tin cdy va tinh hién dgi ciia phwong phdp da sir dung dé nghién ciu.

Phuong phép xt 1i dit liéu 4p dung céc ki thuat chudn va cdp nhéat nhét cta cong ddng
MUSE. M6 hinh thau kinh hap dan cho céc cum da duoc xdy dung va phat trién trude d6 boi
cong dfing MUSE dua trén nhitng dit liéu cap nhat nhét hién c6. NCS va nhém tép thé hudng
dan da phat trién mot ki thuat tinh toan thé tich cia ngudn phat trong khao sat cho mot lwong 16n
cum thau kinh hip dan, dya trén g6i phan mém da dugc phét trién trude d6 cua cong dong nay
cho bon cum théu kinh.

5. Két qud nghién ciru méi cia tdc gia.

- Tap mau cac thién ha phat xa vach Lyman alpha trong lun én nay cé do trung phan bd
trong bon bac do 1én cua do trung tir 10% t6i 10 erg s™', 16n nhét trong cac khao sat hién co,
giap danh gia hi¢u qua phan b6 cua ham do trung (Luminosity Function) & ving do trung thap
hon khoang vai chuc 1an so v6i cée khéo st trudng tréng trude d6. Két qua nghién ctru cia luan

an 1a nguon thong tin tham khao quan trong cho nghién ciru trong linh vuc nay.



- Nhom NCS va tap thé huéng din da phat trién thanh cong mot goi tinh toan ty dong xac
dinh thé tich Vi tru (Vmax) chiém boi ting thién ha duoc phat hién trong khao sat cho mét lwong
I6n 17 cum thién ha thiu kinh hip din. Thuat todn danh gia thé tich Vmax da duoc kiém tra,
danh gid, so sanh vai cac nghién ciru trude d6, dam bao do tin cay.

- Két qua khép ham Schechter véi dir ligu ctia ludn an nhin chung phu hop véi cac nghién
ciru trude d6 ¢ ving do trung manh, véi dit liéu tir cdc khao sat siu céc truong trong hay cac
trudng thau kinh véi tdp mau nho hon nhiéu. Pé ddc 16n ctia ham do trung Schechter c& 2 tiép
tuc duge duy tri & ving do trung mo nhat hon muoi 1an so véi cic khao sat trudng tréng trude
d6. Xu hudéng tang nhe cua d¢ doc nay theo dich chuyén dé ciing tiép tuc duoc khang dinh. Sai
50 hé thong anh hudng t6i d dée nay cling lan dau tién duge danh gid diy dd, quan tam (61 céc
yéu t6: h¢ s6 khuéch dai tr md hinh théu kinh hap dan; cach do dac thong lwong nguon; do qua
trinh lya chon ngudng cat dé loai bo cac ngufm mo nhat; tinh dén cac nguodn co do tin cay the“ip
hon.

- K&t qua lugn 4n cho thdy mat do tdc dd hinh thanh sao cua loai thién ha phat xa vach
Lyman alpha tang theo ham ctia dich chuyén do. Céc thién ha hinh thanh sao phat xa vach Lyman
alpha nay dong gop dang ké vao qué trinh t4i ion héa Vii tru so khai.

6. Uu diém va nhwope diém vé nji dung, két céu va hinh thire ciia ludn dn.

Luan 4n dugc viét b.“:ing tiéng Anh véi bé cuc 1o rang, chit ché, chinh xac. Ludn an cling
da duge doc va chinh sira theo nhu gop ¥ ciia hi dong bao vé co s& voi cac chuyén gia phan
bién qudc té tir Thuy ST va Nhat Ban va nhidu thanh vién quéc té 1a chuyén gia trong linh vuc
nay. Tuy nhién & phan tém tat luan an, ciing con déi chd cach trinh bay hinh anh, chu thich con
¢6 thé 1am tét hon.

7. Noi dung ludn dn da dwgc cong bo trén tap chi, ky yéu hoi nghi khoa hoc nao va gia tri
khoa hoc cia cdc céng trinh di cong bo.

Cac két qua thu dugc cua ludn 4n la phong phu, ¢6 gid tri khoa hoc va gia tri thwe tién
trong nghién ctru thién vin vii tru. Két qué ctia ludn an dwge cong bo thanh 2 bai trén tap chi
quéc té QI, Astronomy & Astrophysics, uy tin hang dau trong chuyén nganh, mot trong s6 d6
NCS la tac gia dau tién. Ngoai ra NCS ciing cong bé 1 bai trén tap chi trong nude. Céc cong trinh

nay déu co chat lugng tot, 6 gia tri khoa hgc cao, ndi dung phu hop voi de tai cua luan an.



8. Két lugn chung cin khing dinh mirc dg ddp teng cdc yéu cau doi véi mt lugn dn tién st
chuyén nganh. Ban tém tit lugn dn phan anh trung thanh ngi dung co ban ciia lugn dn hay
khong; ludn dn cé thé dwa ra bio vé cdp Hoe vién dé nhén hoc vi tién si duge hay khong.

Noi dung dé tai dap tng céc yéu ciu véi mot luan an tién s7 chuyén nganh. DBay la mot
ludn én c6 tinh hop tac quéc té cao, tap trung vao mét van dé thoi sy ciia vt Ii thién vin duong
dai. Luan an Tién si cua nghi€n ciru sinh Tran Thi Thai dap mg céc yéu cau déi véi mot luén
an tién si theo Quy dinh ctia Quy ché dao tao trinh dd tién si. Ban tom tit ludn 4n phan énh trung
thanh ndi dung co ban cua luan an. Nghién ciru sinh hoan toan c6 thé bao vé luén an trude Hoi

dong cham lun 4n dé nhan hoc vi Tién si.
Ngwoi nhan xét

—T z‘j /L

PGS.TS. Ngb Ngoc Hoa

—



BAN NHAN XET PHAN BIEN LUAN AN TIEN SI CAP HQC VIEN

Tén dé tai luan 4n: The sources of Cosmic re-ionization as seen by MUSE/VLT
Chuyén nganh: Vit Iy nguyén tir va hat nhan
M s0: 9 44 01 06
Nghién ctru sinh: Tran Thi Thai
Ngudi huéng dan: TS Pham Tuin Anh (Trung tim vii tru VN)
TS Roser Pello (Truwong Dai hoc Aix-Marseille)
Nguoi phan bién luan 4n: GS TS Pio Tién Khoa
Co quan cong tic: Vién Khoa hoc & K¥ thuat hat nhan, Vién NLNTVN

Noi dung nhén xét:

1. Y nghia khoa hoc va thyc tién cta dé tai luan an. Ngi dung chinh cua ludan dn la phan
tich giai phé Lyman ciia nguyén tir hydro phdt ra tir cdc thién ha & khodng cdch rdt xa
trdi dat (z ~ 7), la tin hiéu ciia qud trinh tdi ion héa khi hydro trong cdc ving mdt dg
vdt chdt cao hinh thanh sau Big Bang khodng 300-400 nghin nam (dwoc coi nhw tién
cdc sao nguyén thity nhdt cia vii tru). Day la dé tai nghién ciru thoi sw, ¢é ¥ nghia qua
trong doi véi Vat ly thién vin (VLTV) va vat Iy nguyén tir (VLNT).

2. Suhop ly va do tin cay cua phuong phap nghién ctru: Phurong phdp ghi do va phan tich
phé nguyén tir hydro phdt ra ti khoang cdch gan chyc ty nam dnh sdang chi c6 thé dwoc
thyc hién ti nhitng nam gcm day nho 16 hop hé detector két néi véi telescopes hién dai
nhat, dwoc khcfng dinh co do tin cay cao.

3. Nhimng dong gop méi cua luan 4n: Cdc két quad thu dwoc la méi va ¢é y nghia quan
trong doi véi cdc nghién ciru qud trinh hinh thanh sao trong cdc thién ha nguyén thity
sau thoi dai t6i (khodng 300-400 nghin ndm sau Big Bang), vao giai doan dau ciia qud
trinh tién héa vii tru trong gan 14 1ty ndm qua.

4. Sy phu hop cua cac két luan cua ludn an véi hudng nghién clru cia luan an: Cdc két
lugn cua lugn dn phit hop voi ngi dung nghién cieu trinh bay trong luan dn.

5. Su khong tring 13p ctia ludn 4n so véi cic luan 4n hay cong trinh khoa hoc di cong bd
trong va ngoai nudc: Noi dung va cdc két qud nghién cieu thu dwoc la méi trong linh
vue VLTV va VLNT hién dai, khong 6 tring Idp voi cdc két qua nghién ciru dd cong
bé cua cdc tdc gid trong va ngoai nuoc. Cdc cong trinh khoa hoc lién quan cua cdc tdc
gid khdc dwoc trich dan nghiém tic va ddy du.

6. Chat luong nhiing .cong trinh khoa hoc da dugc cong bb: Cdc bai bao khoa hoc cua
nghién ciru sinh déu dwoc cong bo trén cdc tap chi VLTV quéc té uy tin cé hé sé dnh
hong cao, déap g day dit yéu cau doi véi ludn dn tién si vt 1y.



7. Noi dung, két cAu va hinh thirc ctia luan dn: Ngi dung lugn dn dicgc trinh bay trong két
cau hop 1y, ddc biét phan tong quan va gioi thiéu ngi dung vat ly cua lugn dn duoc
trinh bay chi tiét va dé hiéu doi véi nguoi doc. Hinh thire trinh bay cia ludn vin khd
hoan chinh ¢6 thé dwoc dung nhu sdch tham khdo trong cdc nghién ciru VLTV hién dai.

8. Két luan: Ludn an dap wng day du cdc yéu cau vé noi dung va hinh thirc doi voi mot ludn

dan TS vat ly. Ban tém tat lan dn phan dnh diing noi dung co ban cua ludn dn. Ludn dn co
thé duoc dua ra bao vé cap Hoc vién dé nhan hoc vi TS vt [y.

Ha Noi, ngay 06 thang 08 nam 2024
Ngwoi nhan xét

GS TS Dao Tién Khoa



BAN NHAN XET/ PHAN BIEN LUAN AN TIEN ST CAP HQC VIEN

Tén dé tai luin an: The sources of cosmic re-ionization as seen by MUSE/VLT
Chuyén nganh: Vit ly nguyén tir va Hat nhéan

M s: 9 44 01 06

Nghién ciru sinh: TRAN THI THAI

Co sé dao tao: Hoc vién Khoa hoc va Cong nghé, Vién Han 1am Khoa hoc va Cong
nghé Viét Nam

Nguwoi hwong din: TS. Pham Tuan Anh va TS. Roser Pello

Nguwdi phan bién: PGS. TS. Bd Québc Tuén

Co quan cong tac: Truong Dai hoc Phenikaa

Y KIEN NHAN XET

Luén an tién si “The sources of cosmic re-ionization as seen by MUSE/VLT” cia
nghién ciru sinh (NCS) Trén Thi Théi 1 su téng hop céc nghién ciru da duge cong bd
trén hai bai bao ding trén tap chi ISI rat uy tin trong cong dong thién vin thé gidi va
mot bai hoi nghi uy tin v& thién vin (hai bai NCS 1a tac gia dau). Do d6, luan 4n cé y
nghia khoa hoc va thuc tién cho cong dong thién vin trong va ngoai nudce. Céach dat vén
dé cta luan an ciing rt khoa hoc va hop ly, véi phuong phap nghién ctu c6 do tin cdy
va hop 1y cao. Céc két luan cia ludn 4n phu hop voi cach dat vén d& va co st thuyét
phuc cao.

Ngoai ra, ludn an khong cdé su tring lap so voi cac dd 4n, luan vin, luan an hay
cong trinh khoa hoc da cong b trong va ngoai nudce. Cac tai liéu tham khado da dugc
nghién ctru sinh trich dan trung thuc. Cac cong thirc, hinh vé, bang biéu sd lidu duge
NCS trinh bay rd rang, chi tiét. Luan 4n khong cin phai sira chita hay bd sung gi thém.
Luan 4n dap (mg diy du yéu cau vé ndi dung va hinh thirc dbi v6i mot ludn an Tién si
dé dugc bao vé tai Hoi df‘mg cép Hoc vién.

Toi ddng ¥ cho NCS bao vé Ludn n cAp Hoc vién dé nhan hoc vi tién si.

Ha Noi, ngay 6 thang 8 nam 2024

Ngwoi nhan xét




BAN NHAN XET LUAN AN TIEN SI CAP HQC VIEN

Ee“ f"_glzlién ctru sinh: Tran Thi Thai

CEJ;EHF he‘i?}urffes Tf cosmic reionization as seen by MUSE/VLT
uyén nganh: V4t 1y nguyén tir va hat nhan

Ma s0: 9440106 ’

Ngudi nhan xét luan 4n: TS. Dinh Nguyén Dinh

Co quan céng tac ctia ngudi nhan xét: Vién Vat ly, VHL KH&CN Viét Nam.

N¢i dung nhén xét
~Ngay nay, vii tru dugc thua nhan khé rong rai bdi cac nha khoa hoc la dugc

bat dau tir mot vu né 16n (Big bang). Ké tir d6, no trai qua nhiéu giai doan pt}at
trién tir qua trinh lam phat, giai doan hinh thanh cac nguyén tir hydro trung hoa,
thoi ky toi tam, thoi ky tai ion hoa, ... va téi su On dinh cua Vi try nhu hign tal.
Viéc nghién ciru va c6 nhimg hizu bidt diing dén vé cac qua trinh xay ra trong giai
doan som ciia vil tru s& timg budc cho ta birc tranh rd rang ve su van dong va p}'liit
trién ctia nd. Do vay, luan an nghién clru déng gop cua mot so thién ha, la irmg vien

n sat bai MUSE va VLT, la

cho cac nguf’in co6 thé giy ra su tai ion hoéa, dugc qua
inh thoi sy va mang nhicu ¥ nghia khoa hoc quan trong.

hudng nghién ciru hay, co ti

Huéng nghién ctu phu hop v&i chuyén nganh Vatly nguyén tir va hat nhan vol ma
s 9440106.

uin an dua trén sy phén tich quang phi‘"} va
danh gia dua trén co s¢ dit liéu thu duoc tr q__éc. tram quan sat I:/[USE va VLT.
Théng qua tinh toan ham dé trung, téc gia co thé udc lugng duoc toc do hinh thanh
sao, ciing nhu danh gia qua trinh tai ion hoa. Pay la phuong phap nghién ctru hién

dai va c6 do tin cdy cao.

Phuong phéap nghién ctru cua |

duoc trinh bay trong 05 chuong chinh. Trong
céc churong 1, 2 va 3, tic gia chu yéu gidi thicu céc kién thic co ban lién quan dén
cac hiéu biét tai thoi diém hién tai vé sur hinh thanh va phat trién ctia vil try; mot 5O
khai niém quan trong, cac tram quan sat nhu MUSE va VLT, quan trong nhat 1a
vai trd va y nghia cua birc xa Lyman alpha tir nguyén t hydro. Noi dung cac
chuong 4, 5 1 nghién clru va déng mdi cla tac gia va nhém nghién ciu. Téc gia da
nghién ctru hon 600 ngudn phat bic xa Lyman alpha théng qua hiéu ing thau kinh
hap dan cua 17 cluster khac nhau, duoc quan sat boi MUSE va VLT. Phuong phap
phan tich s6 lidu trong nghién ciru sir dung phuong phap dugc trinh bay trong cong
bé G. de la Vieuville et al., 2019 (DLV 2019) dugc diéu chinh dé phu hop véi do

dich chuyén do lén. Tac gia da tinh toan va dua ra bd tham s6 phi hgp cla ham

Néi dung chinh cua ludn an



Sc ok o . :
s_oh:;:?; v;:lrl‘ do Sd;ch chuyén do thap. O :nL'rp d dich chuyén do cao, 4.0<z<5.0 va
SChechu;r,c '21.111}11'1;~ f.:hechfer iiuqc thay the lzi:ing ham Schechter bién déi. Tir ham
trinh t4; : N R tm;h B t-’fo sang, suy ra toc do hinh thanh sao va lién h¢ véi qué
: ?ﬂl 1on hoa. Két qua tinh toén cho thiy rang cac nguon phat xa Lyman alpha
;gp"’al tro kha quan trong trong qua trinh téi ion héa. N6 chiém khoang 8% dong

Trong thoi gian 1am NCS, tac gia cing nhém nghién ctru da hoan thanh 03
cong bo khoa hoc, trong d6: 02 cong trinh duoc ding trén tap chi Astronomy and
Astrophysics (A&A), la tap chi quéc té uy tin trong linh vuc thién van va vii tru
hoc; va 01 cong trinh dugc dang trén ky yéu hoi nghi. Chat luong khoa hoc cua
ludn 4n rat t6t. N6 dap mg day du yéu cdu cia mét ludn 4n tién s theo quy dinh
hién hanh cta nha nuée.

Bé cuc trinh bay cua ludn an noi chung kha hop ly va rd rang, céc tai ligu
tham khao dugc trich din day du. Tuy nhién, theo danh gia cua toi, luan 4n con ton
tai kha nhiéu 18i danh may, 16i hanh van va mot s0 thuat ngtr khoa hoc chua chinh
xac. Ngoai ra, tai liéu tom tit ludn 4n can duge trinh bay sat vdi cac dé muc voi
ludn 4n goc va duge trinh bay véi & chit to hon dé ngudi doc tién hon cho qua
trinh tham khao.

Bo qua nhimg khiém khqyét con ton tai ké tréjn, ludn an déap ung dﬁy du yéu
cdu vé ndi dung va hinh thirc doi v6i mét ludn 4n Tién s§. Dé nghi cho phép NCS
duoc béo vé tai hoi dong cap hoc vién dé nhéan hoc vi Tién sJ.

Ha Néi, ngay 07 thang 8 nam 2024
Xic nhin cia co quan cong tac Ngwoi nhan xét

7AUONG PHONG CURNLY TONGHOP /DM/

@,{' )Zg u; en i




BAN NHAN XET LUAN AN TIEN Si CAP HQC VIEN

Tén dé tai luan an: The sources of Cosmic re-ionization as seen by MUSE
Chuyén nganh: Vat ly nguyén ti¥ va Hat nhan

Ma s6: 9 44 01 06

Nghién cttu sinh: Tran Thi Thai

Nguwoi hwdng dan: TS. Roser Pello, TS. Pham Tuan Anh

Nguoi nhan xét: PGS.TS. Nguyén Van Thai

Co quan cong tac: Khoa Vat ly Ky thuat, Pai hoc Bach khoa Ha noi

NOI DUNG NHAN XET

1. Nhan xét chung

Luan an trinh bay két qua nghién citu dir liéu thién van thu duwgc tv hé quang
pho MUSE/VLT nham lya chon phan loai cac thién ha phat xa vach Lyman-a
quan sat dugc nho thau kinh hap dan, tir d6 ap dung va cai tién phwong phap Vmax
nham tinh toan tién trién cua Luminosity Function (tac gia goi la ham do trung) va
toc d6 hinh thanh sao theo ham cua z (redshift: do dich chuyén vé phia dé)

Luan an dugc viét bang tiéng Anh, trinh bay trong 140 trang, gobm 6 chwong, 9
bang, 90 hinh vé cung tai liéu tham khdo. Luan 4n c6 bdé cuc hop ly, trinh bay
mach lac, it c6 16i chinh ta, khong c6 sy trung lap so vGi cac cong trinh, luan van,
luan an da cong bo & trong va ngoai nwdc; luan an thé hién tinh trung thuce, rd rang
va day dua trong trich dan tai liéu; luan an thé hién ré sy phu hgp giita tén dé tai va
noi dung, gitta ndi dung v6i chuyén nganh va ma chuyén nganh.

2. Két qua nghién citu mai va y nghia khoa hoc ctia luan an

Két qua nghién cttu dit thu duwgc nhiéu théng tin méi c6 y nghia va tam quan
trong cao, cu thé la v6i 1400 hinh anh thu dugce tiv 17 cum thién ha thau kinh hap
dan twong tng v4i 600 ngudn phat xa vach Lyman-a thé hién sy gia tang dang ké
vé sO lwgng nguon cé do trung thap (log L < 40 erg/s). Ngoai ra NCS da st dung
va cai tién ham do trung Schechter c6 tinh dén sy suy gidm vé so lwgng thién ha &
nhitng gi¢i han m& nhat. Mdc du mot s6 két qua c6 sai s6 16n chwa thé danh gia
phan biét dugc chat lwgng ctia mé hinh, két qua thu dwoc ciing c6 dong gép nhat
dinh trong viéc goi y ¢ vung do trung md nhat, s6 s6 lwgng cac thién ha mo sé
giam s6m hon & nhitng vung dich chuyén do cao hon.

Mot dong gbp quan trong ctia NCS trong ludn an la két qua nghién cttu veé téc
do hinh thanh sao & nhitng khoang dich chuyén dé khac nhau dwa trén két qua thu
dwgc vé tién trién ctia ham dd trung cho thay céac thién ha phéat xa vach Lyman
alpha dong gop dang ké vao qua trinh tai ion.

3. Cac cong trinh cong bo



Cac két qua duge NCS cong bo trong 02 bai bao trén tap chi Quoc té c6 uy tin
déu nam trong danh muc ISI (Astronomy & Astrophysics, Q1), 01 tap chi trong
nuwéc (Communications in Physics) da khang dinh y nghia khoa hoc va gia tri thyc
tién, do tin cay caa két qua nghién ciru.

4. Két luan: Luan an dap tng cac yéu cau doi véi mot luan an tién si theo Quy ché
tuyén sinh va dao tao trinh do tién si hién hanh; ban tom tat luan an phan anh trung
thanh noi dung co ban ctia luan an; T6i dong y luan an c6 thé dwa ra bao vé & cap
Hoc vién.

Nguwoi nhan xét

—

PGS.TS. Nguyén Van Thai



BAN NHAN XET LUAN AN TIEN ST CAP HQC VIEN

Tén dé tai ludn an: The sources of Cosmic re-ionization as seen by MUSE/VLT
Chuyén nganh: Vat ly nguyén tir va Hat nhan

Mi s6: 9 44 01 06

Nghién ctru sinh: Tran Thi Thai

Ngudi huéng dan: TS. Pham Tuan Anh va TS. Roser Pello

Nguoi nhan xét: TS. Pham Ngoc Pong
Co quan cong tac: Vién Khoa hoc va Ky thuat hat nhan

Y kién nhan xét
1. Tinh can thiét, thoi sy, ¥ nghia khoa hoc va thuc tién ctia dé tai ludn 4an:

Su tién bo, phat lrlen ctia khoa hoc va cong ngh¢ da cho con nguoi chung ta ¢o
nhiéu hiéu biét hon vé su hinh thanh va phat trién cta vii tru. Theo thoi gian véi su ra
doi ctia cac kinh thién van maéi ca trén mat dat 1an trong khong gian ¢6 kich thuée kinh
to hon, nhay hon, bao phu rong hon cac ving budce song khac nhau tir gamma, X-ray,
quang hoc, héng ngoai, vo tuyén, khlcn cudc dua tranh tim kiém céc vat thé xa nhat
trong Vi tru ngay cang so61 dong, thuc ddy va lién tuc mo rong gioi han hiéu biét vé Vi
tru cta loai ngudi. Trong d6, su hinh thanh va tién hoa cua thién ha la mot qua trinh
kéo dai nhicu ti nam khi thoi gian ton tai ngén ngui cua loai nguoi viée doi theo mot
thién ha 11eng l¢ 1a khong the Tuy nhién néu thu thap dir li¢u ca ngan thién ha khac
nhau, va mdi thién ha trong so chung dang ¢ nhtng giai doan tién hoa khac nhau, ¢6
thé giup chung ta s& co duoc birc tranh vé sy tién hod cta thién ha noi riéng cling nhu
vl tru noi chung.

V6i nhirng gi quan sat ghi nhan dugce hién nay. ching ta dang song trong mot Va
tru gidn no, khoang céach gitra cac thién ha ngay mat 1on dan theo thoi gian. Van toc
dich chuyén ra xa cua thién ha lai ti 1é voi khoang cach tdi ching. Bire xa thp dq’gc t
cac thién ha ¢ xa bi dich chuyén vé phia viing budc song dai hon (dich chuyén vé phia
do). Thong qua do do dich chuyén do nay ¢o thé xac dinh duoc khoang céch téi chung.
Tin hiéu dugc truyén di vdi van tdc anh sang nhung do khoang céch téi cac thién ha &
xa rat 16n, tin hi¢u cua chung cung méat hang ti nam dé téi Trai dat. Céac kinh thién van
thue su 1a cac ¢d méy thoi gian giup ching ta nhin lai qua khir ctia Vu tru. Khi ta do
duge dich chuyén do co thé biét dugc thién ha nay dang ¢ thoi diém nao trong qua
khur. 1)1eu d6 co nghia khi tim hiéu nghién ctlru cac vat thé/thién ha & xa, thi cang gan
hon vé thoi ki so khai cua Vu tru.

Cho dén nay nguon gbe cac nhan th dong vai tro tai ion hoa Vi try so khai van
chua duoc hiéu biét mot cach ddy du. Cac dir liéu quan sat gan day déan dén cho thay,
cac thién ha dang c6 hoat dong hinh thanh sao, cac thién ha Lyman — break va thién ha
phét xa vach LLyman — alpha, dong vai tro chinh trong qua trinh nay. Li¢u s6 luong cac
thién ha hinh thanh sao dang nay co du dé tdi ion hod Vi tru so khai? Viéc xac dinh
mat do céc thién ha trong mdt don vi thé tich cia Vi tru theo ham ctia do trung va theo
ham cua thoi gian s giup tra loi cau hoi do.

Luéan 4n cta nghién ctru sinh dugce thuc hién tai Phong Vat li thién van Vi try,
Trung tam Vi tru Viét Nam, hop tac voi Vién thién van o Marseille s dung du liéu
quan sat ctia 17 cum théu kinh hap din quan sat boi may pho ké da vat the MUSE lap



dit trén kinh thién van VLT da tao lap duge mét tap s6 liéu lon nhit cac thién ha hinh
thanh sao dugc khao sat t6i vang d§ trung mo nhat nhét cho t6i hién tai d6i véi cac
thién ha phat xa vach Lyman — alpha dé nghién ctru nguon goc céc nhan t6 dong vai
tro tai ion hoa Vii tru so khai. Cac két qua nghién ctru ctia ludn an cho thdy, mat dg cac
thién ha hinh thanh sao quan sat dugc la du dé cung cip lugng photon can thiét dé ion
ho4 hoan toan Vi tru so khai khoang mot ti nam truge. Cac thién ha phat xa vach
Lyman — alpha dong gop quan trong gitip Vi tru hoan thanh qua trinh chuyén pha tir
trung hoé sang bi ion hod quan trong nay. Ti I¢ thoat cua cac photon Lyman — alpha ¢
cac thién ha phat xa vach nay cting la mot thong tin quan trong: cang nhiéu photon nay
thoat ra thi dong gop cua thién ha do vao qua trinh tai ion hoa Vu tru cang cao. Tuy
nhién ciing khong dé dé cac photon nay thoat ra bai ching co thé dé dang bi hép thu
boi bui trong thién ha. Ro rang vai cac thién ha thot ki diu Vi tru. co tuong doi it thoi
gian dé tién hoa so voi cac thién ha hién nay, nén luong bui trong thién ha dugc ki
vong ciing ¢ it hon. Do do. ti 1¢ thoat ctia cac photon Lyman — alpha s¢€ tang déan khi
nguoc vé quéa kh. Néu céc thién ha phat xa vach Lyman — alpha dugc phét hién du
I6n, phong doan i thuyét nay moi ¢o thé do dac va xac nhan cu thé. Dua vao mét do
ctia thién ha hinh thanh sao Lyman — alpha do dac dugc, chung ta ¢6 thé xdc dinh ti 1€
thoat ctia photon Lyman — alpha ra khoi cdc thi€n ha do. Két qua bude dau cho thdy ¢
su tang nhe cua ti 1¢ thoat photon Lyman alpha theo ham cua thoi gian tro vé qua khu.
Day ciing chinh 1a nhiig dong gop quan trong cua ludn an vira ¢ tinh chét thoi su vira
¢6 y nghia khoa hoc va dac biét bg s0 liéu co y nghia rat 1on dbi vai cong dong cac nha
khoa hoc trong cung linh vuc quan tam.

2. Su khong trung ldp cua dé tai nghién ctru so voi cac cong trinh, ludn van, luan an da
cong bo & trong va ngodi nudc; tinh trung thyc, rd rang va ddy du trong trich dan tai
li¢u tham khao:

Noi dung ctia ludn 4n dugc chia thanh 6 chuong chinh theo cdu truc nhu sau:
Chuong 1. Tong quan vé sy hinh thanh cia Vi try, cdc thién ha va muc ticu nghién
clru cua ludn an; Chuong 2. Trinh bay vé Du 4n thau kinh hap dan sir dung mdy quang
pho da doi tugng (MUSE): tir quan sat cac cum thién ha khdi luong 16n t6i viée lua
chon mau nguon phat xa Layman; Chuong 3. Trinh bay vé két qua tinh toan ham do
trung cua cac cum thién ha théu kinh hép dan: thé tich 3 chiéu trong mit phfmg nguf‘)n
va tinh gia tri Vmax; Chuong 4. Trinh bay vé chi tiét cac dac diém cua ham do trung
cling nhu so sanh voi du doan ly thuyét; Chuong S. Trinh bay vé mit do toc do hinh
thanh sao cua thién ha va img dung tinh toan tai ion hoa; Chuong 6. La phan két luan
va dinh hudng nghién ctu tiép theo. Ludn én ¢o tong sO6 126 trang, 09 bang
biéu, 80 hinh v& va 247 tai liéu tham khao. Céc két qua nghién ctru trong ndi dung cta
luan 4n lién quan truc tiép dén 03 cong trinh cong b trén cac tap chi qubc té uy tin
trong linh vuc thién vén va vat ly thién van dic bi¢t la 02 cong trinh cong b trén tap
chi Astonomy & Astrophysics (Thién vin & Vat ly thién vén) co chi sd anh hudng
cao.

Pé tai va noi dung nghién ctru ludn an khong tring 1ap so véi cdc cong trinh, ludn
vén, ludn an da cong bo & trong va ngoai nudc. Cac két qua khoa hoc va s6 lidu cong
bd trong ludn an dong gop quan trong vao nguon so liéu chung cho cong dong khoa
hoc nodi chung.

3. Su phu hop giita tén de¢ tai véi ndi dung, gitta ndi dung voi chuyén nganh va ma s
chuyén nganh:



Luan an co tén tiéng Anh “The sources of cosmic re-ionization as seen by
MUSE/VLT” va tiéng Viét 1a “Nghién ciu céc nguf‘m tai ion hoa Vi tru stt dung may
quang pho da ddi twong MUSE cua dai thién van Nam Au (VLT)". Miac du doi tugng
nghién ciru cua dé tai cta luan én thude linh vue thién van, vii tru tuy nhién vé médt ban
chat nghién ctru dya trén vige thu nhan so liéu phd nguyén tir phat xa Layman la doi
tuong nghién ciru cua chuyén nganh vat ly hat nhan va nguyén tir. Chinh vi vay, co thé
noi rang tén dé tai luan én pht hop véi ndi dung va ma so chuyén nganh Vat ly nguyén
ter va hat nhan, ma s 9440106.

4. Do tin cdy va tinh hién dai ctia phuong phap da su dung dé nghién ctru:

Dé do chinh xac dich chuyén do ngudi ta phai st dung cac may quang pho hién
dai nhu MUSE (Multi-unit Spectroscopic Explorer) dugc lap trén kinh thién van VLT
(Very Large Telescope) ctia Dai thién van Nam Au. Khi nay tim kiém céc thién ha o
xa dwa trén vach phat xa cia nguyén tu Hydrogen — vach Lyman alpha: day la mot
trong nhimg vach phat xa c6 cuong do manh nhat trong cac thién ha.

Céac thién ha duoc phat hién theo cach nay goi la céc thién ha phat xa vach Lyman
— alpha. Cung v&i thién ha phat hién theo ki thuat Lyman — break, chung dugc goi
chung la cac thién ha hinh thanh sao, va dong vai trd quan trong trong viéc thap sang
va tai ion hoa Vi tru so khai.

Ngoai ra, dé phét hién cdc thién ha ¢ xa, thong qua hién tuong théu kinh hap dan
manh. Day la h¢ qua truc tiép cua thuyét twong dbi rong cta Einstein: anh sang bi be
cong trong truong hap dan. Su bé cong cang manh khi tia sang hay birc xa dién tr cua
vit thé & xa di cang gan vat thé ¢6 khoi lwong 16n. Su bé cong nay khién vt thé xuat
hién & vi tri khac so véi vi tri thuc cia nd tao nén hiéu tng a0 anh va tap trung tia
sang. Nho hiéu (g tap trung tia sang nay ma tin hiéu co thé duoc khuéch dai 1én
nhiéu lan, d& dang hon trong viéc phat hién cac thién ha mo nhat ¢ xa. Hay noi cach
khac. thdu kinh hap dan manh nhu mét kinh thién vén cua tr nhién gitp tim kiém céc
vat thé ma trong diéu kién binh thuong kho co thé dugc quan sat dugc.

C6 thé noi phuong phap duge sir dung trong ludn dn 4p dung trong qua trinh
nghién ctru dugc cong ddng cac nha thién van hoc va vat ly thién van hién nay cong
nhan va sir dung rong rai két hop voi thiét bi quang pho hién dai dugc lap trén Kinh
thién van l6n — VLT. Két qua nghién ctru cua luan an phu hop voi két qua cua cac tac
gia khac va da dugc cong b trén céc tap chi ¢6 uy tin trong nude (Communication in
Physics) va ngoai nuéc (Astronomy & Astrophysics) duge cong dong khoa hoc danh
gia cao.

Cac cong trinh lién quan truc ticp cia ludn an la:

- Thai et al., Probing the faint-end luminosity function of [yman-alpha emitters
at 3 < z < 7 behind 17 MUSE lensing clusters, A&A, 678 (2023) A139.

DOI: hitps://doi.org/10.1051/0004-6361/202346716:

- Goovaerts I. et al., Evolution of the Lyman- a -emitting fraction and UV
properties of lensed star-forming galaxies in the range 29.<.z <.6:7, 2023,
A&A, 678 (2023), A174. DOIL: https://doi.org/10.1051/0004-6361/202347110:

- Thai et al., Studying the luminosity function of lyman alpha emitters selected
behind 17 lensing clusters from multi-unit spectroscopic explorer (muse/vlt)
observations, Communications in Physics, Vol. 32, No. 48 (2022), pp. 441-
451. DOI: https:/doi.org/10.15625/0868-3166/17726 .




5. Két qua nghién ctru méi cla tac gia

- Luan an da xay dung dugc bo 0 lidu vai 600 ngudn phat xa vach Lyman alpha co
khoang dich chuyén do 2.9 < z < 6.7, day la by dir licu 16n nhét vé cac thién ha phat xa
Lyman alpha quan sat dugce nho hiéu tmg thdu kinh hdp dan st dung may quang phé da dbi
tugng MUSE dat trén Kinh VLT (Very Large T clescope) tai Dai Thién van Nam Au. Cac
nguon phat xa Lyman alpha trong tap mau nay khong bi anh huong boi bat ki chon loc trac
quang nao trude do (thuong wu tién cac ngudn phat xa lién tuc manh). Tap mau nay c6 do
trung trai dai trong khoang tir 10% t6i 10% erg 57!, va xéac dinh hiéu qua ham do trung cua
thién ha vung m& nhat xudng t6i 10*° erg s™'. T4p mau nay thiét 1ap mdi tuong quan gitra ham
dod trung tai vung cudi mo nhat cling nhu su bién ddi cua hé sd goc theo ham cua su dich
chuyén do. Do do6 dit liéu cling nhu két qua nghién ctru cua luan an la nguén thong tin tham
khao quan trong cho cac nghién ctu trong linh vuc nay.

- Luan 4n da phat trién thanh cong mdt goi tinh toan tu dong xac dinh thé tich Vi tru
(Vmax) bi chiém gitt boi moi thién ha duoc phat hién trong khao sat cho mot lugng lém 17
cum thién ha thiu kinh hap dan. Day la dai lugng quan trong nhét trong viéc xay dung ham do
trung nham xac dinh mat do thién ha trong mét don vi do trung cho truge trong mot don vi
thé tich Vi tru.

- Do dbc 16n cua ham do trung Schechter tiép tuc dugc quan sat thdy & ving do trung mo
nhat hon mudi 1an so véi cac khio sat truéng trong trude do. Xu huéng tang nhe cta do doe
nay theo dich chuyén do ciing tiép tuc duoc khang dinh.

- Sai s6 hé thong lién quan téi viée tinh toan ham do trung trong cac truong lli"ip dan manh
cling duge danh gia, trong do bao pdm: hé s6 khuéch dai tir md hinh thdu kinh hap dan; cach
do dac théng luong ngudn; do qua trinh lya chon ngudng cit dé loai bo cac ngudn mo nhat;
tinh dén céac ngufin ¢oO do tin cay thap hon.

- Két qua cua luan an chi ra mat do téc do hinh thanh sao cta loai thién ha phat xa vach
Lyman alpha tang theo ham cua dich chuyén do. Cac thién ha phat xa vach Lyman déng gop
dang ké vao qua trinh tai ion hoa Vi tru so khai.

6. Uu giiétn va nhuoe diém vé ndi dung, két cau cua luan an. Chi ra cac van dé can
phai di¢u chinh, lam ro:
U diém:

Luén an ¢6 bd cuc va ndi dung dugce trinh bay ro rang, day du. S6 luong cic tai
licu duoc trich dan day du. Céac noi dung trinh bay trong ludn an déu lién quan truc
tiép dén luan 4n.

Nhitoc diém:

Luén an:

- Doi voi Chuong 5 khong nén dé duy nhat mot muc 5.1 hodc néu dé thi tiéu dé

muc 5.1 ctng phai day du gidng tiéu dé cuia chuong s& hop Iy hon,

Tom tat ludn an:

- B6 sung tén tiéng Viét ctia ludn an trong Tom t4t luan an ban tiéng Viét.

- Nén ¢6 phan Muc luc dé dé theo doi va bo sung muc Tai liéu tham khao d6i voi
céc trich dan hodc khi trich dan tai liéu c6 duong dan (link) cho tai li¢u d6 trong ban
Toém tit ludn 4n tiéng Anh va tiéng Viét.

- Tém tit ludn an ban tiéng Viét can dich mot so tu thong nhat va sat nghia hon
nhu: “lanh dan”, “chiu trach nhiém”, “thién ha c6 nhan hoat dong”, “thién ha hinh
thanh sao”... nén st dung Viét hoa gan nghia hon vi du nhu “ngudi dan”, “la nguyén
nhan cua ...”, “nhan thién ha hoat dong”, “thién ha c6 sao hinh thanh”. ..

Y kién khac: Khong.



7. Két luan chung can khing dinh muc do dap (mg cac yéu cau dbi véi mot ludn an
tién si chuyén nganh. Ban tom tat luan an phan anh trung thanh néi dung co ban cua
luan 4n hay khong: ludn an co thé dua ra bao vé cz’ip Hoc vién dé nhan hoc vi tién si
dugc hay khong?

Nhin chung, Luén an dugc trinh bay co bo cuc hop 1y, logic phu hop voi cac noi
dung nghién cru da dugc dé ra cling nhu céc két qua nghién ciru mot cach théng nhat.
Pay la mot luén an duoc hoan thanh trén co s& 02 cong trinh da dugc cong bo trén tap
chi qudc t€ uy tin Astronomy & Astrophysics ¢o chi s6 cao (IF=5.4) va 01 cong trinh
cong bd trén tap chi Communication in Physics. Ca ndi dung va hinh thirc déu dap tng
cac yéu cau doi voi mot ludn an tién si.

_ Nguoi nhan xét dé nghi nghién ctu sinh Tran Thi Thai duge bao v¢ truoe Hoi
dong cham luan an tién si cap Hoc vién va nhan hoc vi tién si chuyén nganh Vit ly
nguyén tur va hat nhén.

Ha Néi, ngay 06 thang 08 nam 2024
Nguoi nhan xét

Vi
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Pham Ngoc Pong
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Ha Ngi, ngay 29 thang 8 nam 2024

_ NGHI QUYET _
CUA HOI PONG PANH GIA LUAN AN TIEN SI CAP HOC VIEN

Tén nghién ctru sinh: Tran Thi Thai

Vé dé tai: “The sources of cosmic re-ionization as seen by
MUSE/VLT”

Chuyén nganh: Vit ly nguyén tir va hat nhan. Mii s6: 9 44 01 06
Nguoi huéng dan 1: TS. Pham Tuén Anh,
Trung tdm vii try Viét Nam, Vién Han Lam KH&CN Viét
Nam.
Ngudi huéng dan 2: TS. Roser Pello,
, Truong Dai hoc Aix-Marseille, Cong hoa Phép

So6 thanh vién Hoi dong danh gia Iuan an ticén si cap Hoc vién cé mat: 07/07

Hoi dong danh gid luan 4n tién si cp Hoc vién ciia NCS. Tran Thi Thai da

hop tr 9 gi¢ 00 phut dén 11 gio 30 phat ngay 29/08/2023 tai Hoc vién Khoa
hoc va Cong nghé, sé 18 duong Hoang Qude Viét — Cau Gidy — Ha Noi.

Sau khi nghe nghién ciru sinh TrAn Thi Thai trinh bay ndi dung ludn an
trong thoi gian 30 phut, Hoi ddng da nghe cdc phan bién phét biéu nhan xét luan
an. Hoi dong da tién hanh théo ludn chung tai HOi truong, sau do Ho6i dong da
hop riéng va nhét tri quyét nghi nhu sau:

1. Két qua bo phiég danh gid luén an cta Hoi ddng: sb phiéu tin thanh 1a

07/07, trong dé so phicu xuat sac 1a 05/07.

2. Nhitng két luin khoa hoc co ban, nhitng diém méi, déng gép méi clia ludn
an

Tac gia da nghién ctu sb lidu thu dwoc tir hon 600 nguon phét buc xa
Lyman alpha dugc quan sat béi MUSE va VLT. Céc sb liéu d6 duoc phan
tich st dung phuong phap dugc gidi thiéu trong cong trinh G. de la Vieuville
et al., 2019 (DLV 2019) sau khi dugc diéu chinh dé pht hgp véi do dich
chuycn do 16n. Téc gia da tinh todn va dua ra by tham s6 phu hgp cua ham
Schechter véi do dich chuyén do thdp. O mtc do dich chuyén dé cao,
4.0<z<5.0 va 5.0<z<6.7, ham Schechter dugc thay thé bang ham Schechter
bién ddi. St dung ham Schechter, tac gia tinh todn va thu duoc mat do séng,
tir d6 suy ra tde do hinh thanh sao va danh gid qua trinh tai ion hoa. Két qua
cho thay ring cac nguon phat xa Lyman alpha c6 vai tr0 quan trong trong qua
trinh t4i ion hoa. Chi tiét cu thé nhu sau:

1




e Phén tich s liéu thu dugc tir hon 600 ngudn phét birc xa Lyman alpha
phia sau 17 cluster thdu kinh’ hap_dan_thu—duﬁc boi MUSE va VET véidé—
dich chuyén do 2. 9<z<6.7, va 39, 0<logL[erg s7']<44.0. Thé tich khao sét
khoang 50000 Mpc?, gap 3 1an thé tich da duoc khao sét bdi DLV 2019.

e Tim ra by tham s6 phit hop cho ham Schechter véi cho khoang dich
chuyén do 2.9<z<6.7.

e Cic gié tri cia ham d¢ trung ¢ vung do trung 16n (logl>42) hoan toan
phi hop véi cac két qua nghién ctru trude do. O ving c6 do trung thap
hon, v6i dong gop tir cac nguon mo va c6 do phong dai 16n cua hi€u tmg
théu kinh hap dan, mat do ngudn thu dugc nam trong giéi han sai s6 cho
phép. N6 cling phtt hop v6i mot s6 nghién ciru trude do.

e Cic két qua cho thiy hinh thai ciia ham d¢ trung khi loglL.<41 ¢6 thé la
nguyén nhan lam tang mat d§ hinh thanh sao ving 3.0<z<6.0. N¢ ciing tai
khing dinh vai tro clia bitc xa Lyman alpha trong viéc duy tri trang thai
ion hoa cua nguyén tit Hydro trong vii tru. O vung dich chuyén do z ~ 6,
dong gop caa chung twong duong voi cac ngudn LBG.

3.  Co so khoa hoc, d6 tin cdy cua nhitng luan diém va nhiing két ludn néu
trong luan an

Céc két qua cla luan an thu duge dya trén sy phan tich co s¢ dir liéu thu
dugc tir cdc tram quan sat MUSE va VLT, lién quan dén birc xa Lyman
alpha tir nhiéu ngudn khéc nhau véi tdc dong cia hi¢u tng thau kinh hap
dan. Sau khi tinh toan ham do tmng, tac gia co thé udc luong duogc toc do
hinh thanh sao va tir d6 danh gia qua trinh tai ion hoa. Day 1a phuong phap
nghién ctru hién dai va c6 do tin céy cao.
4. Nhitng vu diém cia ludn 4n (¥ nghia vé ly luan, thuc tién va nhiing dé nghi
sir dung céc két qua nghién ctru cia luén 4n)
e NOi dung luin an c6 y nghia khoa hoc cao, la dong goép c6 y nghia cho
nganh vat Iy noi chung va vét ly thién vin n6i riéng. Cung cip nhiing hiéu
biét chuyén sau vé qué trinh phat trién clia vii tru.

e Céc két qua thu dwogc trong luan an c6 thé dugc sir dung dé so sanh véi
cac thi nghiém lién quan nhdm dédnh gia tinh xdc thuc cua cdc mo hinh,
cling nhu str dung trong cac nghién ctru méi trong tuong lai.

5. Nhirng thiéu s6t cin b sung, sira chita (néu c6):

Luén 4n dugc trinh bay mach lac, cAu tric hop ly, tuy nhién van con mot so 13i
nho. D¢ nghi NCS stra lai luan 4n theo dong gép cta céc thanh vién hoi dong.
6. Két luan cua hoi dong:

e Ludn an dap ung diy du cac yéu ciu ctia mot ludn 4n Tién si chuyén nganh
Vit Iy nguyén tir va hat nhén theo quy dinh ctia nha nudec.




e Nghién ctru sinh Tran Thi Théi xting ddng dugc nhan hoc vi Tién S¥.

THU KY HQI PONG CHU TICH HQI PONG
.~ s
TS. PBinh Nguyén Dinh PGS.TS. Pinh Van Trung

XAC NHAN CUA CO SO DAO TAO
KT. GIAM pOC

PHO GIAM O C

Nguyén Thi Trung
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HOC VIEN KHOA HOC VA CONG NGHE

Ha Néi, ngay 29 thang 8 nam 2024
BIEN BAN HOI DPONG PANH GIA LUAN AN TIEN SI CAP HOC VIEN

Nghién citru sinh: Tran Thi Thai
Dé tai: “The sources of cosmic reionizations as seen by MUSE/VLT.
Chuyén nganh: Vat ly nguyén tir va hat nhén. Ma s6: 9 44 01 06.
Ngudi huéng dan 1: TS. Pham Tuan Anh,
Trung tam vii tru Viét Nam, Vién Han Lam KH&CN Viet Nam.
Neudi huéng dan 2: TS. Roser Pello,
Truong Pai hoc Aix-Marseille, Cong hoa Phap
Quyét dinh thanh 1ap Hoi ddng sé: 885/QD-HVKHCN ngay 19/7/2024 ctia Gidm dbc
Hoc vién Khoa hoc va Céng nghé
Thoi gian hop: 9 gid 00, thit Nam, ngay 29 thang 8 nam 2024.
Pia diém: Hoi truong 1705, nha A28, Hoc vién Khoa hoc va Cong nghé, so 18 duong
Hoang Qudc Viét, Cau Gidy, Ha Noi.

NOI DUNG

1. Tir 9 gio 00 dén 9 gidv 30:
_ Pai dién co s& dio tao tuyén bd ly do, doc Quyét dinh thanh 1ap Hoi déng danh
gid ludn an cp Hoc vién. Pé nghi Chu tich Hoi dong diéu khién bubi hop.

- Chu tich H6i ddng diéu khién budi hop:
+ Tuyén b s6 thanh vién Hoi dong c6 mit: 07/07 (c6 danh sach kém theo).
+ 86 khach moi tham du budi bao vé: 10 nguoi
+ Thu ky héi df’ing doc ly lich khoa hoc va két qua hoc tap ctia nghién cltu sinh.
2. Tir 9 gio 30 dén 10 gior 00:
- Nghién ctru sinh Tran Thi Thai trinh bay ndi dung luan an.
3. Tir 10 gior 00 dén 10 gio 30:

- Phan bién 1: Doc nhén xét ludn an (kem theo toan vin nhén xé€t).



- Phéan bién 2: Poc nhan xét luan an (kém theo toan van nhan xét).
- Phan bién 3: Poc nhén xét luan 4n (kém theo toan van nhin xét).
Cic ciu héi ciia thanh vién Hoi dong va ciu tri 10i ciia nghién ciru sinh:
1, Y kién cia PGS. TS. Ngb Ngoc Hoa (phin bién 1)

Cau héi 1: Trong qua trinh khép phd vach Lyman alpha dé tinh théng luong
clia ngudn, ¢ mdt vai vach phat xa lan can vach Lyman alpha, nhitng vach nay
¢6 dugc tinh dén trong qua trinh khép phd khong, lam sao dé loai bé anh hudng
cta ching? Trong qua trinh nay, viéc ldy mé rong thém 6.25 Angstrom vé hai
phia trdi phai ctia dinh vach phd c6 4nh hudng gi dén qué trinh khép phd
khéng?

Tra loi:
C6 hai cach dé tinh thong lwong ctia ngudn:

Céch 1: Khép phd vach ctia mdi ngudn phat xa vach Lyman alpha sir dung ham
Gausian bit d6i ximg do Shibuya et al. 2014 d& xuit. Trong trudng hop nay,
flux ctia mdi ngudn duge tinh trén mot khdi dix liéu ¢6 kich thude 54x 5% x 12.5
Angstrom. Tuy nhién, gié trj trung binh ctia d rong nira chiéu cao phé cua céc
ngudn phét xa vach Lyman alpha trong méu 1a 7 Angstrom. Do d6, khép phé
phat xa Lyman alpha véi d6 rong 12.5 Angstrom 1a hoan toan dam bao.

Céch 2: Str dung phin mém Source Extractor dé tinh théng lugng cta ngudn ¢6
kich thude 10“x10“x d trong d6 d 1a d§ rong vach phat xa Lyman alpha dugc
xac dinh bing cach xem xét doc lap timg ngudn cu thé. Ching t6i loai bo dong
g6p clia cac phat xa continuum ciing nhu nhiéu cta nhimg vach ldn cén (xéc
dinh bing cach l4y trung binh mirc nén bén trai va bén phai vach phd Lyman
alpha véi do rong khoang 20 Angstrom).

Thong lugng cua ngudn phat xa Lyman alpha theo hai cdch nay sai khac nhau
khoang 10%. Su sai khac nay duoc st dung dé dénh gia sai s6 hé thong ctia két
qua ham do trung.

Céhu héi 2: Tai sao s6 lugng ngudn phén b trong nhiing khoang do trung thip
sau khi tinh dén “‘completeness® lai ting lén dang ké? Khi log L =42.25-42.5,
tai sao sO luong nguodn sau khi hiéu chinh lai ting d6t ngét so véi nhirng khoang
do trung lan céan?

Tra loi: Pai lugng completeness “‘c** dic trung cho xdc sut tim théy nguén
trong 1 kénh budc séng ciing nhu dong gép ctia ngudn vao gia tri ham do trung
trong mot khoang d¢ trung cho trude. Xéc suét cang nho nghia la dong gop cua
ngudn sau higu chinh cang 16n. Hau hét cac ngudn md, log L < 40 déu c6 gié tri
completeness kha nho, do dé sé lugng ngudn ting lén déng ké khi tinh dén dai
lugng nay. O ving do trung log L = 42.25-42.5, s6 luong ngufin sau khi tinh
dén completeness tang 1én dang ké 1a do sw xuét hién cua 1 ngudn c6 do trung
16n tuy nhién completeness ctia nguén nay kha nho chi & mirc vai don vi phin
tram.

2, Y kién ctia GS Pao Tién Khoa (phan bién 2) .



Chu hoi 1: Céac ngudn phat xa vach Lyman alpha dugc quan sat nho vao hién

twong thiu kinh hip din; tin hiéu tir ching duoc phéng dai nhiéu lan. Theo
thuyét twong dbi, tin hidu bi bé cong theo khong thoi gian. Em ¢6 xay dung md
hinh cho su bé cong nay khong?

Tra 16i: Trong ki thudt nghién ctru thdu kinh hap han, mé hinh bé cong khong
thoi gian luén dugce dua ra dé tinh toan dd phéng dai cta anh. Trong luén an
ndy, toan bd 17 cum thién ha thiu kinh hap din da dugc quan sat boi Hubble
Space Telescope (HST). Tuy nhién mo hinh thé thiu kinh hap dan van chua
duoc hoan thién do c4c quan sat sau nay cia MUSE dé phét hién thém nhiéu
ngudn, ciing nhu nhiéu anh, & mt s6 cum théu kinh hp dn. Richard et al 2021
di cai thién mo hinh thé thau kinh hip dan dya trén nhitng quan sat méi clia
MUSE két hop véi anh cta HST. Pay 1a mé hinh hoan thién nhit & thoi diém
thuc hién luin 4n, do d6 ching t6i da ap dung mé hinh d6 vao trong bai toan
cua minh.

3, Y kién ciia PGS TS D§ Quéc Tuén (phin bién 3)

Cau héi 1: Trong qué trinh khép ham biéu dién méi lién hé gilta ti 1& thoat
Lyman alpha photon theo ham cua dich chuyén do, néu chi khép ham theo 3
diém la két qua thu duoc tir bai bdo Thai et al. 2023, két qua thu duge c6 du tin
cdy hay khéng?

Tra loi:

- Céc quan sat hién nay, néu khong thong qua théu kinh hép din chi c6 thé tim
kiém duoc cac thién ha ¢6 do trung log L ~ 41, trong khi d6 st dung thiu kinh
hip din cho phép phat hién nhiéu hon céc thién ha & do trung thip log L < 41.
MJ4i lién hé gitta ti 1& tho4at Lyman alpha photon theo ham cua dich chuyén do
duoc bt diu vai cac thién ha phét xa Lyman alpha c6 d6 trung log L ~41. Cach
tiép can nay nhim so sanh c4c két qua nghién ctru gin day voi cach tiép cén
truyén théng ctia Blanc et al. 2011, Hayes et al. 2011, Konno et al. 2018.

- Khi céc quan sat voi thién ha thau kinh hép dan dwgc thyuc hién, cho phép tim
kiém nhiéu hon céc thién ha c6 do trung thap. S6 lugng méu khao sat trong bai
béo Thai et al. 2023 kha 16n ~600 ngudn, cho phép khao sat ham do trung &
nhiing ving m& nhét hién nay, két qua ham do trung tién trién theo thoi gian thé
hién sy gia ting dang k& mat d6 thién ha m& ¢ ving do trung thip. Trong pham
vi sai s6, két qua nghién ctru tir bai bao nay phit hop v6i mé hinh dugc dé xudt
béi Hayes et al. 2011. Tt nhién, sai s6 trong truong hop nay van con kha 16n
nén chua thé khing dinh tinh chéc chin.



4, Y kién ciia PGS TS Nguyén Vin Thai (thanh vién Hoi ddng)

Cfu héi 1: Qué trinh khép ham d6 trung & cac khoang dich chuyén dé khac
nhau, sai sd gid tri do trung ¢ nhiing ving d6 trung thfip kha 1ém, ¢6 cach nao dé
cai thién sai s khong?

Tra 16i: O nhitng viing c6 do trung thip log L < 40 chi khoéng 20 ngudn, hiu
hét nhitng ngudn nay c6 dé phong dai lém, gia tri completeness thap, sai sd cua
nhitng dai luong nay kha 16n do d6 khong duoc tinh dén trong qué trinh khop
ham. T4t ca cac ngudn sai s6 da dugc tinh dén dbi voi nhimg ving ¢6 do trung
thép. Tuy nhién, cich ot nhat va hiéu qua nhét vin la ting sé luong ngudn.
Trong chuong trinh quan sat uu tién cua Dai thién vin Nam Au, 25 cum thién
ha thau kinh hép din duoc lwa chon quan sit dé tim kiém céc thién ha cé do
trung thip. TAt ca nhitng quan sé&t ndy déu da duoc thuc hién va dang trong qua
trinh xr If s6 liéu, xac dinh db dich chuyén do, va udc luong dd phoéng dai cia
timg ngudn. S& c6 khoang 40 ngudn cé do trung thip log L < 40.5, do phong
dai 16n duoc thém vao mau khao sat hién cé, sai sb gia tri ham d¢ trung &
nhitng viing nay chic chan s& dugc cii thién ddng ké. Cin phai néi ring, chi phi
cho 1 dém quan sat ctia Pai thién van Nam Au 12 kha 16n, chung t6i s& cb géng
xin thosi gian quan sét nhiéu nhat c6 thé.

5, Y kién ciia TS Pinh Nguyén Dinh (Thw ki Hi dong)

Ciu héi: Sau khi khép ham do trung, em tinh toc d6 hinh thanh sao nhu thé
nao?

Tra 1oi: Ban chat cia ham do trung la s6 lugng thién ha c6 thé quan sét dugc
trong mot don vi thé tich Vii tru va mét khoang gia tri d6 trung. Do d6, mét do
dd trung dugc xac dinh bﬁng cach lay tich phan ham do trung theo gia tri do
trung trong ving khao sit. Ap dung dbi vai truomg hop tai két hop B (case B
recombination) (Brocklehurst et al. 1971) & nhiét d6 10 000 K, ti s§ thong
luong gitta Lyman alpha va Halpha 1a 8.7 (Kennicutt et al. 1998), toc do hinh
thanh sao dugc tinh dua trén céng thirc:

SFRD =% /(1.05 10%)
Trong d6 Y2 la mat do do trung cta phat xa Lyman alpha.
6, Y kién ciia PGS TS Pinh Vin Trung (Chii tich Hdi ddng)

Ciu héi: Khi d& cip dén céc ngudn c6 d6 trung thap, nhidu ngudn trong sb do
c6 d6 phong dai khé 1én. Do phong dai nay l1a mo phong hay do thuc té?



4.

Tra 10i: T4t ca céc thién ha thiu kinh hip din dugc st dung trong ludn én déu
duoc xdy dung mé hinh thé thiu kinh hap dan dua trén nhitng anh quan sat boi
HST, VLT. Nhitng mé hinh théu kinh nay cho phép x4c dinh do phong dai cua
ngudn dya trén vi trf ctia ngudn so véi dudng tu quang caustic, kich thudce cia
ngudn, v.v. Do dé gia tri phong dai cua timg ngudn 1a gia tri do thuc té (van phu
thudc vao mé hinh théu kinh). Péng cha y, trong luin 4n ndy c6 sy xuét hién
ctia cum thién ha thau kinh hip din A2744 c6 ciu tric phic tap, cong dong
thién van vin dang tiép tuc hoan thién mo hinh thau kinh hap din cho cum thién
ha nay. O thoi diém thue hién luin 4n, m6 hinh cia A2744 13 méi nhat, day du
nhét. Ching t6i phat hién, ding sau cum thién ha thiu kinh hdp din nay c6 1
ngudn duge phat hién véi d6 phéng dai 1én dén 137, tuy nhién sai sé gié tri
phong dai 1én dén 100%, kha ning ngudn nay nam ngay trén dudng tu quang.

Tir 10 gio 40 dén 10 gio 55: Nghi gidi lao
Tir 10 gidr 55 dén 11 gio 20: Hop hgi dong riéng
Thong qua két luén ctia Hoi dong (cé vin ban kém theo)
Ghi phiéu nhan xét luan 4n.
Két qua kiém phiéu 07/07 thanh vién tén thanh (trong do sé phiéu xuét sic
05/07) va d& nghi Hoc vién ra quyét dinh cong nhan hoc vi Tién st Vit ly
nguyén tir va hat nhan cho nghién ctru sinh Trén Thi Thai.
Tir 11 gio 20 dén 11 gior 30
Chu tich Hoi ddng doc két ludn clia hoi dong dénh gid luén én.
Chu tich Hoi ddng néu cac diém chinh stra, bo sung cua luén an.

Hoi ddng két thic luc 11 gio 30 phit ngay 17/05/2023.

THU KY HOI PONG CHU TICH HOI PONG

i

TS. Pinh Nguyén Dinh TGS.TS. Pinh Vian Trung

XAC NHAN CUA CO SO PAO.TAO
KT. GIAM POC
HO GIAM BQC

Nguyén Thi Trung




_ VIENHANLAM CONG HOA XA HOI CHU NGHIA VIET NAM
KHOA HOC VA CONGNGHE VN Pac 1ap - Tw do - Hanh phic
HQC VIEN KHOA HOC VA CONG NGHE

BAN GIAI TRINH CHINH SUA, BO SUNG LUAN AN TIEN SI
CAP HQC VIEN

Ngay 29 tlnmD 8 nam 2024, Hoc vi¢n Khoa hoc va Congj nghé da t6 chire danh gm
ludn 4n tién si cap Hoc vién cho nghién ctru sinh Tran Thi Thai theo Quyét dinh s0
885/QD-HVKHCN ngay 19 thang 7 ndam 2024 cua Giam ddc Hoe vién.

Dé tai: The sources of cosmic re-ionization as seen by MUSE/VLT
Tén Tiéng Viét: Nghién ciu cdc nguon tai ion héa Vi tru st dung may quang phd da
doi tegng MUSE cua dai thién van Nam Au (VLT)
Nganh: Vit ly nguyén tir va Hat nhén, Ma sd: 9 44 01 06
Ngudi huong din khoa hoe: TS. Pham Tuan Anh, Trung tim Vi tru Viét Nam
TS. Roser Pello, Pai hoc Aix-Marseille, Cong hoa Phap

Theo Bién ban cua Hoi dong, NCS bo sung va chinh stra ludn én cdc diém sau day:

Noi dung di dwee chinh sira,
; bo sung
| NCS cAn chinh sta Tom tit ludn dn Tiéng Viét | NCS da chinh sta theo Quy dinh
va Tiéng Anh theo Quy dinh ctia Hoc vién

STT Noi dung dé nghi chinh sira, bo sung

Nghién ctru sinh chan thanh cam on Qui thay, ¢6 trong Hoi dong danh gia ludn
an tién si cép Hoc vién da gop ¥ va tao co hdi cho NCS hoan thién ludn én ctia minh.

Xin trdn trong cam on./.
Ha Noi, ngay -M thang AC nam 2024
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vV  than
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TR
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DA Thi 1.4m Thanh
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