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ABSTRACT

In this work we present a semi-analytical Chemical Evolution Model in the Cos-
mological Framework for 11 elements, taking into account the evolution of Pop-
ulation III and II stars and the transition between metallicities 7 = 0 and
107%,107%,1073,4.1072,8.107% and 2.1072Z,. We calculate the star formation rate
in the framework of hierarchical structure formation (PEREIRA; MIRANDA, 2010)
coupled with chemical evolution equations for Oxygen (O), Iron (Fe), Zinc (Zn),
Nickel (N7), Silicon (S7), Magnesium (M g), Aluminum (Al), Carbon (C'), Nitrogen
(N), Phosphorus (P) and Sulphur (S5). The best results are reached when consid-
ering a Press-Schechter-like formalism, a Salpeter IMF (z = 1.35) and 7, = 2Gyr
as time-scale for star formation (VITTI, 2012). We compare data generated by the
model with chemical abundances in the gas-phase from Damped Lyman-a Systems
(DLAS). Zn is underabundant probably due to the lack of Hypernovae (HNe) yields
in the code, while P and Ni are underabundant probably because Supernovae type
Ia (SNe Ia) yields are not taken into account. Al and M g are discussed to be under-
abundant because of chemical abundances measurement problems in DLAs (such as
blending with the Ly-a Forest) while Fe and Si are thought to be overabundant
because of dust depletion effects on these systems. C;, N and O are unexpectedly
overabundant and although C' and O are used as fuel in SNe Ia, this mechanism is
probably not enough to remove significant amount of these elements from the Inter-
galactic Medium (IGM), leaving the possibility for further studies on the influence
of Carbon-enhanced Metal-Poor stars (CEMPs), Carbon planets formation in the
early Universe and the appearance of life on the Chemical Cosmic Evolution (LOEB,
2016).

Palavras-chave: Cosmic Chemical Evolution. Structure Formation. Population III.
Population II. Cosmology.
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O PAPEL DAS ESTRELAS DE POPULACAO III E 1I NA
EVOLUCAO QUIMICA COSMICA

RESUMO

Neste trabalho apresentamos um modelo semi-analitico de Evolucdo Quimica
no Contexto Cosmologico para 11 elementos, considerando a evolucdo das es-
trelas de Populacao III e II e a transicao entre as metalicidades Z =
0,1075,107*,1073,4.1073,8.1072 € 2.1072Z,,. Calculamos a taxa de formacdo estelar
no cendrio hierarquico de formacao de estruturas (PEREIRA; MIRANDA, 2010) aco-
plado a equagoes de evolugao quimica para o Oxigénio (O), Ferro (Fe), Zinco (Zn),
Niquel (Ni), Silicio (S7), Magnésio (Mg), Aluminio (Al), Carbono (C'), Nitrogénio
(N), Fosforo (P) e Enxofre (S). Os melhores resultados sio atingidos considerando-
se um formalismo do tipo Press-Schechter, uma fungdo de massa inicial (IMF) do
tipo Salpeter e 7, = 2Gyr para a escala de tempo da formacao estelar (VITTI, 2012).
Comparamos os dados gerados pelo modelo com abundancias quimicas na fase do
gas de Damped Lyman-a Systems (DLAs). Resultados mostram subabundéncia para
o Zn provavelmente pela falta de yields de Hypenovae no cédigo, enquanto P e N1
estao subabundantes provavalmente pelo fato de que yields de Supernovar tipo Ia
(SNe Ia) ndo sao considerados. Devido a problemas em medidas de DLAs, (como
por exemplo “blendind” com as linhas da Floresta Ly-a), Al e Mg estdo subabun-
dantes enquanto F'e e Si estdao sobreabundantes probavelmente devido a influéncia
de deplecao por poeira na determinacao das abundancias nos dados observacionais
nos DLAs. C, N and O aparecem inesperadamente sobreabundantes, e embora C'
e O sejam usados como combustivel em SNe Ia, esse mecanismo provavelmente nao
é suficiente para retirar quantidades significativas destes elementos do Meio Inter-
galatico (IGM), abrindo a possibilidade para futuros estudos sobre a influéncia das
Carbon-enhanced Metal-Poor stars (CEMPs), planetas de Carbono no Universo Pri-
mordial e do aparecimento de vida na Evolu¢ao Quimica Cosmica (LOEB, 2016).

Palavras-chave: Evolu¢ao Quimica Cosmica. Formacgao de Estruturas. Populagao II1.
Populagao II. Cosmologia.
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1 INTRODUCTION

In the beggining of the Universe, gas was predominantly constituted of the lightest
elements, Hydrogen and Helium. It is estimated that only a few seconds after the
Big Bang (BB) (~ 1000s) until 20 minutes after it happened, the primordial nucle-
osynthesis formed the nuclei D (*H), *He, *He and a small fraction of “Li. Due to
the rapid expansion and cooling of the Universe, it was not possible to produce any
other heavier element during the primordial nucleosynthesis and conditions for heav-
ier elements to form only appeared later when the first stars began to form, around
380Myr (WMAP and Planck) after the BB. These stars started to form from that
pristine gas, and due to the low cooling properties of Hydrogen and Helium, they
had very high masses, quickly triggering nuclear processes in their cores and produc-
ing heavy elements, from Helium to Iron. They exceeded their cores’ fuel quickly,
ending their lives in powerful Supernovae explosions providing all the ingredients for
the Chemical Enrichment of the Universe to take place.

Pristine gas was quickly enriched by heavy elements, increasing the metallicity of
the Intergalactic Medium (IGM) and providing properties for the second generation
of stars to appear. The second generation of stars kept on enriching the medium
even more and the process kept on happening, giving birth to stars each generation
more metal rich.

The Universe today is constituted by a huge number of galaxies and stars that are
constantly evolving, thereby changing the characteristics around them. Stars host
the only ideal environment for nuclear reactions to happen, transforming lighter el-
ements into heavier ones and ejecting them into the interstellar medium when they
died.

This set of stars, galaxies, galaxy clusters together form the large scale structures
in the Universe. These structures were originated in the beginning of the Universe,
right after the Big Bang, through perturbations in the dark matter density that
grew due to gravitational instability until the first stars started to form.

Regarding the Chemical Evolution processes, models have been developed by Tins-
ley e Larson (1978), Matteucci (2016a) to characterize the evolution of production
of metals inside the Galaxy. Our approach in this work is to couple the Galactic
Chemical Evolution models into the Cosmological Framework, projecting them into
the hierarchical scenario of large structure formation. We explore the theory of pri-
mordial perturbations along with the details of the Initial Mass Function and the
Star Formation Rate, essential ingredients for our model. We built a semi-analytical
model powerful for studying the evolution of the Total Metallicity of Universe and
11 different metals (C, N, O, Al, Si, S, Fe, Ni, Zn, P and Mg) regarding all the



processes that produce and inject them to the IGM. We choose to work with Pop-
ulation III, the first stars to form in the Universe only from primordial metal-free
gas, and Pop II stars, the second generation of stars formed through the metallicity
increasing cycles of the Universe, each generation more metal rich and with evolving
nucleosynthetic properties.

The first part of the work consists in understanding how dark matter halos are
formed and in calculating the Cosmic Star Formation Rate to identify what part of
the available gas in the Universe become stars. It is calculated with a code written
by Pereira e Miranda (2010) and the results give the basis to insert the chemical
evolution equations, explained in 3.2.

Last, we explain how we compare our model with observational data for chemical
abundances in Damped Lyman-alpha Systems, explore our results, the most impor-
tant mechanisms for adjusting the model and the possibility of finding a Transition

between Population III and II stars in the Chemical Evolution of the Universe.



2 THE FORMATION OF STRUCTURES

The Cosmological Principle states that matter in the Universe is homogeneously
distributed, but we know that in fact this is only true for scales 2 300 Mpc. In
these scales, we can say that the Universe is “unperturbed”. Observations made in
smaller scales indicate that the Universe clearly presents inhomogeneities (such as
galaxies, clusters, stellar systems, etc.). But what is the mechanism needed to form
these structures?

In the beginning, the Universe was almost completely smooth, but tiny density de-
viations appeared. They are almost widely accepted as being generated by the am-
plification of quantum fluctuations which took place during the inflationary epoch
and began to grow until reaching macroscopic proportions. The Cosmic Background
Radiation, produced when the Universe was about 380.000 years old, give us infor-

mation that the Universe was smooth in about one part in 10°:

o 107° (2.1)

p
The inhomogeneities appeared soon after the Big Bang and are probably the reason
we have big structures in the Universe today. The growth of such structures only
happened due to gravitational instabilities. When inflation occured, they grew and
started to attract dark matter and form the first halos that later started to attract
baryonic matter and form stars, galaxies, etc. Figure 2.1, for example, shows how
the distribution of matter in the Universe has evolved along time according to data
from the Millenium Simmulation (SPRINGEL et al., 2005).

The Structure Formation Theory can be divided in two classes:

e The generation of the primordial inhomogeneities, that we can call “seeds
of galaxies” (and everything else we see today). This is a very complicated
part of the theory. Once we are not able to observe phenomena from back
then, it is a little speculative in some points. On the other hand, this part
relies on inflation, a very good candidate for the origins of perturbations.
The inflationary predictions agree with present observations and can con-
tinue to be tested. In the inflationary theory, quantum fluctuations in the

inflaton field originated the structures.

e The study of the growth of the small homogeneities until the present struc-

tures that we observe. This part realies much more on observations and



we have a well established theory, the general relativity theory. The un-
certainty in this part is in the fact that we do not know very well dark
energy and dark matter, and they are the dominant part of the Universe’s
density and the growth of structures depend on the equation of state of

these density components .
This second part of the Theory can also be divided in three categories:

e Linear Cosmological Growth
Described by cosmic fluxes on scales bigger than 30 Mpc and associated
to a density contrast (§) smaller than 1. In this case it is possible to study
the processes involved with gravitational instability and the structures of

the Universe through the Linear Perturbation Theory.

e Quasi-linear Cosmological Growth
When a region reaches 6 > 1. In this scenario the peturbation evolution
cannot be described by Linear Theory, because it involves scales from 3 to
30 Mpc.

e Non-linear Cosmological Growth
In this case, 6 > 1 and the scales are studied through computational

simulations, where they are smaller than 3 Mpc.

Our goal at this point is to study the formation of large scale structures in the
Universe through the gravitational instability that acts on small perturbations. The
calculations associated with structure formation involves the determination of the
density contrast dy(t,) on the Fourier Space and the power spectrum P(k), given
by:

S(to) = T(k).04(t;) (2.2)
P(k) = T*(k). B (k) (2.3)

Where P;(k) is the initial power spectrum, determined from the theory responsible

for the production of the perturbations (in this case, inflation) (BARDEEN et al.,

!Dark Energy will begin to dominate the dynamics of the Universe only very close to the present
epoch. On the other hand, Dark Matter starts dominating the dynamics of the Universe right after
equipartition.



Figure 2.1 - Millenium Simulation for Cosmic Structure Formation (Virgo Consor-
tium/Springel et al. (2005)).

1986) and T'(k) is the transfer function, which describes how the shape of the initial

power spectrum is modified by different physical processes.

We now know that in order to understand the formation of structures we must under-
stand density perturbations. On that purpose, we will analyze how an inhomogeneity
can grow due to gravitational instabilities and use the Newtonian approximation de-
scribed in 2.2.1. We will then be ready to understand the physics of how structures
in the Universe grow. First we will talk about how the expading Universe affects our
coordinate system in 2.1. (For further details in the structure formation background
see, e.g., Peebles (1993), Dodelson (2003), Padmanabhan (1993)).

2.1 Comoving coordinates

In order to discuss the evolution of the perturbations in a expanding Friedmann
Robertson Walker (FRW) Universe we must consider comoving coordinates. In an
expanding Universe, the expansion is governed by the Hubble expansion, being the

Hubble parameter defined as follows:

H(t) = Z (2.4)



Where “a” is the scale factor and on overdot denotes a time derivative, i.e.:

da
= — 2.5
@=— (2.5)
The Hubble expansion is uniform, so our space coordinate can be written as:
r=a(t)x (2.6)

Where “r” represents the physical coordinates and “x” are the comoving coordinates.
The expansion factor is such that a(t,) = a, = 1 for today and a(t = 0) = 0 at the
time the Big Bang happened.

The comoving position is then given by:

x(t) = ——= (2.7)

Also, a region in the Universe has a peculiar velocity that comes from the variation
of x(t):

u=a(t)x+v, Vv=ax, (2.8)

Note that a(t)z is the Hubble flow while v is the peculiar velocity which describes
the fluid movement in relation to the observer. We are replacing (7, t) for (Z, t),
then:

Vi — 2 %fﬁx (2.9)

2.2 Density Perturbations

We know that somewhere in the past there were very small inhomogeneities in our
Universe that started to grow because of gravitational instabilities. While these
perturbations are small, we can consider them in the linear regime. As they grow
and become bigger, they have to be treated as non-linear. In this work we will be

treating the first-order perturbation theory, or linear perturbation theory.



The linear regime is defined by density and velocity perturbations of a very small

amplitude. This means that:

sk 1 (2.10)

The density fluctuation §(z,t) is given in terms of non-perturbed density p or p,

that is uniform and does not depend on x:

5z, 1) = L) = pull) (2.11)

The formation of structures in the Universe is connected with the growth of ¢ in
an expanding Universe. The total energy (density) p(z,t) is the sum of various

components:

p(I,t) :pm(l‘,t) +pr($,t)+pDE(£L‘,t) (2'12)

Where the subindex m is for matter (baryonic and dark components), r denoted
radiation and DF stands for dark energy.

The perturbation in the Universe is then represented as:

pu-0(2,8) = pra(t)-0m (2, 1) + pru(t).60 (7, 1) + poEu(t)-Ope(z, 1) (2.13)

But for cosmological constant as the dark energy component we have:

Spp(z,t) =0 (2.14)

In particular, the growth of structures in a scale smaller than the Hubble size can

be described through the Newtonian Theory of Gravity.
2.2.1 Newtonian Approximation

The Newtonian scenario is a good approximation of general relativity in scales

inside the Hubble radius and when considering non-relativistic matter. In this case,



we will use the newtonian approximation to study sub-Hubble fluctuations in the
cold dark matter (CDM) and baryons after decoupling.

The equations of motion of the fluid are:

Continuity Equation:

The continuity equation (or mass conservation equation) implies:

dp = L
a5 + V.(p) =0 (2.15)

Euler Equation:

The Euler equation (or momentum conservation equation) leads to:

00 i¥i= 1.~ ¥ (2.16)

Which corresponds to “F = ma” for a fluid element.

Poisson Equation:

V¢ = 4nGp (2.17)

Where the gravitational potential is represented by ¢.
2.2.2 Perturbation Analysis

We perturb the variables p, P, @ and ¢ producing:

p—p(t)+dop=p(t)(1+90) (2.18)
P — P(t)+ 6P (2.19)

i@ —V+alt)Ht)T (2.20)

¢ — d(x,1) + ¢ (2.21)



We first analyze the continuity equation. We substitute the perturbed variables
(2.18) - (2.21) in the continuity equation 2.15:

<6t + 3,0H> + Kat + 3pH> 6+ pn + Ve V] + 1BV V646V, V)| =
(2.22)

We take into account only first order terms, so we eliminate the last one. The term
between parenthesis describes the background dynamics, given by the Friedmann
equation. To obtain them we have to consider again the continuity equation and the
Hubble law given by 4 = H(t)r"

9 5 i =P ) —
2 T V.. (pt) = 5+ Ve (pH(t)T) =0 (2.23)
Then we have:
9 4 3o — 0 (2.24)
ar P T '

All the terms between parenthesis in equation (2.22) are null, so the perturbation

is given by:

1=
o VeV =0 (2.25)

Let’s do the same thing for Poisson and Euler equations.

For the Euler equation we have:

OH ., 4m .\ . [0V .

SENS

We remove the second order term and the zeroth order term corresponds to the

background dynamics, given by



47
— +H+—Gp=0
or T gp

We finally have for the Euler equation:

N o HVs=—Lv,5p- 19,0

B
ot ap

Q|

Now the Poisson equation. The perturbed equation is:

1 N )
(a2v2¢ _ 47er> + V26 = 4nGpib

The term between parenthesis corresponds to the background dynamics:

V3¢ = 4nGp

So

V3¢ = 4rGa’pd

We now continue the analysis by deriving the continuity equation in time:

2 1, oo 1o [0V

Combining with Euler and Poisson equations we have:

9?6 2. - - 1 1>

—— —ZHV.V — —V%p— -V =
5~ HVV aQﬁv p= Vie=0=
%5 ) 1
—— —9H— —47Gp— —V*P =0
ot? o P a2ﬁv

(2.27)

(2.28)

(2.29)

(2.30)

(2.31)

(2.32)

(2.33)

(2.34)

We have achieved equation (2.34) that is the fundamental equation for the growth of

10



structures in the Newtonian Theory. It shows the general competition between the

gravitational attraction (represented by the term 47Gpd) and the pressure support

(V26P).
2.3 Solutions

Consider a Barotropic fluid where P = P(p),

oP
0P = —.pd 2.35
5" (2.35)
Where c; is the sound velocity:
oP 9
— = 2.36
5 = (236)
So we have:
§P = c.pé (2.37)

Substituting (2.37) in (2.34) and changing to Fourier space:

V2 — —k? (2.38)

g2 T T

2 21.2
) 9 (Csk 47TGﬁ> §=0 (2.39)

a?

Equation (2.39) is the equation for a damped oscillator in an expanding Universe,
provided that:

k2

;2 > Amp (2.40)
On the other hand, if
2k? _
2 < Admp (2.41)

11



The system is gravitationally unstable, allowing gravitational collapse to happen.

The proper wavelength is given by the Jeans length (\;):

T
A = Coy | == 2.42

: : 21a oy
Perturbations with proper wavelength equal to or above —— are gravitationally

unstable. On the other hand, if it is bellow this value, the perturbations simply
oscillate.
Fluctuations bigger than the Jeans length do not have enough time to make pressure

to dominate on the gravitational collapse.
2.4 Formation of Dark Matter Halos

There is wide evidence that galaxies reside in extended dark matter halos. These
halos appear through gravitational instability as we have already described. Density
perturbations grow linearly, reach a critical density and collapse into virialized dark
matter halos. They continue to grow through matter accretion or merging with other
halos to form more massive ones. Since dark matter halos are intrinsically connected
with the birth of galaxies, the properties will have a direct link to the mass function
of galaxies. Dark matter halos are non-linear objects, therefore more complex to
study but we can use a simpler formalism to find the halos mass function, mass dis-
tribution of its progenitors, merger rate and clustering properties. This formalism
was first introduced by Press e Schechter (1974) and it helps us understand how
dark matter halos properties are connected to the cosmological framework.

The evolution of a spherical density perturbation is identical to the Universe evolu-
tion with matter density equal to the critical density. We can consider matter inside

the sphere is constant.

d*r GM
= 24
dt? r2 (243)
Integrating,
2GM
iP=——+C (2.44)

12



The solution is given by:

r = A(1l — cosh) (2.45)
t=B(0 — sinh),0 <0 <27 (2.46)
A® = GMB? (2.47)

If we use these equations as a solution to (2.44), we have:

A2

C="p

(2.48)

C has a value lower than zero, so the system is bounded. Now lets study the be-

haviour of this system in primordial time of density perturbation.

If the perturbation expands along with the Hubble flow:

0 —0=>r—At—0 (2.49)

We can take the limits from equations (2.46) - (2.47) with liméd — 0 and expand

the cosine and sine:

Ab?
3
t= 369 (2.51)
Or
2 9 2
P = SGMt (2.52)

We can associate r® with the spherical perturbation volume:

13



<

3M
dmp

To associate this result with cosmic expansion, we must remember that:

H
H? = 8”3 P (2.54)
9 2 9 2 -2
(2.56)
So,
2
=t (2.57)

In the beginning of the density perturbation evolution the spherical model evolves
like a Universe with Q very close to 1 (p = p.). As we advance in time, we advance

in  and we need to expand the results in series that results in:

2
- 2(1—Az?/12) (2.58)
A )] o
3
t= 6(1_Bg2/20) (2.60)
The initial system mass is:
M = ;lﬂﬁT3 (2.61)

If density changes as 6 grows, the radius must vary to conserve the mass of the

system.
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M= 4§p7~3(1 +6)(1+6,)° (2.62)

Since Minitiat = Mfinal, it implies

L= (1+)(1+6,)° (2.63)
Expanding to first order:
5~ —36, (2.64)
3 [6t\*3
5~ =30, = 4 (B) (2.65)

This way, § oc t2/3 like it should be in the Linear Theory. We can use (2.65) to quan-
tify some key points in the history of the evolution of dark matter halos. The first
point is growing with Hubble expansion. When the self-gravity of the perturbation
reaches a maximum expansion we have § = 7; i.e.; r = 2A and t = 7w B. The final
collapse occurs when # = 27, r =0 and t = 2B.

In this way, we can estimate the over-density at two different moments: turnaround

and collapse. At turnaround we obtain:

3
6 = —.(6m)% =1.06 (2.66)
20
On the other hand, at collpase, we have:
3
be = %.(12@2/3 = 1.69 (2.67)

2.4.1 Virialized Halos

When dark matter collapses gravitationally it does not form a singularity. Instead, it
forms bound structures that eventually reach an equilibrium state, called virilization
(virial equilibrium).

In the turnaround, kinetic energy is zero and the total energy equals the potential

15



energy (E = U).

Virial Theorem states that in the equilibrium state:

U=-2K

Where U is the potential energy and K is the kinetic energy. So:

E=K+U=K-2K=-K
U=2F

(2.68)

So the potential energy is doubled from the turnaround to the virialization time.

The turnaround radius is 7 = 2A so the final radius must be equal to “A”. The halo

density is:

_3M
PH = 4 A3
For an Universe with €2 = 1 we know that:
p = (67Gt*)~*
and the collapse time is:
t=27B

This way:

p = (247°GB*)™!

The super-density is:

16

(2.71)

(2.72)

(2.73)

(2.74)



5 P _ T20GM B

5T A ~ 178 (2.75)

A dark matter halo will always have a density approximately around 200 times the

cosmic density in the halo formation epoch.
2.5 Press-Schechter Formalism

Baryonic matter falls into dark matter halos giving birth to galaxies. Until now we
only described individual halos but Press & Schechter wondered if there was any way
to determine the halo mass spectrum from cosmological considerations. Motivated
by the work of Oemler (1973), they developed this idea in 1974 (PRESS; SCHECHTER,
1974) and the theory was named after the two researchers. It is an analytical model
to the halo mass function evolution.

Imagine we have a collapsing region with mass M. This mass can be connected with

a particular comoving length scale (r or k):

4
M = %prg’ (2.76)

where,
k=— (2.77)

Considering density fluctuations in spheres with mass M, they have a quadratic

mean value given by:

k2dk
2 2
ot = [ 555 )W) (2.78)
Where P(k) is the fluctuation spectrum and W (k) is the window function in the
Fourier space.

A direct way to demonstrate the equation (2.78) can be obtained if we start with

the density fluctuation in a sphere with radius R given by:

3
Ap=—_ / 3 2.
R 47TR3 sphere 6(T)d " ( 79)
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Being the main value represented by:

OR) = s [ e (2.80)

And o(R) =< A% >1/2,
An important concept is the “filtering” which means that contributions to the den-
sity field below a given scale are filtered out. The mathematical way to do this

is:

op = /(5(15, r— 1YW (', R)d* (2.81)

Where the window function W is associated with a comoving length scale R beyond

that W is zero. The normalization of W is:

47r/W(r, R)rdr =1 (2.82)

Thus the filtered over-density dr is the over-density smoothed over a scale R.
For the top-hat filter, we have:

——, ifr<R
W(r,R) = { 47R? (2.83)
0, if r >R
Its Fourier transform is:
W(k, R) — (ki)i’) (sin(kR) — kRcos(kR)| (2.84)

Since the linear over-density has zero mean, we must take into account the second

moment

0 — (AR?) = < [ e (r)‘l/ / d?’r’é*(r’)W*(r’)> (2.85)
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1 e
2 * (1. * i(k—k")r 331..73 )
o = ORE //((5(k)5 (KW, W} .e d’kd’k (2.86)

e s [ POV -
As we have:
_ [ 3 _ikr _ | 3kRcos(kR) — 3sin(kR)
Wi= [ W (r)e ™ = l L v (2.88)

Then, it is straightforward to obtain equation (2.78). However, note that in the
above development it is implicit that §(r) corresponds to a random field and it is
homogeneous and isotropic. Thus, there exists a spectral representation of the field,

which means that we can decompose it in Fourier modes §(k) and:

< 5(k)*(K) >= (2m)36p(k — K')P(k) (2.89)

Where P(k) is the power spectrum. For the reader, an exceptional reference to

spectral representation is Adler (1981).

The halos form from peaks in the dark matter fluctuations, so only regions with
densities 0 > 1.69 will collapse. The mass fraction is given by the following Gaussian

distribution:

1 0 2
>M:—/ dze="/? 2.90
f( ) \/% 1,69/c e ( )
Given that v = 1,69/0, we have:
df 1 d o0 _ 2/2:|
= z 2.91
dM ~ \2rdM [/ de (2.91)
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df 1 dv _V2/2

= 2.92
dM ~ \amdM* (2.92)
The numerical density of the halos with mass M is then:
dn po df po 1 dv _.),
— e =————e" 2.93
dM ~ MdM ~ M\rdM* (2.93)
And
dlogv M dv
= —— 2.94
dlog M v dM ( )
Substituting (2.94) in (2.93) we have:
dn po 1 v dlogr _,, (2.95)

M~ M /25 Mdlog M*

2.6 The Initial Mass Function (IMF) and the Star Formation Rate
(SFR)

The fraction of baryons inside structures is given by the following equation:

Jrmmaz £ (g Ymdm

— ZMmin 2
The baryon accretion rate is (DAIGNE et al., 2006):
dt\ " |dfy(2)
t) = Qpe | — 297
o) = g (1) |8 297)

With the critical density of the Universe p. = 3H2/87G, dt/dz is the age of the
Universe related to the redshift and is described by:

dt 9.78h1Gyr
Az (1+42)\/Q + (1 + 2)3

(2.98)
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We now need to know the rate at which stars are formed. This value is given by
the Birthrate Function that depends on the Star Formation Rate (SFR), time-
dependent, and the Initial Mass Function (IMF). The birthrate function is given
by:

B(m,t) = W¥(t).o(m)dmdt (2.99)

The Birthrate equation gives the number of stars formed in the mass interval
(m, m+ dm) and in the time interval (¢,t+ dt). ¥(t) is the SFR, a function of time,
and p(m) is the IMF that depends only on the mass of the star.

Salpeter (1959) obtained an empirical relation, valid to the solar neighborhood, that
shows the IMF is represented by:

o(m) oc m~ 1+ (2.100)

Where x = 1.35 is the Salpeter exponent. This formula states that the lower the
value of x, the more low mass stars are formed and the higher the value of x, the
more high mass stars are formed.

The Salpeter Law was derived through the mass distribution of stars in the solar
vicinity (~ 20pc from the Sun) but it was proved to work in much larger (cosmo-
logical) scales (PEREIRA; MIRANDA, 2010). It is convenient to normalize the IMF

according to the expression:
mf
/. me(m)dm = 1 (2.101)

Where mi is the minimum mass to ignite nuclear fusion processes and mf is the
higher mass a star can have to maintain hydrostatic equilibrium. Once normalized,

©(m) can be expressed as:

o(m) = Am~ 1Y) (2.102)

The SFR describes the rate at which gas is processed into stars inside galaxies,

and exhibits a strong depence on the gas density. The most usually adopted is the
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Schmidt (1959) Law and it follows the following relation:

dM.,
dt

= k.M (2.103)

Where k is a coupling constant, M, is the gas mass and n defines the specific model
family.
The simplest model takes n = 1 then:

dM,
dt

=kM, = [k]=s"" (2.104)

And the star formation characteristic time scale is:

(2.105)

1
Tk
This equation states that the SFR is proportional to some power of the volume or
surface gas density.

Now that we understand better the IMF and SRF we can construct a detailed
relation for the birthrate function. First we are going to express the Schmidt Law

as a function of the density:

dpy
dt

= k.p" (2.106)

Now, combining the Schmidt and the Salpeter Laws, we obtain:

d*N(m,t)
—— 2 =P(t). 2.1
) w(t).p(m) (2:107)
Where,
dp. B d? M,
U(t) = i dvdl (2.108)

On the other hand, the mass ejected from stars can be calculated by:
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EM / " = )Wt — 7)o (m)dm (2.109)

dth mt

Where the lower limit of the integral, m(t), is associated to the stellar mass whose
lifetime is “t”, m, is the mass of the remnant. The star formation is taken at the
time (t — 7).

In this way, the equation governing the total gas density in the halos is:

M, d*M,;
dvdt ' dvdt

Py = + ay(t) (2.110)

Numerical integration of the above equation produces p,(t). From this parameter

we can obtain the cosmic star formation:

pe = kp, (2.111)

In this work, we use results for CSFR developed by Pereira e Miranda (2010) to
couple with the Chemical Evolution Model. The simple view of the calculation for

the CSFR explained in this section is shown by the following flowchart:

Figure 2.2 - Code

Newtonian Variabh? Fundamental Fraction of baryons
Fluid p erturbatlonl Equation for ) Accretion of baryons
N the growth of DM halos MF
Equations Structures (Sheth-Tormen)
|
Y

Birthrate Function 3 Total Gas Density
Salpeter+Schmidt on DM Halos

It is important to emphasize that although we use the Press-Schechter formalism,
the mass function that describes the halos formed in the redshift z is that derived
by Sheth-Tormem, because it presents better results when compared to the compu-

tational simulations.
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3 ASPECTS RELATED TO THE CHEMICAL ENRICHMENT OF
THE UNIVERSE

So far, we understood how large scale structures are constructed in the Universe.
Now we have to understand inside the structures, what part of the gas of the Uni-
verse formed stars, once they are the players for the chemical evolution. It is in
the stars that nucleosynthesis happens and it is because of nucleosynthesis that the
Universe is enriched with a lot of elements heavier than H and He, what astrophysi-
cists call “metals”. Chemical evolution models take into account all the variables
included in the nucleosynthesis processes and delivers the result of this huge process
that happens in the whole universe.

To construct a chemical evolution model from the beginning, we need to take into
account several parameters that are essential to the construction of a galaxy. We
need to understand the processes behind the production of all elements, the Star
Formation Rate and the stellar Initial Mass Function. Also, other than understand-
ing the infall of extragalactic material, radial flows and galactic winds, our model
will rely more strongly on understanding the star formation once they are the main
components of all galaxies.

We will need to understand how stars are formed, how they evolve while nuclear
processes happen inside their cores to produce heavier elements that will later be

ejected to the interstellar medium in the form of stellar yields.
3.1 Stellar Evolution and Nucleosynthesis

The phases of stellar evolution and nucleosynthesis are the next very important steps
to the model. They are the direct connection between stars and the enriched universe.
The mass of the star is what determines which nuclear processes are going to happen
in their core and its final fate. We will talk about the mass range, processes and fates
of each class of stars and explain in detail nuclear reaction chains, nucleosynthesis
processes and the yields.

The chemical elements are formed in nuclear fusion processes that happen inside
the hot cores of stars.

According to the mass and metallicity of the star, different processes will take place
changing the nucleosynthesis, evolution processes and remnants left behind after

they explode in SNe events.
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3.1.1 The Evolution of Single Stars

To ignite hydrogen burning, the protostar has to have a minimum mass that implies
in a gravitational field strong enough to raise the temperature and pressure in the
core in order to start nuclear fusions processes, what also requires quantum tunnel-
ing to take place (BALANTEKIN; TAKIGAWA, 1998). For each different mass interval
the star will behave differently, according to the nuclear processes that happen in
their core and their final fates that will eject (or not) enriched matter to the inter-
stellar medium.

The stellar evolution scenarios can be found in detail in Prialnik (2000) and Kip-
penhahn (1989) and are summarized in Matteucci (2001) in the following scheme:
o If the star has M < 0.08M, there will never be pressure nor temperature enough
to ignite nuclear fusion processes and they would live by producing light from en-
ergy liberated through its very slowly contraction along time. These stars have never
been observed, and if they exist, they could be able to live several times the age of
the Universe.

e For the mass range 0.08 < M /My < 0.5, the star would already be able to reach
necessary temperature to ignite H. They keep on burning H into He in the core
but when H is exhausted, they are not able to ignite Helium and “die” as white
dwarfs. They do not eject material and therefore are not main players in the cosmic
chemical evolution.

e A third scenario, when 0.5 < M/Mg < Mper, where My p is the limiting mass
for the formation of an electron-degenerate He-core immediatelly following the MS
(Main Sequence) phase (Its value depends on the treatment of convection but overall
it is ~ 2My), the star is able to ignite He after H is exhausted and produce Car-
bon and Oxygen until their end as C-O white dwarfs. They contribute to chemical
enrichment by ejecting *He and *N and heavy elements produced by s-processes
like Ba and Sr.

o If Myer < M < M, (where M, is the limiting mass for the formation of a
C-O white dwarf) the star ignites He until it develops an electron degenerate C-O
core and ends its life as a C-O white dwarf contributing with the production of
‘He 2 C 1B CM N0, and s-processes elements, produced in the shell.

e In the case where M,, < M < M, (where M, is the limiting mass for the forma-
tion of an electron degenerate C-O core or the minimum inital mass for an off-center
C-ignition proceeding up to central C exhaustion) the stars should burn C in a
degenerate core when their mass reaches the Chandrasekhar limit with subsequent
supernova explosion. These stars eject the enriched material into the ISM during the

AGB phase through mass loss processes. It also goes through episodes of dredge-up
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with thermal pulses. The burning envelope then produces *C and *N. These stars
can also die in the form of SNe Ia contributing to the production of Iron.

e For M,, < M/M; < 10 — 12, the contribution for chemical enrichment is given
through the production of NN, 2C and traces of %0 and they would die in the
form of type II SNe.

e For 10 — 12 < M/My < Mgy, where Mgy is the limiting mass for the oc-
currence of a type Il Supernova event, the stars are responsible for enriching the
ISM with heavy elements such as °0, °Ne, 22Mg, 285i, 325, *°C'a and r-process
elements. They also end as SNe type II and maintain possession of the H-rich core.
e In the case for Mgy < M/M, < 100 we find Wolf-Rayet stars what charac-
terizes a strong mass loss. They contribute to *He, 2C, 22Ne, *N and maybe O
enrichment.

e When M > 100M, the stars either explode as pair-creation SNe, contributing
to the production of 80, or implode as black holes, carrying the enriched material
along and not contributing to the ejection of metals in the ISM.

e Last, if M > 200M,, they produce *He and traces of > N and '"Li when they
suffer total disruption by explosive H-burning.

In our preliminary phase of the work, we will be working with stars in the range
0.85 — 260M, covering great part of the nucleosynthesis processes. The remnant

masses can be calculated according to the expressions in Section 3.1.3.
3.1.2 Nucleosynthesis Chains

Once the H core of the star contracts enough to reach about 10 million degrees,
nuclear reactions start to happen first transforming Hydrogen atoms in Helium.
This high temperature is needed because atoms demand enough energy to cross
the Coulomb potential that makes atoms repel each other (RAUSCHER; PATKOS,
2011). These burning processes happen in stages, starting with Hydrogen to produce
Helium through the p-p chain and CN cycle.

The reactions in the first branch of the p-p chain are:

'H+'H —=*D+e + v, (3.1)

D+'H —* He+~ (3.2)
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*He+* He -* He+' H+'H (3.3)

The second branch starts when 3He produced in (3.2) reacts with *He produced in
(3.3):

*He +* He —" Be +~ (3.4)
"Be+e =" Li+uv,+7 (3.5)
"Li+'"H —* He +* He (3.6)

The third branch of the p-p chain happens when, instead of an electron, a proton is
captured by "Be in (3.5):

"Be+'H =% B+~ (3.7)

B et +v. 4+ Be »* He+* He + e + 1, (3.8)

When temperatures reach T > 2.107 K, the CN cycle stars to become more important

than the p-p cycle. The reactions in the first branch of the CN cycle are:

PO H B N4y (3.9)
BN B C+et +u, (3.10)
BO4'H " N+ (3.11)

28



UN+PH 5% 0+ (3.12)

PO P N4et +u, (3.13)

BN+ H =2 041 He (3.14)

When '°0 is present, the second branch takes place through the following reactions:

BN H =190 44 (3.15)
YO+ 'H Y F4y (3.16)
TEF T O4 et +v (3.17)
YO+ ' H - N +* He (3.18)

The production of helium keeps happening until the hydrogen is exhausted in the
core. When that occurs, the interruption of nuclear fusions makes the star undergo
a gravitational collapse. If the star is in the according mass range, the core will start
contracting until it heats up to temperatures ~ 10®K. This temperature is high
enough to ignite Helium burning. Two *He atoms fuse together to form ®Be, but

they decay right away in two *He atoms again:

‘He +* He ++® Be (3.19)

The Helium burning then only effective happens when a third part enters the reac-

tion. This process is called the Triple-a reactions:
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SBe4+*He =2 C 4+ v+~ (3.20)

If the temperatures continue increasing, some other reactions can happen in the

Triple-a:

PO+ He %0+~ (3.21)
0 +* He =% Ne +~ (3.22)
ONe+1 He =2 Mg+~ (3.23)
Mg+t He =28 Si+ (3.24)

When Helium is exhausted in the stellar core, Carbon burning can be ignited in
massive stars (M > 8Mp). The C-O core shrinks until it reaches about 5.10* K. The

reactions are:

2O 4120 - Ne+* He (3.25)

2420 5B Na+p (3.26)

Neon burning stars at T = 10°K:

'Ne 4+ =% 0 +* He (3.27)

ONe+~v =2 Mg+ (3.28)
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The most important reaction to produce 257 happens when 7' = 2.10° K and Oxygen

burning takes place:

0 +190 = 8i +* He (3.29)

The final stage is 2854 burning, at T = 5.10°K . At this temperature a series of

reactions happen:

BGi+y =2 Mg+* He (3.30)

The released * He build heavier nuclei by successive capture reactions:

‘He 4851 =32 S+~ (3.31)
‘He +32 5 =30 Ar 4 4 (3.32)
tHe 4+ Ar =% Ca + v (3.33)

And the reactions go on until Iron production. Iron is the heavier element to be pro-
duced via nuclear fusion. Instead, the heavier elements are formed through neutron
capture processes (r-process or s-process, for rapid and slow, respectively, relative to
the time scale of § decay) on the seed nuclei, typically Iron. The slow neutron cap-
ture originates very heavy nuclei, completing the elements that cannot be produced

via nuclear fusion.
3.1.3 Remnants
The remnant mass can be calculated according to the mass of the star (COPI, 1997):
e For 1M, < M < 8Mg, remnant is a C-O White dwarf with mass:
m, = 0.1156m + 0.4551 (3.34)

o If 8My, < M < 10Mg, the remnant is a O-Ne-Mg white dwarf with mass
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my, = 135M®

e Stars in the interval 10M, < M < 25M, end as neutron stars with m, =
1.4Mg

o If 25M, < M < 140M, the remnant is a black hole and

13

5 (m — 20Mo) (3.35)

myr =MHyge =

Note that stars with M < 1M, and with M > 140M do not leave any remnants
as seen in 3.1. These higher mass stars are the most important metal enrichers from

Pop III. The remnants of this Pop III stars and also lower mass Primordial Stars
are defined in Fig. 3.1 taken from Heger e Woosley (2002).

Figure 3.1 - Remnants in the Heger e Woosley (2002) for Pop III stars.

A low mass stars massive stars very massive stars | &of’:ﬁ"
@
1000 = @b’f o
zero metallicity g
300
)
3
2 100 &)
g I,
L i
5 k| $
B
w30 3| s §
@ I ]
5 8
: :
G 10 8 g g
g i g
3 I 5
£ 2 3 @
2 5 2
i - 8 -
3 E: - E:
£ £
E|& B
. - g 5
- z
1 sl i | g
‘p\ﬂﬂ neutron star black hole @ black hole —=
CO NeO | | e
1 3 10 30 100 300 1000

initial mass (solar masses)

3.1.4 Stellar Yields

The stellar yields are defined as the masses of chemical elements produced by stars
of different masses (MATTEUCCI, 2016b). We use the stellar yields to determine the

elements that were ejected to the ISM at a given epoch. The yields are calculated
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through details nucleosynthesis computational simulations, taking into account the
main reactions that happen inside the stars, as seen in 3.1.2. Stellar yields used in
the model are defined in 4.1.

3.2 Chemical Evolution Models

The first Chemical Evolution Models for galaxies were first developed by Richard
Larson and Beatrice Tinsley (TINSLEY; LARSON, 1978), (LARSON et al., 1980).

These models are simple but are the base to all the models we have today. They
consider a “galaxy” formed only by gas in a primordial time t=0 and the galaxy
evolves with time following a law that explains the conversion of the gas into stars.

¢

Each formed star then has a chemical production vector, or “yields”, according to

the mass.

d
%(gZ) =ey— Y+ ZpF — ZgE (3.36)
Where g is the gas mass, 7Z is the abundance of the specific element, F is the matter

infall term and E is the mass outflow and v is the star formation rate per mass.

We have developed a chemical evolution model that works coupled to the hierarchical
scenario of structure formation developed by Pereira e Miranda (2010). In particular,
the production of the chemical element “y;” that is ejected into the environment at

a time “t” is given by:

yit) = [ 1n = ) 2t = 70) + Prnl(t = T)plm)dm — Z(t)  (337)

m(t)

where mp is the remnant mass, Py, is the element production in a star of mas m,
T is the lifetime of a star with initial mass m;. Z;(t — 7,,) takes into account that
part of the metals available when the star was formed retained in the remnant. The
term —Z;W(t) takes into account the incorporation of the metals due to a new star
generation.

It is important to note that although equation 3.36 has been represented with all
terms, we do not take into account the last term, represented as ZgE. This happens

because our model is not a hydrodynamical model, what makes a realistic estimate
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of this term very difficult. On the other hand, the second-last term in 3.36, ZpF
takes into account the acretion of baryons as discussed in Chapter 2, in particular,

equation 2.97.
3.3 Transition from Population IIT to Population II Stars
3.3.1 Population III Stars

Population IIT stars (Pop III, also called First Stars or Primordial Stars) is the
name given for the very first stars to be formed in the Universe. They were formed
from the infall of primordial gas inside dark matter halos, as discussed in the first
chapter. They were formed in an environment where the gas was free of heavy
elements and therefore they were completely metal free (Z = 0), i.e. they would
have, in the main sequence, only Hydrogen and Helium.

The cooling of the gas is what makes it fragment and later collapse into a star.
Heavy elements, or metals, are the main ingredients for radiative cooling to take
place in the gas. Due to the lack of metals, fragmentation of the gas in the early
Universe happened very slowly and without fragmentation of the gas clouds into
multiple objects - what led to Pop III having high masses from around 30 to 300
Solar masses (SMITH, 2007). Some authors defend the possibility of them having
even higher masses, up to 1000 Solar Masses (OHKUBO et al., 2006).

Primordial gas cools and virizalizes at around 1000K inside the halos. Hy cools
the gas to 200K and after accumulating the right amount of mass, gravitational
collapse takes place. In the literature, we can find studies about the role of each
metal in the gas cooling processes. Bromm e Loeb (2003) find that under the
temperature and density conditions that characterize population III star formation,
the most important coolants are O and C. Other authors consider Fe and Si as
important coolants too (SANTORO; SHULL, 2006). But it all depends on the mass
range of the first stars, once Pop III with M > 140M,, eject large amounts of O,
Si, and Fe and stars in the range from 10 to 100M, produce smaller amounts of
Fe but considerable amounts of a-elements such as O, Ne, Si, S, and Ar (HEGER;
WOOSLEY, 2002; HEGER; WOOSLEY, 2010). The importance of these processes is
also discussed in 4.3, where we relate these properties to the results in the model
developed for this work.

Because Pop III were so massive compared to Pop II, they would also live very
short lives. They quickly consumed all the Hydrogen and Helium in their cores, pro-
ducing large amounts of heavy elements (up to Iron) and dying as Pair-Instability

Supernovae (PISNe). Because they had such high masses and no metals, physical
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properties and nucleosynthesis processes were different than those of Pop II stars.
Pop III were also much more effective at producing ionizing radiation, being able
to reionize the Universe early at z < 17, as required by the recent detection of
large-scale polarization anisotropies in the cosmic microwave background (see
Bromm e Loeb (2003)).

In the literature, Pop III stars are found to be divided in the following categories
(O’SHEA et al., 2008):

e Population III.1: Stars with only H and He when in the MS (Main Se-

quence).

e Population IT1.2: Stars with a very small fraction of metals, but so small
that can still be considered Z =~ 0

e Population II1.5: Transition class between Pop III and Pop II stars.

Pop III stars have never been observed. A series of surveys have been made to find
the most metal-poor stars on the Halo of the Galaxy (AOKI et al., 2015; FREBEL;
NORRIS, 2015) and, recently, the work of Caffau et al. (2016) have found a star with
Z 107"Z,. Cai et al. (2011), Cai et al. (2015) explored the possibility of finding Pop
I1I stars through He II A1640 emission lines, which can arise from highly energetic
ionizing photons associated with hot metal free stars (CATI et al., 2011; CAI et al.,
2015). Also, recent observations of the galaxy CR7 show no metal-lines and also He
1640A emission lines in its spectrum (SOBRAL et al., 2015), triggering discussions in
the literature that maybe pristine gas or zero metal stars could still exist on redshift
7z = 6.6.

These stars have been simulated in the works of (HEGER; WOOSLEY, 2002, 2002;
CAMPBELL; LATTANZIO, 2008) and the chemical yields are used in this work.

3.3.2 Transition and Critical Metalicity

Pop III stars had very high masses being able to quickly ignite nuclear processes in
their cores, producing heavy elements from Helium to Iron. They had very short lives
(a few Myr) and the chemical enrichment of the Universe began very rapidly as they
died as PISNe ejecting their whole greatly enriched masses into the IGM. Pristine
gas was quickly enriched by heavy elements, and the increasing of the metalicity

made the cooling processes of the gas way more efficient, providing properties for
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the second generation of stars to appear. However, the right amount needed for this

transition to take place is still inaccurate.

Figure 3.2 - Schematic view of the transition between Populations (National Science Foun-
dation and NASA)
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The value of this transition metallicity, or Critical Metallicity (Z,) is discussed to
be between 107¢ and 10727, (see Schneider (2010), Maio et al. (2010), Tornatore
et al. (2007a), Fang e Cen (2004), Santoro e Shull (2006)). A series of approaches
for the calculations appear on the literature (see, e.g., Smith (2007)). Also, Z, is
thought to be driven mainly by the amounts of Oxygen and Carbon in the medium
(FANG; CEN, 2004).

However, the main part of these models take into account one-zone models, and
are unable to conclusive evidence of the value for the Transition Metallicity. In this
work, we propose that the Transition is indeed driven by the Total Metallicity of
the Universe using the results from the semi-analytical model developed to study

Cosmic Chemical Evolution.
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3.4 Damped Lyman-a Systems - Observational Data
3.4.1 Properties of Damped Lyman-a Systems

In order to test the precision and quality of our theoretical model, we compare our
results with observational data from Damped Lyman-a Systems (DLAs).

DLA’s are high column density gaseous systems detected through their absorption
lines in the optical spectra of quasars '. These gaseous systems can be observed
up to relatively high redshifts (z ~ 5) (HOU et al., 2001). They are selected for the
presence of HI column densities (Ny; > 2 x 10%c¢m~2) and Hydrogen is almost com-
pletely neutral in DLAs (while it is mostly ionized in other types of QSO absorption
systems). They also dominate the neutral gas content of the Universe in the redshift
interval z = [0, 5].

We know stars are unlikely to form from ionized gas and are actually more likely to
form in cold neutral clouds (WOLFIRE et al., 2003). That makes DLA’s the neutral
gas reservoir for star formation and they are the regions where star forms from gas
that was enriched along the evolution of the Universe. Therefore, understanding its
chemical abundances is a key to understanding the chemical evolution of galaxies.
The element abundances of DLA’s are the most accurate measurements of chemical
enrichment of gas at the high-redshift Universe (WOLFE et al., 2005).

These systems are called Damped Lyman-a Systems because the emission lines we
see in the spectrum are within the Lyman-a Forest. The Lyman series of spectral
lines are produced by electrons transitioning between the ground state and higher
energy levels. Specifically, the Lyman-« transition corresponds to an electron transi-
tioning between the ground state (n=1) and the first excited state (n=2) of the atom
(CARROLL; OSTLIE, 2007). Almost all the lines in the Lyman-a Forest correspond
to the same atomic transition (at 1215.67 A, in the ultraviolet wavelength region)
(RAUCH, 2000).

The Ly-a Forest is an absorption phenomenon seen in the spectra of high redshift
QSOs and galaxies. Its a group of narrow absorption lines observed in the spectra of
all QSOs of the Ly-a emission line. Distant QSOs emmit light that travels across the
Universe, eventually passing through intervening intergalactic gas (in the form of gas
clouds, for example). The gas absorbs part of the light from the quasar, changing
its spectrum and giving information about the gas clouds’ physical and chemical
states. So, the quasar gives the light, and the gas cloud, by absorbing part of the
light provides detailed information throught the spectra. This Lyman-«a Forest is
the group of hundreds of sharp absorption lines on the QSO spectra, mostly from

!Column density is the density projected along the line of sight to the quasar
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the neutral hydrogen (H I) Lyman-a line. For a neutral hydrogen atom, spectral

lines are formed when an electron transitions between energy levels.

Figure 3.3 - The Lyman-a Forest (not redshift corrected) http://www.hs.uni-
hamburg.de/jliske/qgsoal/
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Also, at this high column density (Nz; > 10cm™2) the radiation is damped because
of the internal finite lifetime of the Ly-« transition.

The Hydrogen in DLAs is predominantly neutral due to “Self-shielding”. At high
redshifts, part of the gas is commonly high ionized because of UV radiation. However,
due to the high density of DLAs, they are “optically thick”, shielding themselves from
the ionizing photons and thus remaining neutral. This feature makes it easier for
chemical abundance determinations because in the gas phase, heavy elements have
a low-ionization potential. The singly ionized elements have an ionization potential
of their neutral states lower than the ionization potential of Hydrogen, showing up

as dominant spectral features (WOLFE et al., 2005).

Chemical abundances can be determined with a very good accuracy in DLAs, with
errors € 0.1 dex or even lower (VLADILO, 2002). They are inferred using the equiv-
alent width of the absorption lines in the spectra of the DLAs. These equivalent
widths are directly proportional to the column density of each metal, so the mass of
metals per unit of comoving volume determines the level at which the neutral gas
has been enriched.

There can be some problems however with the determination of these abundances:

Ionization effects, metallicity radial gradients, outflows, dust darkening, line satura-
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tion and dust depletion (VITTI, 2012; NOMOTO et al., 2013), although the last two
effects are not important problems for metallicities < 0.01Z. The latter is discussed
in 3.4.2. A series of papers have been published featuring chemical abundance data
in DLAs. In this work, we use data for chemical abundance of Carbon, Nitrogen,

Oxygen, Aluminium, Magnesium, Iron, Zinc, Nickel, Phosphorus and Sulfur.

Figure 3.4 - Metal line transitions in the DLA towards B0105-008. From Ellison et al.

(2012)
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3.4.2 Depletion

Some fraction of the elements in DLAs can be depleted into dust grains and deple-
tion makes the abundance determination underestimated, i.e., it “hides” part of the
metals in the gaseous system. In order to test the depletion patterns, one cannot
use the absolute abundance because different DLAs have different metallicities, so
absolute ratios are the appropriate tool. As Zn is relativity undepleted in the ISM
(with a mean depletion of [Zn/H| ~ —0.23) (Savage & Sembach 1996)), [X/Zn]
ratios are commonly adopted as a measure of depletion.

However, there is not a consense about the best depletion correction method. A
series of different approaches have been used focusing on using the (almost) unde-

pleted elements as reference (see Vladilo (2002)). A good compilation on different
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depletion-correction methods possible of using in a work using a similar approach
can be seen in Vitti (2012). We compare observed and depletion corrected abun-
dances of Iron and total metallicity with results from our model in 4.3 and show

that depletion can be important in our model.
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4 METHODOLOGY AND RESULTS
4.1 Methodology

This work consists in the Cosmic Chemical Evolution analysis of 11 chemical ele-
ments from redshift z = 20 (~ 180Myr) until present. The elements are Oxygen,
Iron, Zinc, Nickel, Magnesium, Silicon, Aluminum, Carbon, Nitrogen, Phosphorus
and Sulfur.

The elements were chosen mainly according to the chemical yields available in the
literature and also according to observational data available for chemical abundances
in Damped Lyman-a Systems.

We considered yields for Pop III stars from the following works.

e Heger e Woosley (2002), for stars from 140 to 260 M, (HW02)
e Heger e Woosley (2010), for stars from 10 to 100 M (HW10)

e Campbell e Lattanzio (2008), for stars from 0.85 to 3 My (CLO0S)

In the mass range of HW02, stars end their lives as Pair-Instability Supernovae
(PISNe), being completely disrupted and ejecting all their matter into the ISM,
without leaving any kind of remnants. They are therefore very important objects
for chemical evolution in Pop III era. Figure 4.1 it is possible to observe the yields

for for stars with eight different progenitor masses:
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Figure 4.1 - Yields for Pop III Stars
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For Pop II, we chose the following works:

e Chieffi e Limongi (2004), for stars from 13 to 35 Mg and Z =
106,104,103 and 2.10~2

e Karakas (2010), for stars from 1 to 6 M, and Z = 107%,4.107%,8.1073 and
2.1072

e Doherty et al. (2014a), for stars from 6.5 to 9 M, and Z =
4.1073,8.1073,2.102

e Doherty et al. (2014b), for stars from 6.5 to 9 M, and Z = 10~* and 1073

Pop II samples were chosen not only according to the best combination between
mass and metallicity range but also according to the models and parameters used
to produce each sample. Karakas (2010), Doherty et al. (2014a) and Doherty et
al. (2014b) used the MONSTAR code for stellar evolution (FROST; LATTANZIO,
1996), OPAL opacities (IGLESIAS; ROGERS, 1996) and coherent mass loss models
(Vassiliadis e Wood (1993), Reimers (1975), Bloecker (1995)).

The calculation is performed in the framework of hierarchical structure formation
using a Press-Schechter-like formalism as discussed in Chapter 2, with a Salpeter
IMF (z = 1.35) and 7, = 2Gyr as time-scale for star formation. The code calculates
effectively the star formation rate and the results reproduce the observed SFR at
redshifts < 6.5. Cosmological parameters used in the code are: €2, = 0.238, , =
0.042, Q5 = 0.762 and h = 0.734. Chemical evolution equations (3.36 and 3.37)
were implemented in the code to calculate the enriched eject mass for each star
mass range.

The code calculates the Total Metallicity of the Universe (Z;) considering all
elements heavier than Helium and not only the 11 selected for this work. The code
calculates in parallel the contribution of Pop III stars for the three mass ranges
selected. Once Z;yq reaches 1077, Pop III stars cease being formed, and the higher
mass stars (~ 260M,) start dying first, injecting metals into the IGM, according to
their specific nucleosysnthetic properties. However, the lower mass Pop III stars live
longer, and even while stars with much higher metallicities are being formed, these
lower mass Pop III stars could still be “alive”, even with the Total Metallicity of the
Universe ~ 1072 Z,, for example. In another way, Pop I1I stars stop being formed but
not to exist and still actively participate in the enrichment of the Universe along
with the formation of new, higher-metallicity stars at lower redshifts. Once stars

with 1076Z, start to exist, the same process happens. Higher mass stars end their
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lives first, and even with stars with 1074Z, being formed, the lower mass ones keep
on existing longer. As the Total Metallicity of the Universe increases, the process
keeps on happening until Z,, = 2.1072Z. Below, it is possible to see in a simple

flowchart scheme the decisions the code makes according to the value of Z;.;4;:

Figure 4.2 - Decisions of the code for the Transition between Populations
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4.2 Using Damped Lyman-a Systems Chemical Abundances

As discussed in the previous chapter, DLAs are very valuable for studying chemical
evolution in the high-z Universe. Chemical abundance determinations in these kind
of gaseous nebulae can be determined up to redshift z ~ 6 and are the most distant
objects with the most accurate chemical abundance measures in the Universe. DLAs
are also the perfect site for the initial stages of gas cooling and star formation (MAIO;
TESCARI, 2015) and for this reason they provide the best observational data to
compare with our model.

We used data from the following works: Centurién et al. (1998) (CEN98), Cooke
et al. (2011) (C+11), Akerman et al. (2005) (A+05), Dessauges-Zavadsky et al.
(2002) (DZ+02), Dessauges-Zavadsky et al. (2003) (DZ+03), Pettini et al. (2008)
(PETH08), Pettini et al. (1997) (PET+97), Prochaska et al. (2007) (PRK+07*),
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Vladilo (1998) (V97), Nissen et al. (2004) (N+04), Cia et al. (2016) (DC+16) and
Kulkarni et al. (2012) (K12).
Solar abundances were different in the majority of the works and were all rescaled

for Asplund et al. (2009) solar abundances according to the relation:

[X/H]DLARescaled = {X/H]DLAObse'rved + (lOgXGObser'ued - lOgXGRescaled) (41>

[X/H]DLAAsplund2009 = [X/H]DLAObsemfed + (lOgXQObserved - lOgX@AsplundQOOQ) (42)

Asplund et al. (2009) Solar Abundances are listed in Table 4.1:

Table 4.1 - Element abundances in the present-day solar photosphere from Asplund (2009)

Element | Element abundance
C 8.43 £ 0.05
N 7.83 £0.05
O 8.69 £ 0.05
Mg 7.60 £0.04
Al 6.45 £+ 0.03
Si 7.51 £0.03
P 5.41 +0.03
S 7.12 +0.03
Fe 7.50 £0.04
Ni 6.22 £ 0.04

In the case of Vladilo (2002), Pettini et al. (2008), Akerman et al. (2005) and
Prochaska et al. (2007) where error is not given, we use a standard error of 0.10
dex. Prochaska et al. (2007) do not show any information about the Solar Abun-
dances used for reference and in that case, the abundance measures were not rescaled

nskn

and feature a sign on the plots for guidance.

To compare abundances from the model with data from DLAs, it was necessary to

use the following relations (see, also, Vitti (2012):

[E/Hlobjeet = Log[N(E)/N(H)]object — log[N(E)/N(H)]e (4.3)
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Where N(E) and N(H) are the columnar density for the element E and for Hydro-

gen, for the object and for the Sun.

In our model, we obtain pgs in units of Mg/ Mpc?, so:

[(B) /N (H)]gus = [p(E)/p(H)]gas.%

Where M(H) =1

For example, for Oxygen and Zinc:

[N(O)/N(H)]gas = [p(O)/p(H)]gas-—

[N(Zn)/N(H)lgas = [p(Zn)/ p(H)]gas: =22

So,

[O/H]gas = lOg[N(O)/N(H)]gas - ZOQ[N(O)/N(HHQ

[Zn/H]gas = log[N(Zn)/N(H)]gas — log[N(2Zn) /N (H)]e

By definition, for the Sun, logN(H) = 12:

log[N(O)/N(H)lo = log(O)e — 12

log[N(Zn)/N(H)]e = log(Zn)e — 12

We use solar abundance from the work of Asplund et al. (2009) listed in 4.2:

log(0O)e = 8.69
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log(Zn)e = 4.56 (4.12)

So, finally:

0/ H]yus = 1091p(0)/p(H)]. 1. — (8:69 — 12) = log[p(O)/p(H)| = +2106 (4.13)

(456 — 12) = loglp(0)/p(H)] —— + 7.44

[Zn/Hgas = logp(Zn)/p(H)] '65.38
T (4.14)

165.38

Also, data taken from Cooke et al. (2013) provides abundances referent to Iron

instead of Hydrogen. We used the relation:

[E/Fe] = [E/H] — [Fe/H] (4.15)

[E/H] = [Fe/H] + [E/Fe] (4.16)

In order to test the accuracy of the model with data from DLAs, a value for y? is

presented in some cases. It is calculated through the equation:

X =Y v = M) (4.17)

2
i=1 o

Where M; is the data generated by the model, y; are the observational data points
and o are the errors associated to them (BEVINGTON, 2002). It is important to note
that the dispersion of DLA data is high in every case, and that, accompanied by
the very low errors associated to each measure, delivers very high values for 2.
Nevertheless, the results are for comparison between two or more situations where
the model can improve the agreement with observational data and therefore the

statistical tests are valid.
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4.3 Results and Data Discussion

Here we present the data generated in the model. The plots were divided in three

curves:

e The red curve considers only Pop III yields from 0.85 to 260M,. It repre-

sents the upper limit for metallicity.

e The blue curve is a test running only for Pop II yields, representing the

lower limit for metallicity.

e the pink curve is the final model, considering the transition between Pop

IIT and the next more metal rich Population II generations.

The first evidence arising from the plots is the inability of Pop II yields in represent-
ing today’s metal abundances for almost all the elements studied, with exception of
Carbon and Nitrogen only. That means that stars with physical characteristics and
nuclear processes as developed in the models in the literature by Heger e Woosley
(2010), Heger e Woosley (2002) and Campbell e Lattanzio (2008) for Population
ITT must have existed in the primordial Universe.

To abridge, Sulfur is the element that shows the better agreement comparing
the model with observations. Aluminum, Phosphorus and Magnesium show a
good agreement too, but are a little underabundant. Iron and Silicon are a little
overabundant. Nickel and Zinc are underabundant and Carbon, Nitrogen and

Oxygen show an overabundance, but Oxygen not so much as Carbon and Nitrogen.
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4.3.1 The Underabundance of Zinc and Hypernovae Nucleosynthesis

Zinc was studied in a preliminary version of the model considering only Pop III yields
in the work developed by Vitti (2012). The model presented an underabundance of
Zinc that appears again in our model. Even considering the Transition to Pop II
and their respective yields, there is not enough production of Zinc to reach the
abundance determinations in DLAs. Zinc is considered to be undepleted in DLAs
(it is very commonly used as undepleted reference for measuring depletion in other
elements, as seen in 3.4.2) so that is not the problem of the underabundance.

Zinc is mainly produced in Hypernovae (HNe) explosions. HNe are characterized by
larger production of Zn, Co, V and T% than normal SNe; A large explosion energy
E enhances a-rich freezeout, which results in the increase of the local mass fractions
of Zn and Co (NOMOTO et al., 2006a).

Figure 4.3 - Chemical Evolution for Zinc
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HNe explosions produce large quantities of Zinc, providing a food mechanism
for enhancing Zinc abundances in the model. Another advantage of considering
HNe yields is the Carbon burning process: Hypernovae use Carbon, Oxygen and
Aluminum as fuel for producing heavier elements. As Carbon and Oxygen are
superabundant in the model, using HNe yields would also help decreasing their

abundances.

49



There are two issues: HNe events use Aluminum as fuel too, which is underabundant
in the model, and produces Silicon, which should be a little lower, leaving the
question of if HNe are really the best option for inserting Zinc and taking part of
the Carbon and Oxygen out.

However, the yields for Aluminum are still positive, meaning that despite it being

used as fuel, HNe also ejects it.

Figure 4.4 - Chemical Evolution for Zinc - detail
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Another mechanism would be a higher mass Pop III branch. Ohkubo et al. (2006)
developed synthetic yields for stars with 500 and 1000M. This branch would
produce large amounts of Zn compared to O, C' and other metals, and could rise
Zn abundances without raising O and C' too much. In Fig. 4.5 we can see the yields
for the two higher mass stars from (OHKUBO et al., 2006) and in Figure 4.6 there
is the comparison between this branch and the other 3 branches considered in the

model.
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Figure 4.5 - Yields from Pop III for 500 and 1000 M, stars (OHKUBO et al., 2006)

L L T I
500 Mg,

100
1000Mg —
1 L -

0.01 -
0.0001 -

1e-06 - —

Yield (Mg)

1e-08 |- -

1e-10 | .

1e-12 |- -

1e-14 | .
1 1 1 11 1 1 1 [ |

CNO Mg Al Si P S Fe Ni Zn

Specie

Figure 4.6 - Yields for Pop III original mass branches compared to Ohkubo et al. (2006)
yields for 500 and 1000M, stars.
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4.3.2 The Underabundance of Aluminum

Aluminum is underabundant in our model compared to data from DLAs. One of
the reasons could be the problem in measuring Al in the spectra of DLAs. The Al
IT A1670 line is the strongest metal line transition observed in the DLA systems
(PROCHASKA; WOLFE, 2002). In the majority of systems the line is heavily saturated
and, together with blending of lines and blending with the Ly-a Forest, determining
Al abundances can be a real challenge. In the work of Dessauges-Zavadsky et al.
(2003), in the measure for z = 3.882, for example, the Al II A1640 line has to
be identified in the middle of a contamination by telluric lines. These lines are
identified but some components remain blended, deriving in a large error in the
deduction of Al abundance (DESSAUGES-ZAVADSKY et al., 2003). This is one of the
higher abundances measured for Aluminum and it should be looked into carefully
for relevance - as much as the other determinations. But if we disconsider this
measure, Al results improve. A x? analysis, for example, drops from 127.23 to 70.69
if the higher measures are taken out (while x2.; drops from 21.20 to 11.78).

The refractory nature of Al is not very well determined so it is not possible to

accurately know the depletion factors for this element.

Figure 4.7 - Chemical Evolution for Aluminum
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Figure 4.8 - Chemical Evolution for Aluminum - detail
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Note: If we disconsider abundance measures taken from DZ+03 because of possible measurement
uncertainties, x2 improves from 127.23 to 70.69.
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4.3.3 Magnesium: Underbundance or DLA Problems?

The element Magnesium appears to be underabundant in the model comparing with
the total dispersion of the observational data points. However, if we disconsider the
top measures, Mg appears to be very well represented compared with chemical
abundances from Dessauges-Zavadsky et al. (2003) Cia et al. (2016). In fact, a
careful look into the work of Dessauges-Zavadsky et al. (2002), from where the
top two abundances were taken from, reveals a problem with those measures. The
author points out that the measures are over-solar contrary to the expected from
differential depletion. Despite the effect being in the error bar limits, it is worth
investigating because it could be a signature from a peculiar nucleosysnthesis effect
specifically from the cloud observed. The author suggests that Mn, T4 and Mg are
additional elements to compare with and further investigations could lead to a better
understanding of the nature of the Star Formation History inside the system. A y?
analysis drops from 14.39 to 12.43 (while x2,, drops from 2.40 to 2.07) if the top
two measures are taken out.

Magnesium is also a refractory element, which means depletion could also be a
problem in taking this element abundances. Besides that, another challenges arise
from Magnesium determination in this work due to the saturation of the doublet used
to determine Mg, leaving one only line possible of providing Mg abundance. This
lines are blended with the Ly-« lines. Given all the problems in this determination,
they should be confirmed by additional Mg measures to conclude if it could or could
not be a particular nucleosynthesis effect (DESSAUGES-ZAVADSKY et al., 2002).
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Figure 4.9 - Chemical Evolution for Magnesium
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Figure 4.10 - Chemical Evolution for Magnesium - detail
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Note: If we disconsider the two higher abundance measures taken from DZ+02, x? improves from
14.39 to 12.43. In fact, the author suggests that those two measures are worth of a deeper inves-
tigation once they could be affected by a peculiar signature of nucleosysnthetic effects from the

specifically cloud observed (DESSAUGES-ZAVADSKY et al., 2002).
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4.3.4 The underabundance of Phosphorus and Nickel

Phosphorus and Nickel appear to be a little underabundant in the model. Phos-
phorus is produced in massive stars via C';O and Ne burning and a large part of
3P is destroyed via (p, a) reactions to become 28Si. (MACIA, 2005; Cescutti et al.,
2012). P is also produced in SNe Ia along with Ni. As we see in the results for
these two elements (Fig 4.11, 4.12, 4.13 and 4.14), Nickel is more underabundant
than Phosphorus and fits better to the model, with x3; = 342 (x}.qn; = 57) and
X% = 97 (X%ed,P = 16.2), so, in order for SNe Ia yields to be the best solution for
this problem, this phenomenon should yield more Nickel than Phosphorus. In fact,
yields proposed by (NOMOTO et al., 1997) show that a SNe la explosion ejects be-
tween ~ 4 x 1072 and 1.4 x 1072M,, of Ni and from ~ 8.5 x 107 to 4 x 1074 M,
of P (depending on the model - see (NOMOTO et al., 1997)), meaning that including
SNe Ia in the model could solve the problem for these two elements as well.

The higher mass branch from Ohkubo et al. (2006) produces little P but higher
amounts of Ni (as seen on Figs. 4.5 and 4.6), meaning it would be interesting to

consider this mechanism in future versions of the code to solve P and Ni problems.

Figure 4.11 - Chemical Evolution for Phosphorus
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Figure 4.12 - Chemical Evolution for Phosphorus - detail

Figure 4.13 - Chemical Evolution for Nickel
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Figure 4.14 - Chemical Evolution for Nickel - detail
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4.3.5 The Iron and Silicon Superabundance

The elements Silicon and Iron are a little overabundant in the model. This behaviour
is unexpected once both elements are mainly synthetized in SNe Ia and also in HNe,
for the case of Silicon.

However, Cia et al. (2013) considers that Fe and Si can be altered by depletion.
Depletion “drags” abundances down, once part of these elements are “traped” into
dust grains. That way, Fe and Si should show higher abundances, improving the
agreement with the model.

We compare data from Vladilo (2002) for Iron depletion-corrected and not corrected
with results from our model and the result can be seen in Figs. 4.19 and 4.20. A
quick analysis reveals a decrease from x2,, = 78.93 (X7eq.ops = 13.15) to x2,,, = 18.19
(Xfeimr = 3.03) for observed and dust corrected abundances compared to results in
our model, reaffirming the importance on dust depletion for Iron. Details about the
methodology used to correct depletion for Iron can be checked on Vladilo (2002).
For Prochaska e Wolfe (2002), although silicon is a refractory element, its depletion
is not strong enough to alter significantly the abundances for DLA systems.

Either way, further analysis on depletion should be made to further investigate its

effects on Silicon and other metals.

Figure 4.15 - Chemical Evolution for Iron
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Figure 4.16 - Chemical Evolution for Iron - detail
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Figure 4.17 - Chemical Evolution for Silicon
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Figure 4.18 - Chemical Evolution for Silicon - detail
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The Influence of Depletion:

Figure 4.19 - Depletion of Iron on DLAs
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Note: Dust depletion corrected abundances appear to suit better the model. In fact, a quick x?
analysis between raw observed values with our model gives x2,. = 78.93 while comparison from
dust depleted correction of the same data and our model gives x2,,.,. = 18.19.
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4.3.6 The Carbon, Nitrogen and Oxygen Superabundances

Carbon, Nitrogen and Oxygen nucleosynthesis are dominated by type II SNe -
and in the case of Pop III, their production is dominated by PISNe, the typical
life-ending for stars with M > 140M. PISNe explosions throw a large amount of
Oxygen in the IGM, quickly enriching the pristine environment. A 140M, star, for
example, throws 49.2M of °0O during the explosion (HEGER; WOOSLEY, 2002).
In Figure 4.21, it is possible to see that the final curve for our model (pink curve)
is much closer from the Pop III curve, indicating that Pop III nucleosynthesis
dominates the production of O in the Universe.

As for Nitrogen and Carbon, Pop III 140M, star yields 7.94107°M, of 14N
and 6.89M, of 2C' (HEGER; WOOSLEY, 2002), and in both cases it is Pop II

nucleosynthesis that dominates the production of these two metals.

Figure 4.21 - Chemical Evolution for Oxygen
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Regarding observations in DLAs, O is only mildly refractory, not being highly
affected by depletion, but it is challenging to be observed because the majority of the
lines fall into the Ly-a Forest and tend to be saturated. C' is also mildly refractory
and depletion should not be a great problem for this element (PROCHASKA; WOLFE,
2002).
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Figure 4.22 - Chemical Evolution for Nitrogen
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Another point to be explored in this matter is the appearance of planets and life
in the early Universe. If the model can be best adjusted with the inclusion of SNe
Ia and HNe but still shows overabundance of O and C', there should be another
mechanism that takes this two elements from the IGM that is not being taken into
account. Oxygen and Carbon, along with Nitrogen, Sulfur and Phosphorus are
the most important elements for life formation. Carbon and Iron are two elements
strongly important for the formation of earth-like planets, and Iron is overabundant
in the model too (partially because of depletion as seen before).

Carbon-Enhanced Metal-Poor stars (CEMPs) from the second generation of stars
may have planetary systems in their habitable zones, with planets likely made
mainly by Carbon (LOEB, 2016). Also, the degree of Carbon enhancement in
CEMP stars has been shown to notably increase as a function of decreasing
metallicity (LOEB, 2016; CAROLLO et al., 2012), i.e, the Carbon enhancement in
these type of stars is likely much higher in the primordial Universe. Another work
(SONNENTRUCKER et al., 2010) shows that the abundance of water vapor in gas
clouds in the Galaxy uses ~ 0.1% of the available Oxygen.

If we can build a function for the removal of these elements for the formation
of Carbon planets and life along with redshift, it should lead to an interesting
discussion about at which level the Chemical Evolution of the Universe is linked

with the appearance of planets and life since the formation of the Primordial Stars.
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4.3.7 The Sulfur Cosmic Chemical Evolution

Sulfur is the best adjusted element in the model. It is one of the only real non-
refractory elements, indicating that it is not affected by depletion (PROCHASKA;
WOLFE, 2002).

Figure 4.24 - Chemical Evolution for Sulphur
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Figure 4.25 - Chemical Evolution for Sulphur - detail
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4.3.8 Transition and Z,,

The value for Z,, is discussed to be between 107¢ and 10737, (SCHNEIDER, 2010);
MAIO et al., 2010; TORNATORE et al., 2007a; FANG; CEN, 2004: SANTORO; SHULL,
2006). Results from our model indicate that the transition must have occurred very
soon (around redshift z ~ 19). At z ~ 20, the first Pop I1I stars start to die and inject
metals in the IGM, quickly polluting the medium and increasing Total Metallicity.
Bellow we see at which redshift each metallicity is reached. We compare values for
Total Metallicity in terms of Solar Metallicity (Fig. 4.26) and also compared to
Hydrogen [Zi:/H] (Figs. 4.27 and 4.28). It is expected from the Total Metallicity
calculated by the code to be lower than observed values once we know there are
several metal production mechanisms that are not being taken into account in the

present version of the model.

Table 4.2 - Redshifts at which the model reaches the Metallicities used in the code for the
Transition of Populations.

Redshift | Metallicity (Z:)
19.99667 | 1076

19.78833 | 1074

18.82333 | 1073

16.42333 | 4.1073

14.16500 | 8.1073

10.35833 | 2.1072
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5 CONCLUSIONS AND PERSPECTIVES
5.1 Conclusions

The model proposed in this work was developed for studying the evolution of the
formation of metals in the Universe since the formation of the First Stars until
today, what we call Cosmic Chemical Evolution. By coupling a Cosmological Code
with Chemical Evolution Models, we developed a model that calculates the role of
Population IIT and IT metal productions along the evolution of the Universe.

With the results, we first concluded that Pop III stars are absolutely essential
for reproducing the right level of abundances determined in Damped Lyman-a
Systems. It is clear that taking into account only Pop II, the model is completely
unable to describe the Chemical Evolution of the Universe. This result gives one
more evidence that Pop Ill-like stars must have existed in the early Universe in
order for Chemical Evolution to be explained with accuracy today.

Besides Pop III and Pop II stars, ending their lives as PISNe and regular SNe II,
there are other phenomena which could have very important roles in the chemical
evolution: Hypernovae and Supernovae type Ia.

Hypernovae use mainly O, C' and Al as fuel to produce large amounts of Si, Ca, T4
and Zn. With the underabundance of Zinc and superabundance of O and C' in the
model, HNe could play an important role in improving those measures. Supernovae
type Ia produce a significant amount of heavy elements such as Cr, Ti, Fe, Ni,
Mg, Si, S, Ca and P. Consequently, it would help to improve Phosphorus and
Nickel underabundances. It even produces more N7 than P, what it good as the
model needs more Ni enhancement than P.

Another problem is DLA accuracies. DLAs are the best objects to compare with
our model because they provide the most accurate chemical abundances in the gas
phase. Although they cover a narrow band compared to our redshift range, they are
the most distant objects with chemical abundances determined with such precision.
However, there are still some problems. Some metal lines blend into the Ly-a Forest
making it very hard to determine with precision some abundances. The line for Al
IT 1670, for example, is strongly saturated and blended with the Ly-« lines for
the majority of the systems. As for Mg, a careful look on upper limits of DLAs
measures revealed a problem in the measures on the work of Dessauges-Zavadsky et
al. (2002). For solving this problems, the best strategy is to use only very accurate
measures from higher resolution spectra found in the literature.

Another problem from DLAs is depletion. As discussed before, part of the metals

are refractory and also get “trapped” into dust grains, reflecting in the spectra
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less amount of certain metals than it should show. Fe and Si are affected by
dust and that should be the problem why they look overabundant. Another
evidence is that Fe is more overabundant than Si, which is less affected by
depletion than the first. With abundances raising, our model would be able to
represent the abundances much better. There is an undetermination of wheater
Al is affected or not by dust depletion. Another possibility is a higher mass
branch of stars with 500 and 1000M; (OHKUBO et al., 2006), which produces large
amounts of Zn, P and Ni, compared to O, C and other metals, and could rise
the abundances of these three underabundant metals without raising others too
much such as O and C, which are overabundant. On Table 5.1 it is possible to see

a summary of the elements behaviour and possibilities of improvement on the results.

Table 5.1 - Possibilities of abundances problems in the code.

Another mechanism
Behaviour DLA Formation Cooling of
Element in the HNe | SNe Ia | Ohkubo | Depletion | measure | of planets
. the gas
model problems | and life?
Zn - v v
Al - v
Mg - v v
P - v v
Ni - v v
Fe + v
Si + v
C —+ v v v
N + v v
0 + v v v
S OK

Note: symbol - represents underbundance and + overabundance.

As for the Transition, it is needed to develop a higher level version of the code where
Pop III and Pop II can coexist, giving the possibility for lower mass Pop III stars to
live longer even with the Total Metallicity increasing - that way it will be possible
to study the influences of the transition happening at much higher metallicities as
discussed, for example, in Smith e Sigurdsson (2007). There is also the possibility
of Zero metallicity stars being formed in much lower redshifts (z ~ 7) as proposed
by (TORNATORE et al., 2007b) what could influence the Total Metallicity in the
lower redshift Universe.

A series of mechanisms able to improve the model were discussed and the right

combination of them appears to fit well the necessities of improvement for the
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code. Once the code is “lacking” some information, it is clear that it is physically
consistent and reproduces the abundances according to the informations on which

it works on.

5.2 Perspectives

For the first perspectives for the evolution of this work, the yields from the probable
other mechanisms lacking in the current version of the code are going to be imple-
mented. SNe Ia rates (MAOZ; MANNUCCI, 2012) and yields (TOWNSLEY et al., 2016)
as well as Hypernovae yields (NOMOTO et al., 2006b) and the higher mass branch
(500 and 1000M,) yields (OHKUBO et al., 2006) are going to be included. This strat-
egy should raise Zn, P and Ni abundances without raising other elements that are
well represented.

Gathering more DLA data with the most reliability possible is also important to
improve the comparison with some elements such as Ni, Mg and Al.

Methods for dust depletion correction are also going to be studied in order to apply
correction in the data to be compared for affected elements, such as Fe and Si.
Also, with the application the depletion correction methods and minor adjustments
in the code, it would be also possible to improve depletion correction through the
results on the code. It could also help as an extra tool for investigating the reliabil-
ity of DLA measurements. We intend to understand better the role of dust and its
formation during Pop IIT SNe type II explosions as discussed in the work developed
by Marassi et al. (2015).

We intend to develop a version of the code to calculate the gas cooling function of
metals. To understand better why C, N and O are overabundant, that could be
a good strategy along with studying the formation of CEMP stars, Carbon plan-
ets and life inpsired by the work developed by Loeb (2016). With the model each
step more accurate, the transition between Pop III and Pop II stars could be better
understood. To conclude, a citation by Loeb (2016) provides incitement for futher

investigations on applications of the model developed on this work:

“The questions of when, where, and how the first planetary systems actually formed
in cosmic history remain crucial to our understanding of structure formation and
the emergence of life in the early Universe. The short-lived, metal-free, massive first-
generation stars ultimately exploded as supernovae (SNe) and enriched the interstel-
lar medium (ISM) with the heavy elements fused in their cores. The enrichment of

gas with metals that had otherwise been absent in the early Universe enabled the

73



formation of the first low-mass stars, and perhaps, marked the point at which star
systems could begin to form planets. In the core accretion model of planet formation,
elements heavier than hydrogen and helium are necessary not only to form the dust
grains that are the building blocks of planetary cores, but to extend the lifetime of
the protostellar disk long enough to allow the dust grains to grow via merging and
accretion to form planetesimals. [...]

The known forms of terrestrial life involve carbon-based chemistry in liquid water.
In the cosmological context, life could not have started earlier than 10 Myr after
the Big Bang (z ~ 140) since the entire Universe was bathed in a thermal radia-
tion background above the boiling temperature of liquid water. Later on, however,
the Universe cooled to a habitable epoch at a comfortable temperature of 273 — 373K
between 10 — 17 Myr after the Big Bang. [...]

In the past four decades, a broad search has been launched for low-mass Popula-
tion Il stars in the form of extremely metal-poor sources within the halo of the
Galazy. [...] Although these iron-poor stars are often referred to in the literature as
‘'metal-poor stars’, it is critical to note that [Fe/H| does not necessarily reflect a
stellar atmosphere’s total metal content [...] since many of these stars exhibit large
overabundances of elements such as C, N, and O; the total mass fractions, Z, of
the elements heavier than He are therefore not much lower than the solar value in
these iron-poor stars. Carbon-enhanced metal-poor (CEMP) stars comprise one such
chemically anomalous class of stars. [...] Given the significant frequency and level of
carbon-excess in this subset of metalpoor Population II stars, the formation of car-
bon planets around CEMP stars in the early universe presents itself as an intriguing

possibility.”
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