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ABSTRACT

In order to investigate how chemical elements appear and evolve in the cosmological
scenario, we present results from a semi-analytical model developed to understand
the evolution of the mean metallicity in the Universe, for several different chemical
elements, since the formation of Population III (Pop III) stars until today. In par-
ticular, we study the contributions of Pop III and Pop II stars in the cosmic history
of the production of O, Fe, Zn, Ni, Si, Mg, Al, C, N, P and S. Our main approach
is based in coupling the Cosmic Star Formation Rate (CSFR) with chemical evolu-
tion equations for the galactic framework. We present results using the CSFR from
(PEREIRA; MIRANDA, 2010) (PM-CSFR), developed self-consistently within the hi-
erarchical structure formation scenario, as well as results using an updated version
of the PM-CSFR formalism, where we take into account the dependence of metal-
licity in the parameters used to generate the CSFR. Calculations start at redshift
z ~ 20, when Pop III stars first started to die, and go up to the formation of Pop II
stars with metallicity Z = 0.02 Z,. We compare the results with data from Damped
Lyman-a systems (DLAs), Globular Clusters (GCs) and Extremely Metal-Poor stars
(EMPs). Our main results find that the CSFR has an important role in the total
metal production in the Universe at very early times, reaching a peak right after the
formation of the first Pop III stars, showing a subsequent decrease as the Universe
becomes more metal-rich and Pop II stars start to form. Models using Pop II stars
alone are unable to reproduce observed chemical abundances in the redshift range
used in the calculations, demanding stars with physical properties similar to what
is expected from Pop III stars, not yet observed, but which present substantially
better agreement with observations.

Keywords: Chemical Evolution. Cosmic Abundances. First Stars.
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EVOLUCAO QUIMICA COSMICA: DESENVOLVENDO MODELOS
E COMPARANDO COM OBSERVACOES

RESUMO

Com o objetivo de investigar como os elementos quimicos surgem e evoluem no
cenario cosmologico, apresentamos resultados de um modelo semi-analitico desen-
volvido para entender a evolucao da metalicidade média no Universo, para diversos
elementos quimicos, desde a formacao de estrelas de Populacao III (Pop III) até hoje.
Em particular, estudamos as contribui¢oes das estrelas Pop I1I e Pop II na produgao
de O, Fe, Zn, Ni, Si, Mg, Al, C, N, P e S. Nossa abordagem principal é baseada
em acoplar a Taxa Cosmica de Formagao Estelar (CSFR) com equagoes de evolugao
quimica para galaxias. Apresentamos resultados usando a CSFR de (PEREIRA; MI-
RANDA, 2010) (PM-CSFR), desenvolvida de forma autoconsistente dentro do cenério
de formacao de estrutura hierarquica, bem como resultados usando uma versao atu-
alizada do formalismo PM-CSFR, onde levamos em consideragao a dependéncia da
metalicidade nos parametros utilizados para gerar a CSFR. As simula¢oes comecam
em redshift z ~ 20, quando as estrelas Pop III comecaram a morrer, e vao até a
formacao de estrelas Pop II com metalicidade Z = 0,02 Z,. Comparamos os re-
sultados com dados de sistemas Damped Lyman-a (DLAs), aglomerados globulares
(GCs) e estrelas extremamente pobres em metais (EMPs). Nossos principais resulta-
dos mostram que a CSFR tem um papel importante na producao total de metais no
Universo em altos redshifts, atingindo um pico logo apds a formagao das primeiras es-
trelas, e mostrando uma diminuicao subsequente a medida que o Universo se torna
mais rico em metais e estrelas do Pop II comecam a se formar. Os modelos que
utilizam apenas estrelas de Pop II sao incapazes de reproduzir abundancias quimi-
cas observadas na faixa de redshift [0,6], exigindo estrelas com propriedades fisicas
semelhantes ao que se espera de estrelas Pop III, ainda nao observadas, mas que
apresentam substancialmente melhor concordancia com as observacoes.

Palavras-chave: Evolucao Quimica. Abundancas Cosmicas. Estrelas Primordiais.
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1 INTRODUCTION

“The nitrogen in our DNA, the calcium in our teeth, the iron in our blood, the
carbon in our apple pies were made in the interiors of collapsing stars. We are

made of starstuff.”
— Carl Sagan.

Everything around us is made of chemical elements. The production and distribution
of elements in the cosmos is the result of many processes, which started early in the
history of the Universe, during the Big Bang, and goes on to the present day, inside

the nuclei of stars.

The first event in the Universe which produced chemical elements was the primordial
(or Big Bang Nucleosynthesis, BBN), responsible for the synthesis of deuterium, *He,
“He, and traces of "Li (OLIVE et al., 2000; PITROU et al., 2018). This event was very
fast, taking place during the first 20 minutes of the Universe and sets a paradigm that
is widely accepted in the scientific community, once it has been precisely modeled and
tested (SMITH et al., 1993; STEIGMAN, 2007; IOCCO et al., 2009; MEISSNER; METSCH,
2022).

A few million years after the BBN, another class of matter was playing an important
role: Dark Matter (DM). Between the end of recombination era and redshift ~ 20
(180 Myr ater the Big Bang), the first DM halos decouple from the Universe’s
expansion, collapsing and virializing (PEREIRA; MIRANDA, 2010). The potential wells
of these first halos generate the conditions for the baryonic matter to flow into these

structures, which agglomerates to form the First Stars and Galaxies.

Figure 1.1 shows the timeline of some important phases of the Universe, such as
the Big Bang, the later formation of DM halos and the birth of the first stars and

galaxies.

The emergence of first stars characterized the second event, after the BBN, to be
responsible for the production of chemical elements. These first stars, composed of
only H and He, are the so-called Population IIT (Pop III) stars. Despite intense ob-
servational efforts, these stars have never been observed, although a few candidates
have been proposed (e. g., (KASHIKAWA et al., 2012; SOBRAL et al., 2015; VANZELLA
et al., 2020)). Thus, researchers have been joining strengths to build consistent mod-
eling of these stars in the past decades (HEGER; WOOSLEY, 2002; SCHAERER, 2002;
CHIEFFI; LIMONGI, 2004; HEGER; WOOSLEY, 2010; TAKAHASHI et al., 2018).



Figure 1.1 - Timeline of the Universe’s evolution.
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Source: European Space Agency (ESA) (2015).

Due to the lack of metals in the gas, cooling processes, essential for the gas to
agglomerate and form stars, were very inefficient (GALLI; PALLA, 2013; HIRANO;
YOSHIDA, 2013), indicating that the first stars would have very large masses, between
100 and 200Mg. Other authors also point to even higher masses, around 500 to
1000Mg, (see, e.g., Ohkubo et al. (2006)).

In terms of chemical production, the above characteristics indicate they were sub-
stantially important. For instance, Pop III stars with masses from 140 to 260 M,
produced huge amounts of metals. Also due to their high masses, they quickly
ended their lives as Pair-Instability Supernovae (PISNe), injecting large amounts
of highly enriched material back into the Interstellar Medium (ISM) and Intergalac-
tic Medium (IGM). Another interesting property of the PISNe is that they leave
no remnants behind; instead, they end their lives in a complete disruptive process
(HEGER; WOOSLEY, 2002; TAKAHASHI et al., 2018).

Population III stars made the IGM enriched, providing the perfect sites for the
formation of a second generation of stars, the Population II stars. With more and
more enriched material available, cooling processes started to become more efficient,
giving origin to less massive stars with physical proprieties close to those observed
today, and also extensively modeled mainly according to their masses and metal-
licities (CHIEFFT; LIMONGI, 2004; KOBAYASHI, 2005; CAMPBELL; LATTANZIO, 2008;
KARAKAS, 2010; DOHERTY et al., 2013; DOHERTY et al., 2014).

These chemical production and enrichment processes remained cyclic: stars are
formed, produce chemical elements, die injecting enriched material into the Inter-
stellar Medium (ISM) which gave origin to new, more enriched stars until reaching

the abundances observed today. Figure 1.2 illustrates the chemical contributions



from the Big Bang, the First Stars and what we find today through observations.

Figure 1.2 - Image illustrating the main chemical species produced during the Big Bang
(top), the main chemical signature from primordial stars (middle) and what
we observe today in the Universe (bottom).
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Cosmic Chemical Evolution (CCE) is the field of research which accounts for the
investigation of all the processes above - from the primordial nucleosynthesis until
the observed abundances today. The main goal of CCE is to investigate the origin
and evolution of chemical elements along the history of the entire Universe, therefore
requiring an ensemble of cosmological theories of structure formation (which will
explain the formation of DM halos and the rate of stellar formation) with stellar

evolution (nucleosynthetic yields and remnant masses).

In terms of the development of the field, Chemical Evolution models were, however,
first developed for the framework of the galaxy (TINSLEY; LARSON, 1978; LARSON et
al., 1980; MATTEUCCI, 2016). The level of uncertainty for cosmological parameters
at the time prevented the field from advancing to the cosmological framework, but
after many advances achieved in the following years, a new window to explore many

properties in the cosmology field was opened.

Today, there are several different models which seek to evaluate different aspects
related to the galactic and cosmic chemical enrichments, such as the evolution of
the mass-metallicity relation (MA et al., 2016; TORREY et al., 2019), the establishment
of a critical value for the metallicity of the Universe allowing the transition from
Pop III to Pop II stars (BROMM et al., 2001; BROMM; LOEB, 2003; FANG; CEN, 2004;
MATTEUCCL CALURA, 2005; SANTORO; SHULL, 2006; TORNATORE et al., 2007; MAIO
et al., 2010; SCHNEIDER, 2010), Hypernovae (HNe) feedback (KOBAYASHI et al., 2007),
the role of galactic outflows (DAVE; OPPENHEIMER, 2007), the chemical properties of
local galaxies based on their formation through the hierarchical model of structure
formation (CALURA; MENCI, 2009), the evolution of N abundance in the Universe
and the reason for large dispersion in observational data (VANGIONI et al., 2018), the
influence of Dark Matter (DM) halos on the gas reservoir available for star formation
(LILLY et al., 2013), among other examples of interesting contributions to the study

of the Universe through its chemical enrichment.

The models can be generically classified into semi-analytical and hydrodynamical
simulations. Nevertheless, there is increasing uncertainty connected to the chemical
evolution as we move from local to cosmological scales, which is independent of the
analytical or computational modeling. From the small scale represented by nuclear
reaction rates and stellar masses to larger, galactic, and cosmological scales, there is
a cumulative uncertainty since each scale carries its own sets of considerations and

uncertainties.



1.1 Motivation and goals

CCE models mainly discuss general and particular aspects of metallicity evolution
([Z/H] and/or [Fe/H]) in cosmological terms, but several do not detail the contri-
butions to the evolution of single elements. Moreover, comparing observations with

high-redshift simulations is a challenge.

We gathered the motivations above to develop a model to investigate the evolution
of single element abundances in the Universe. In general terms, our approach is
based in coupling a consolidated framework of Galactic Chemical Evolution (GCE)
with the cosmological scenario, supported by the theories of large scale structure

formation and cosmological star formation rates.

More specifically, we propose a semi-analytical model to investigate the contributions
of Pop III and Pop II stars to the cosmological evolution of single elements across the
redshift interval 0 < z < 20, taking into account different perspectives to compare

our results with observations in a range of different redshifts.

We start on Chapter 2, introducing and justifying the choices for the cosmological
background, which is going to be the basis for the chemical evolution model: we
describe the model developed by Pereira and Miranda (2010), and the incorporated
changes in the scenario which allow for an adequate coupling of the star formation
model with the equations of the chemical evolution of the Universe. We address
the adapted cosmological model as CMW along with the text. In addition, the
modifications of the model introduced in this work allow a better adjustment of
the Cosmic Star Formation Rate (CSFR) to the observational data available up to
redshift ~ 10, as well as satisfying all the points studied by Gribel et al. (2017) in

their unified model connecting the CSFR with the local star formation.

We also adapted the chemical models developed over the past 40 years for the Galaxy
(see, e.g., (TINSLEY; LARSON, 1978; LARSON et al., 1980; MATTEUCCI, 2016)). This
adaptation allows us to build an adequate model for the chemical enrichment of the
Universe. Implementing chemical yields for stars with masses between 0.85 and 260
Mg and metallicities from 0 up to Z = 0.02 Z, allows us to provide, on Chapter
4, several results, data comparison and discussions about the cosmic evolution of
11 chemical elements: Oxygen (O), Iron (Fe), Zinc (Zn), Nickel (Ni), Silicon (Si),
Magnesium (Mg), Aluminum (Al), Carbon (C), Nitrogen (N), Phosphorus (P), and
Sulfur (S). We draw the conclusions in Chapter 5.






2 COSMOLOGICAL SCENARIO

As described above, the first dark matter halos decouple from the Universe’s ex-
pansion, collapsing and virializing, probably between the end of recombination and
redshift ~ 20. The potential wells of these first halos generate the conditions for the

baryonic matter to flow into these structures, agglomerate, and form the first stars.

The characterization of the cosmological star formation and the consequent chem-
ical enrichment of the Universe is, in this way, connected to the dark matter halo

formation within a given mass range and as functions of the redshift.

DM halos drag the baryonic matter into their interiors. We can describe this process
through the adaptation of the formalism developed originally by Press and Schechter
(1974), which allows to estimate directly the fraction of baryons (f;,) incorporated

into the halos:

_ Ja f(M, 2)MdM

where o
A (M, 2) = B2 for(o)dM (2.2)

is the number of DM halos per comoving volume at a given redshift within the mass
interval [M, M + dM], and py, is the matter density of the Universe.

The halo mass function, fst(o), proposed by Sheth and Tormen (1999) is:

2a 6. —ab? a2 \"
fsr(o) = 0.3222 exp( 52 ) [1 + <a52> ] ; (2.3)

m™ O

with 0. = 1.686, a = 0.707, p = 0.3, and o (M, z) is the variance of the linear density
field.

The fact that stars form only in suitably dense structures is parameterized in Equa-
tion (2.1) by the threshold mass My,. We consider M, = 10°M, that is the
minimum mass for the first star-forming halos to appear in hierarchical models. The
upper limit M., can take values up to > 10'7M. This limit is set according to
the mass scale of galaxy superclusters (SALVADORI et al., 2007; PEREIRA; MIRANDA,
2010), limiting the scale of the largest structures formed in the present Universe.
In any case, the results have shown to be weakly dependent on the upper limit if
Moy > 1017 M,



The function o(M, z) in Equation (2.3) can be determined from the power spectrum
P(k) smoothed with a spherical top-hat filter function of radius R which, on average,
encloses a mass M (R = [3M /47p(2)]'/3). Thus,

o*(M, z) =

D*(z) [~ , 2
- /0 k2P (k)W?(k, M)dk, (2.4)

where W (k, M) is the top-hat filter in the k-space

Wi(k,M) = [sin(kR) — kR cos(kR)]. (2.5)

(KR)?

The dependence with redshift comes from the growth factor D(z), that is, o(M, z) =
0(M,0)D(z). Here we use the analytical approach for D(z) as derived by Carroll et
al. (1992).

The rate at which fluctuations grow on different scales depends on the interplay
between self-gravitation, pressure support, and damping processes. All of these pro-
cesses are part of the power spectrum given by P(k) o< k™ (see, e.g., (GRIBEL et al.,
2017) for details).

From these equations, it is possible to determine how halos of different masses decou-
ple from the Universe’s expansion and how baryonic matter is gradually incorporated
into the center of the virialized halos. Structures more massive than ~ 10°M, are
formed at later times, as the redshift decreases. Thus, as more halos are formed, more
baryonic matter flows into these structures, generating conditions for star formation.

This allows us to define the baryon accretion rate as:

df,

2|, (2.6)

at\ ™!
ab(t) = QO,b Pc <d2’>

where )y}, is the baryonic density parameter at z = 0, p. = 3HZ /8@ is the crit-
ical density of the Universe (Hy = 100 hkms~' Mpc ™! is the value of the Hubble

parameter at the current time), and

dat 1
dz Hy(1+ 2),/Qoa + Qom(1+2)*

(2.7)

The cosmological framework described through the set of equations presented above



is similar to the one used by different authors (e.g., (DAIGNE et al., 2006); (TAN et
al.,, 2016); (VANGIONT et al., 2018)).

2.1 Star formation scenario

Once we set the cosmological framework, it is possible to compute the CSFR by
incorporating the Initial Mass Function (IMF) and the Star Formation Rate (SFR).
We explore two scenarios: the first is the original PM CSFR, while the second (here-
after CMW) takes into account different values for the IMF slope, besides taking
into account metallicity dependent variables such as the characteristic timescale for

star formation and remnant mass.

In particular, the number of stars formed per unit of mass (m), volume (V'), and

time (t) is given by:

3

TR — om0, 25)
where 9(t) o pg corresponds to the SFR (pg is the gas density). Note that ()
follows the functional form known as Schmidt’s law (SCHMIDT, 1959). On the other
hand, the IMF is given by ¢(m) oc m~(*%) and its functional form with x = 1.35 is
called as Sapeter’s IMF (SALPETER, 1959).

2.2 Initial Mass Function

The IMF of the first stars is still an open question. See that the Salpeter IMF favors
the formation of low mass stars, and various authors adopted it in their chemical
evolution models (see, e.g., (CALURA; MATTEUCCI, 2004; CALURA; MATTEUCCI,
2006; CASEY et al., 2012; SHU et al., 2016; FRASER et al., 2017; VANGIONI et al., 2018))
while some others (see, e.g., (NAKAMURA; UMEMURA, 2001; SCHNEIDER et al., 2006;
MA et al., 2017)) also allow for the possibility of a top-heavy or bi-modal IMF.

For the PM CSFR, we consider x = 1.35 as the reference value, as described in
the original version. However, to identify the influence of the IMF exponent on the
chemical enrichment of the Universe, we also considered, for the CMW CSFR, four
other values, nominally, 0.85, 1.0, 1.7, and 1.85, allowing the formation of a higher
(the first two values) or smaller (the last two values) number of high mass stars
when compared to the reference value 1.35. We also used o« = 1 in agreement with

Gribel et al. (2017), which shows that different properties from the star formation



regions in the Galaxy, including the so-called Larson’s law, can be well reproduced
with o = 1.

Therefore, Equation (2.8) describes the number of stars formed within the dark
matter halos that aggregate and concentrate baryons in their centers. A fraction of
the mass in stars is ejected (through stellar winds and supernovae, for example) and
returned to the ‘interstellar medium’ formed by these structures. The ejected mass

fraction is given by:

4" Me, / ™ (= )bt — ) p(m)dm, (2.9)

AVdt ~ Jme

where m(t) is the stellar mass whose lifetime is equal to ¢, m, represents the mass
of the remnant. The star formation is taken at the time (¢ — 7,,,), where 7, is the

lifetime of a star of mass m.
2.3 Remnant mass and time for stellar formation

For the PM CSFR, the remnant mass is metallicity-independent and can be calcu-
lated following the prescription bellow (PEREIRA; MIRANDA, 2010):

o For IMy < M < 8Mg, remnant is a C-O White dwarf with mass:

m, = 0.1156m + 0.4551 (2.10)

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

Stars in the interval 10My < M < 40Mg, end as neutron stars with m, =
1.4Mg,

If 40M, < M < 140Mg, the remnant is a black hole and

13
my = Mye = ﬂ(m —20M;) (2.11)

Notice that stars with M < 1My have lifetimes longer than the age of the Universe
and do not contribute to chemical evolution. There is also a high limit mass range
where stars collapse directly into black holes, also not contributing to chemical
evolution (HEGER; WOOSLEY, 2002).

10



The time scale for star formation, 7,,, is also metallicity-independent and can be
obtained through the relation developed by Copi (1997):

M M\
logo(7,) = 10.0 — 3.6 log,, (M@> + [log10 (M@ﬂ ) (2.12)

For the CMW CSFR, we take into account metallicity-dependent remnant masses
and 7,,. For the remnant mass, we used the results of Spera et al. (2015) to obtain
the masses of the stellar remnants (m,.) as functions of the metallicity and the initial
stellar masses. The authors obtain their results from SEVN (population-synthesis
code) coupled with the PARSEC code for stellar evolution tracks. In particular, we
use in this work the fitting formulas presented in Appendix C of Spera et al. (2015).

Concerning the parameter 7,,, the metallicity-dependent formula is given by Raiteri
et al. (1996):

log 7 = ao(Z) + a1(Z) log (Aj\j@) +as(2) [log ( Aj‘i)} e

where 7, is expressed in years, and the metallicity-dependent coefficients are
(see (RAITERI et al., 1996) for details):

ao(Z) = 10.13 4 0.07547 log Z — 0.008084 (log Z)?, (2.14)
a1(Z) = —4.424 — 0.7939 log Z — 0.1187 (log Z)? (2.15)
as(Z) = 1.262 + 0.3385 log Z + 0.05417 (log Z)?, (2.16)

and Z is the absolute metallicity.

It is worth stressing that 7, determined by Equation (2.13) has an excellent agree-
ment when compared to the stellar lifetimes presented in Table 2 of Ekstrom et
al. (2008) for different values of mass and metallicity. In particular, the difference

between the results for 7,, is lower than 5% which has little effect on our results.
2.4 Cosmic star formation rate

Following this formalism and combining the previous equations we derive the equa-

tion that governs the total gas density p, in the halos

11



M, &M,
Pe = "avat T avae

where the term ay(t) gives for the halos a matter of primordial composition. The

+ a(t), (2.17)

system becomes closed without the term ay,(¢) in Equation (2.17). Thus, this term
corresponds to a primordial gas infall in the structures in formation. In other words,
it describes the primordial baryonic matter that is captured by the potential wells

generated by the halos.

On the other hand, the first term on the right side gives the mass of gas converted

to stars per unit of volume and time. By Schmidt’s law, we have:

M
Tavar - E

»(t) (2.18)

Note that the term k is the inverse of time-scale for star formation, i.e., k = 1/7;.

The total gas density can be calculated by numerical integration of the Equation
(2.17) providing values for p,(t) at each time ¢ or redshift z as long as the 7, param-

eter is set.

The initial condition is zero gas density at z = 20 for solving Equation (2.17).
Moreover, there are some steps for obtaining the correct characterization of the

function p,. They are:

(i) Equation (2.17) explicitly depends on three functions: 75, ¢(m), and the (primor-
dial) gas infall a},(¢). The last function is determined by the cosmological scenario.
The IMF ¢(m) has the functional form known as Salpeter-IMF (for de PM CSFR)
and we explore other values for the x-exponent within the range [0.85,1.85] as men-
tioned above for the CMW approach.

(ii) The 7y parameter is related to CSFR via Schmidt’s Law. That is, p, is di-
rectly proportional to the gas density and inversely proportional to the character-
istic timescale for the conversion of gas in stars. If all the gas entering the system,
plus the gas returning to the system through (2.9), is converted into stars, there will
be an overabundance of both stars and metals. Thus, p, must also be dependent on

a parameter that measures the efficiency (< e, >) in which gas is converted into
stars. So the CSFR is:

12



pulz) =< e, > P& (2.19)

Ts
(iii) Once the CSFR is determined, the a;, function is fixed by the structure formation
scenario, and the IMF is determined by the choice of the x-exponent, then there will

be possible to determine the function p, by Equation (2.17);

(iv) The previous steps are essential to characterize the total gas density function.
The calculation algorithm integrates the differential Equation (14) through the sixth-
order Runge-Kutta method. The differential equations for the various chemical ele-
ments and total metallicity of the Universe are solved by the same method. As the
lifetimes of stars and the masses of stellar remnants also depend on metallicity, the
program iterates through the set of equations until the difference between two solu-
tions is less than 10~7 within the considered redshift interval. We also run models
with tolerance 10710 for checking the accuracy of the solution. The two solutions

agree at the 1079 level.
2.5 How to characterize the functions 7, and <¢, > 7

For the PM-CSFR, < 7, >= 2Gyr and < g, >, the efficiency for star formation,

also acts as a normalization factor. The only constraint < ¢ > should satisfy is to
return at z = 0 the value 0.016 Mg yr—' Mpc ™ for the CSFR. It establishes the

normalisation according to the value determined by Springel and Hernquist (2003).

For the CMW CSFR, the < ¢, > and < 75 > functions work together to produce
CSFR with the best fit to the observational data.

In particular, the cold gas used to form stars is given by:

Peold (2) =< €4 > pg(2), (2.20)

where < €, > acts as efficiency for star formation, and p.yq is the gas used for the

star formation.

Regarding the characteristic time-scale for star formation, we have:

7i(2) = p;’ld (2.21)
*
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Equations (2.19), (2.20), and (2.21) are solved together to characterize the CSFR
and allow the correct characterization of the dependency of the < ¢, > and T
functions with the redshift.

For the CMW-CSFR, the constraints associated with these equations are:

(a) produce the best adjustment of the p,(z) curve to the observational data available
within the range [0 — 10] in redshift;

(b) normalize p, to return the value ~ 0.016 Mg, yr~* Mpc ™ at z = 0, similar to one
determined by Madau and Dickinson (2014);

(c) make the CSFR peak at redshift z = 2. This value was chosen so that p, obtained
here is in accordance with the peak of the CSFR used by Vangioni et al. (2018) and
the one determined by Madau and Dickinson (2014);

(d) produce < ¢, >~ 0.01 —0.02 at z = 0. This causes the value < ¢, > to be
of the order of g, the so-called star formation rate per free-fall time, inferred for
the star-forming regions of the local Universe (see, e.g., (KRUMHOLZ; MCKEE, 2005;
GRIBEL et al., 2017));

(e) produce Ts(z = 0) ~ 0.5 — 2.5 Gyr similar to the value of 74, as inferred by
Schinnerer et al. (2016b) for the local Universe (z = 0). Moreover, our models with
IMF exponent z > 1.0 show good agreement with the fit of Maio et al. (2022) at

z ~ 5 for the neutral-gas depletion time.

Figure 2.1 shows the PM and CMW CSFRs as a function of redshift and their

behavior concerning the observational data.

14



Figure 2.1 - The solution for p.(z) as originally derived in the PM formalism (purple

CSFR

CSFR

solid line) and the CMW CSFR plotted for comparison (red solid line). Top:
evolution of the CSFR from the local Universe to z = 20. Bottom: same as
left, but zooming into 0 < z < 10, allowing for a better visualization of the
two CSFRs within the range of the available observational data. Data used in
this figure: IR (Magnelli et al. (2011), Magnelli et al. (2013) - dark red filled
diamonds; Gruppioni et al. (2013) - dark blue open squares); UV ( Wyder
et al. (2005) - purple filled circles; Schiminovich et al. (2005) - blue filled
squares; Dahlen et al. (2007) - green open triangles; Reddy and Steidel (2009)
- orange filled crosses; Robotham and Driver (2011) - turquoise filled triangles;
Cucciati et al. (2012) - yellow crosses; Bouwens et al. (2012a), Bouwens et al.
(2012b) - turquoise open diamonds); GRB (Kistler et al. (2009), KISTLER
et al. (2013) - pink open circles).

1
L @ Wyder+ 2005
1071 g el @ Schiminovich+ 2005
G Robotham & Driver 2011
£ Reddy & Steidel 2009

i

[ 5 W Magnelli+ 2011, 2013
-2 W Kistler+ 2009, 2013
10
¥ @ Gruppioni+ 2013
w2 Dahlen+ 2007
Cucciati+ 2012
Bouwens+ 2012a,b
1073
1074
10—

00 25 50 75 10.0 125 150 17.5 20.0

/1]

I P
T TSNS
™~

b |

1072

15



2.5.1 Characteristic time-scale for star formation

In order to address the comparison of 7, with values from the literature, let us
remeber that peq is composed of the sum of two components: molecular gas (pu2)

and atomic gas (pur). Equation 2.21 assumes the form:

T(z) = Pecd _ P2 AL (2.22)

P Ps  Ps
The present model does not allow for an investigation of each component of pcoq
separately. However, we can compare the behavior of 7, with the time-scales for the

depletion of the different components of the gas, as described by Equation 2.23:

Ts(2) = Tdepl,H2 + Tdepl,HI, (2.23)

with Tgepl 2 and Tyepyu1 representing, respectively, the depletion scales for molecular

and atomic gases.

As determined by Péroux and Howk (2020), Maio et al. (2022), the corresponding
H, depletion time follows close to the dynamical time (74y,, taken to be 10% of the
Hubble time). In Figure 2.2 (left), we present the behavior of the 7, parameter for
different values of the x exponent, compared with the dynamical time. The curve for
Tayn Crosses the curves for 7, with x = 0.85 and x = 1.0, i.e., 7, is smaller than 74y,
and there would not be enough molecular gas available to be processed into stars
near redshift z ~ 0. In particular, for x = 0.85 this occurs at z = 0.75 while for z
= 1.00 it occurs at z = 0.38. Therefore, for both values of x, our model could not

follow Tgepirir = Tayn under these values of z.

In the right panel of Figure 2.2 it is possible to observe the comparison between the
results for 7, with the depletion time-scales for molecular and atomic gas (PEROUX;
HOWK, 2020; MAIO et al., 2022). We can observe that the curves (mainly for z =
1.35) are between the colored regions (black and purple) and above t4,,. This means
that star formation is maintained by molecular gas and complemented by atomic
gas. When the curves for 7, approach t4,,, a smaller part of neutral gas is used and
the greatest part of stellar formation comes com molecular gas, until the moment

where 7, reaches smaller values than ¢4,.
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Figure 2.2 - Evolution of the characteristic star formation scale (defined as Ts = pmol/f«)-
Left: Results from the CMW formalism compared with the dynamical time
(Tdyn =~ 0.1ty, where ty is the Hubble time) for the redshift interval [0,20].
Right: Same results for 75, compared with the depletion times for molecular
and atomic gas (PEROUX; HOWK, 2020; MAIO et al., 2022).
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2.5.2 Star formation efficiency
We define the star formation efficiency (< e, >) as:
Pcold\ Z
< g >= 7( ) (2.24)
Pe(2)

This function represents the fact that not all gas is converted into stars, therefore
requiring a factor that we call efficiency. It represents the fraction of the gas that
is actually turned into stars at each redshift. This form of efficiency is different
from what is commonly presented in the literature!. Therefore, in order to allow
a comparison with the literature, we can compare our efficiency with the fraction
of the gas associated with star formation (fy.s) described by the relation (HODGE;
CUNHA, 2020):

Mqs

fgas = m

(2.25)

where fgqs is the molecular gas fraction.

'Normally, the Star Formation Efficiency is described by the relation SFE = SFR/Myqs, which
can be interpreted as the number of stars formed in a certain period.

17



In Figure 2.3, we present the behaviors of the < ¢, > (left), also interpreted as the
fraction of gas converted into stars in the CMW formalism and the fraction of gas
(fgas) associated with star formation (right) as defined by Equation 2.25, compared
with observational data compiled by Hodge and Cunha (2020).

In terms of observational data, Hodge and Cunha (2020) presents a summary of some
of the largest studies to parameterise the evolution of the gas fraction as a function of
redshift. Scoville et al. (2017), using ALMA observations in a sample of 708 galaxies
from z = 0.3 to z = 4.5 in the COSMOS field (with known SFRs and stellar masses)
estimated the total ISM masses. Tacconi et al. (2018) compiled a larger sample
of 1444 star-forming galaxies between z = 0 and z = 4 for which molecular gas
estimates were derived using three different methods. Liu et al. (2019) performed
the largest study of this kind by combining a dataset of around 700 galaxies (from
z = 0.3 to z = 6.0) from the COSMOS survey and an additional sample of around
1000 CO-observed galaxies from z = 0 to z = 4.0.

From these studies it is possible to observe that the larger the sample, the harder
it is to define scaling relations between the gas mass, SFR and other parameters.
Nonetheless, the three studies find that, independently of the sample and methods,
the molecular gas mass of main sequence galaxies increases with redshift, i.e., at
higher redshifts, a galaxy has more gas available to convert into stars, a compatible

behaviour with our simulations.

Also, our results for fy,s presented in Figure 2.3 show reasonable agreement with the
available observational data described in Hodge and Cunha (2020). Our results for
fgas are represented by the mean curves from scaling relations for the gas content,
as a function of redshift, of the fits presented by Hodge and Cunha (2020) in their
Figure 13b.

In Table 2.1, we summarize the parameters used to obtain the CMW CSFR — p,(z).
It depends on the cosmological parameters €2, €2, 25, and the parameters related

to the formation of large-scale structures of the Universe (og, np,, and My ).
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Figure 2.3 - Evolution of the fraction of gas converted into stars for different values of the
IMF used in this work. Left: evolution of the average star formation efficiency
(defined as < e, >) as a function of z. Right: evolution of the fraction of
gas associated with star formation (fy.s) as described by Hodge and Cunha
(2020). Symbols represent observational data as follows: circles (TACCONT et
al., 2018), squares (SCOVILLE et al., 2014), diamonds (SCOVILLE et al., 2016),
stars (DESSAUGES-ZAVADSKY et al., 2015) and triangles (SCHINNERER et al.,
2016a).
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Table 2.1 - Cosmological and structure formation parameters used to obtain the CMW
CSFR.

Qo7m QO,b Q[)’A h Z; g8 Tlp Mmin(M@)

0.279 0.0463 0.721 0.7 20 0.84 0.967 100
Note. €, corresponds to the total matter (baryonic plus dark matter) density pa-
rameter; €2, is the baryonic density parameter; €2, is the density parameter associ-
ated with dark energy (cosmological constant); h is the Hubble constant written as
Hy = 100 hkms~"Mpc™!; z; is the redshift at which star formation begins; og is the
normalization of the power spectrum, in other words o(M,0); np is the spectral index of
the power spectrum; M, corresponds to the lowest mass a dark matter halo must have to
detach from the expansion of the Universe, to collapse and to virialize (it is approximately
equal to the Jeans mass at recombination).

Although our model is semi-analytical, by adding the redshift dependency to the
functions < €, > and 7, it becomes possible to obtain p,(z) with an adequate
behavior within the redshift range where CSFR data exists. In addition, the way
we build < ¢, > and 7, with the constraints that these functions must satisfy at
z = 0, shows good agreement with the observational data as described in the last

subsections.
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3 CHEMICAL EVOLUTION SCENARIO

In order to build a chemical evolution model some basic ingredients are required: the
initial conditions and stellar formation rate (already accounted by the cosmological
scenario), chemical evolution equations (which are going to account for the fate of
available enriched and non enriched gas) and stellar chemical yields (which are going

to provide the amount of chemical elements each star is going to produce.)
3.1 Formalism

The first chemical evolution models were developed for the framework of the Galaxy
by Tinsley and Larson (1978), Larson et al. (1980) and later by Matteucci (2001).
Their simple model of chemical evolution considers a closed-box evolving system with
no inflows or outflows. Also, the IMF is constant in time, the chemical composition
of the gas is primordial, and the mixing between the chemical products ejected by

stars and the ISM is instantaneous.

We can adapt these concepts, which are the basis of the chemical evolution models
of the Galaxy, straightforwardly. The main difference is that in the cosmological sce-
nario, the halos continuously incorporate baryons (primordial gas) from the ambient
(Universe). This is described by the function ay(t).

Once inside the halos, the gas is removed from the system to form stars at time
t — Ty. This is described using the CSFR p,(t — 7,,,). Later, the gas returns to the
system, at time ¢, when the stars die. A certain fraction of the gas used for the star
formation in ¢ — 7,,, will be retained in the remnant population m, that forms in the
time ¢. A new generation of stars will be formed in the instant ¢, removing gas from
the system and this processes is repeated in a cycle of continuous gas capture and

chemical enrichment of the environment.

To determine the chemical enrichment of a given i-element, in addition to the func-
tions p, and ay, we need to know how much mass of the i-element is returned when
the star of mass m dies. This is described by the parameter Py, that provides the

"stellar yield" of the i-element.

Once all of these functions and parameters are characterized, we can write a differ-

ential equation for the mass density of the i-element as:
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dgtgi = /ms [(m — m)Zi(t — Ti) + Pzm) px(t — Tin)p(m)dm — Zip.(t), (3.1)
where the term (m—m,.) Zi(t—7,,) accounts for the amount of i-element incorporated
when the star was born and which later returns to the ISM (see that m,. Z;(t —7,,) is
the part of the i-element retained into the remnant). The term Z; = py/p, brings the
function ay,(t) into the chemical equation. The Py, parameter is the mass produced
of the i-element by a star of mass m. The term Z;p,(t) takes into account the removal

of part of the i-element to form a new star generation .

Through the time integration of Equation (3.1), we obtain the mass density py; of the
1-element present in the gas contained within the halos. This allows us to determine
quantities such as, e.g., [X;/H] as a function of redshift (or time) and to compare
the results of our model with different observational data. Note that Equation (3.1)

incorporates all the physics and constraints discussed in the previous Sections.

In order to incorporate the contributions of particular stars, depending on their
masses and metallicities, we selected stellar yields. These chemical yields are used
to determine the elements that were ejected into the ISM at a given time by a star of
a given mass and metallicity. They are calculated through detailed nucleosynthesis
computational simulations, considering the main reactions that happen inside the
stars. We consider the first stars to be zero metallicity stars (Pop III); the subse-
quent more enriched Pop II stars are chosen within a range of different masses and
metallicities. Tables 3.1 and 3.2 describe the stellar mass and metallicity ranges from

where the chemical yields were chosen.

Table 3.1 - Masses selected for Pop III chemical yields.

Model CLO8 HWI10  HWO02
Metallicity (Z) Mass (M)
0 0.85-3.0 10-100 140 - 260

Note. CL08: Campbell and Lattanzio (2008); HW10: Heger and Woosley (2010);
HWO02:Heger and Woosley (2002)

LA simplified version of this chemical model, within the Pereira and Miranda (2010) scenario,
was developed by Vitti (2012). Her model estimated the evolution of O and Zn from the Pop III
branch developed by Heger and Woosley (2002).
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Table 3.2 - Masses and metallicities selected for Pop II chemical yields.

Model K10 D13 D14 CL04
Metallicity (Z) Mass (M)
107 - - - 13- 35
1074 1-6 - 6.5-9.0 13-35
1073 - - 6.5-9.0 13-35
4 x 1073 1-6 6.5-9.0 - -
6 x 1073 - - - 13- 35
8 x 1073 1-6 6.5-9.0 - -
2 x 1072 1-6 6.5-9.0 - 13-35

Note. K10:Karakas (2010); D13: Doherty et al. (2013); D14: Doherty et al. (2014); CLO04:
Chieffi and Limongi (2004).

Properly modeling chemical yields for Pop III stars is a challenging and complex task.
For the range where they become PISNe, we chose to work with results from Heger
and Woosley (2002) which are compatible with recent chemical yields calculated
by Takahashi et al. (2018) (hereafter TK18), which takes into account rotating
progenitors. The two models (HW02 and TK18) show no significant difference in
the explosive yields for the elements chosen here, except for the large production of
N in TK18 non-magnetic rotating models. The N behavior can be better understood
on a detailed recently developed model for the cosmological evolution of this element
(VANGIONT et al., 2018).

For Pop II, samples were chosen according to the best combination of mass and
metallicity ranges and also according to the stellar evolution models and parame-
ters used to produce each sample; Karakas (2010), Doherty et al. (2013), Doherty
et al. (2014) used the MONSTAR code for stellar evolution (FROST; LATTANZIO,
1996), OPAL opacities (IGLESIAS; ROGERS, 1996) and compatible mass loss models
(REIMERS, 1975; VASSILIADIS; WOOD, 1993; BLOECKER, 1995).

3.2 Constructing the models

We explore two scenarios. The first (model A) considers the chemical evolution of
the Universe starting with the Pop III (masses and yields as shown in Table 3.1)
stars. Once the metallicity of the Universe reaches Z = 107°Z, no more Pop III
stars can be formed. As a consequence, the Pop II stellar branch with Z = 10752 is
born and evolves (masses and yields as shown in Table 3.2). This second step finishes
when the metallicity of the Universe reaches Z = 107*Z, and, as a consequence,

no more Pop II stars can be formed within the branch Z = 107°Z,. This process
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repeats every time the metallicity of the Universe crosses the limits indicated in
Tables 3.1 and 3.2. Note that the stars within the low metallicity branches cannot
form anymore as a consequence of the increase in the chemical enrichment of the
Universe. However, stars with low mass born within the lowest metal branch can still
be alive now. Thus, they can co-exist with stars of much higher metallicity during
part of their lives. We explore this scenario for the PM and CWM CSFR in relation
to the total metallicity of the Universe.

For the second scenario (model B), we consider the chemical evolution only with Pop
IT stars, for the CMW CSFR. In this case, the "first-stars generation’ (Z = 0) of the
Universe was composed of stars with masses and chemical yields similar to the Pop
II stars of the branch Z = 10797, as those studied by Chieffi and Limongi (2004).
The following steps are similar to those described for model A. Both scenarios are
generated with the CSFR described in 2.1. We describe the evolution of models A
and B in 3.2.1 and sec. 3.2.2.

3.2.1 Model A

Model A runs the following steps for the entire calculation: first, the total metallicity
of the Universe (Ziota1) is used as ’a guide’ for the chemical yields of the different
classes (or branches) presented in Tables 3.1 and 3.2. Assuming that the first stars,
formed from pristine (H and He only) gas, started to die and enrich the ISM at
redshift z = 20, Zioa provides values for the evolution of the production of all
elements heavier than He for the entire redshift interval. This parameter is then
used as a ‘switch’ between different metallicities, removing the chemical yields of a
given metallicity and successively introducing those of the higher metallicity classes

according to Tables 3.1 and 3.2 and as discussed above.

Abundances of individual chemical elements are then computed for the entire red-
shift range. Zia starts at zero, producing Pop III stars. The higher mass ones
(~ 260 M) start dying first, throwing metals into the ISM and enriching the
medium around them. Pop III stars continue to die and enrich the ISM until the
medium reaches 107%Z,. At that point, new Pop III stars stop forming. Note that
Pop III stars with masses < 0.9M have longer lifetimes and should be still in
their Main Sequence phase today, just following the increase of the total metallicity
of the Universe, and will participate in subsequent steps of the enrichment of the
Universe when they leave the Main Sequence, along with the contribution of new,

higher-metallicity stars formed later then that population, at much lower redshifts.
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Once the metallicity of the ISM/IGM reaches 107°Z,, new stars with this metallicity
signature start being formed. As they die, the model starts processing the yields from
this class of stars, and the same process repeats. The metallicity from the medium
increases as the higher mass stars die first, while lower mass stars live longer. Even
with stars with higher metallicity (107*Z,, for example) starting to form, the lower

mass ones will continue their lives unaffected by the external increase of metallicity.

The process continues as the Universe progresses towards the present metallicity, as
described in Tables 3.1 and 3.2. It is important to emphasize that each metallicity
class has its own "stellar population clock" triggered when the Universe’s metallicity
crosses the various thresholds indicated in Tables 3.1 and 3.2. Thus, at certain
intervals of time, the chemical enrichment of the Universe takes place by the joint

action of stars of different metallicity classes.
3.2.2 Model B

Model B uses only Pop II yields. The chemical enrichment of the Universe starts
from Zioia = 0 at redshift 20. For the second Model, we consider that the stellar
branch Z = 107%Z, also represents the metal-free stars. Thus, chemical enrichment
will occur through this class (or branch) until reaching Z = 10~*, when then the next
metallicity class (with Z = 10737 will assume the control of chemical enrichment.
The following branches will take the ’enrichment command’ at the points indicated
in Table 3.2.

Chemical elements analyzed in this work were selected considering the availability
of chemical yields in the literature and observational data available for chemical
abundances in Damped Lyman-« Systems and globular clusters, as described in the

next Section.

Since there is no clear agreement in the literature on how feedback parameters should
be used and what their effect in the evolutionary path in the cosmological context
is, we do not take its contribution into account in our calculations. Its contribution
to the final result should be negligible, compared to the total value of baryons inside
collapsed structures and, therefore, should not affect the general analysis (DAIGNE

et al., 2004). We also work with an instantaneous mixing approximation.
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4 RESULTS AND DISCUSSION

In this Chapter we present and discuss a series of results regarding the evolution of
chemical elements (total metallicity and single elements) in the frameworks described

in the previous Chapters.
4.1 The role of the CSFR

We compare the evolution of [Ztot /H| along with redshift considering the two CSFRs
described before: the original PM approach and the updated version presented in this
work, the CMW CSFR (for x=1.35, same as the original PM model). We compare
the results with observation from Damped Lyman-alpha systems from Cia et al.
(2018).

The model using the CMW CSFR presents a better fit with observational data than
the one using the PM CSFR.

As mentioned above, the the CMW formalism (CSFR and chemical evolution sce-
nario) takes into account the dependence on metallicity of several parameters such as
the lifetime of the stars and the remnant mass (which are calculated as functions of
the metallicity), while the PM formalism uses metallicity-independent parameters.
Also, the PM formalism takes a constant value for 7, while the CMW formalism also
takes into account the time scale for stellar formation as a function of metallicity
(and as a consequence, a function of redshift). This update of the CMW scenario

allows for a more complete representation of the phenomena in question.

Furthermore, the fact that the updated CMW formalism presents a better fit with
observational data shows us that these parameters have a very important role in the
physical processes concerning the rate of star formation in the chemical evolution

scenario.
These results can be observed in Figure 4.1.

Once the updated model (CMW) presented in this work is, therefore, more accurate

for this scenario, we will explore the following results within this framework.
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Figure 4.1 - Top: The total metallicity of the universe along redshift for two difeerent
CSFRs: The PM formalism (purple solid line) and the CMW formalism (green
dashed line). Bottom: Same as the upper image, but in a smaller redshift range
in order to compare with DLA abundances.
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4.2 Evolution of [Z/H] and [Fe/H]

The results from models A and B for [Z;o.1/H] are obtained from the CMW-CSFR
for five different IMF values and integrated for all ranges from Pop III to Pop II,
for model A, and for all ranges of Pop II, for model B. We take into account the
progressive enrichment of the Universe and consequently the transition between Pop
IIT and the next more metal-rich Pop II generations until Z = 0.02 Z,. The results

are presented in Figure 4.2.
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Figure 4.2 - Evolution of total metallicity for different values of  in the CMW formalism.
Top: Model A (Pop II + Pop III). Bottom: Model B (only Pop II). Colors
represent different values of x for the IMF.

0 Model A —— x=1.00

[Z/H]

00 25 50 75 100 125 15.0 17.5 20.0

0 Model B

[Z/H]

00 25 50 75 10.0 125 150 17.5 20.0
redshift

For model A, at redshift z = 20, the first stars formed from metal-free gas start to
die, and the chemical enrichment is very fast. For = 0.85 and = 1.00, the pristine
Universe leaves from Z = 0 to reach Z = 107°Z in less than ~ 10° yr, given the
higher number of high mass stars that would form in this scenario. For = = 1.70,
the same metallicity is reached ~ 2 Myr after the death of the first Pop III star,
while for x = 1.85, it would take ~ 4.6 Myr for the same process to occur. The mean
behavior is described by x = 1.35, where the Universe would reach Z = 1077 in
2.8 x 10° yr. For model B, the same process takes from ~ 2 Myr up to 4.5 Myr,
depending on the IMF.

This rapid chemical enrichment in the initial phase can be explained by the metal
production of Pop III—PISNe, which characterizes a chemical ‘flood” in the high

redshift Universe, in the case of model A. For model B, the chemical enrichment
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occurs mainly through stars with masses ~ 30 — 35M,, and the condition Z =
107%Z, is reached eight times slower than when considering higher mass, Pop III

stars.

During the Pop III era, all elements are mainly produced by PISNe (with exception
of Nitrogen, which will be discussed in the next Sections). According to Abia et al.
(2001), the metallicity observed at high redshifts can be easily obtained from stellar
pregalactic (Pop III) nucleosynthesis by postulating that only ~ 1072 of the total
pristine gas is converted into stars. Considering that the star formation efficiency of
the CMW scenario is ~ 0.3 in the redshift range [5 — 20], which is ~ 30 times larger
than the value estimated by Abia et al. (2001), we verify that adding Pop III stars
in the CMW scenario for the CSFR quickly “floods” the primordial Universe with

metals.

Other evidence that PISNe is very efficient in enriching the interstellar medium
comes from the work of Matteucci and Calura (2005) where they show that only
110 to 115 PISNe would be needed to enrich a cubic megaparsec of the IGM to
Z =1071Z, (with the index of the IMF varying between 1.35 and 0.5).

In order to adequately address the question of the rapid contamination of the early
Universe, we propose comparing the results with abundances from old Extremely
Metal-poor Stars (EMPs) and Globular Clusters (GCs). EMPs and GCs (with ages
close to the age of the Universe) present an opportunity to explore the chemical
and physical conditions of the earliest star-forming environments in the Universe
(DOTTER et al., 2011; FREBEL; NORRIS, 2015) i.e., they should present a metallicity

value very similar to the Universe’s mean metallicity at the time they were formed.

Figure 4.3 shows the comparison between Models A and B with EMPs stars: HE
1523-0901 (FREBEL et al., 2007), HD 140283 (BOND et al., 2013), BD +17°3248
(COWAN et al., 2002) and CS31082-0018 (CAYREL et al., 2001).

The problems in using EMP stars are the large errors associated with age determi-
nation on these types of very old stars. Despite the large errors, we have been able
to the match the values for [Fe/H] from our model with EMP stars.
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Figure 4.3 -

[Fe/H]

[Fe/H]

Comparison of [Ztot/H] from the model with Extremely Metal-Poor Stars.
The purple stars refer to EMP stars: HE 1523-0901 (FREBEL et al., 2007), HD
140283 (BOND et al., 2013), BD +17°3248 (COWAN et al., 2002) and CS31082-
0018 (CAYREL et al., 2001).
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Figure 4.4 - Comparison between models A (left) and B (right) with data from Globular
Clusters from (FREBEL et al., 2007; BOND et al., 2013; COWAN et al., 2002;
CAYREL et al., 2001; DOTTER et al., 2011; WAGNER-KAISER et al., 2017).
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Globular clusters (GCs), on the other hand, provide an integrated age and metallicity
for the entire group of stars. Analysis of old GCs data can provide information about
age and metallicity for the entire cluster, allowing better estimations than isolated,
metal-poor stars, for example. Figure 4.4 shows the behavior of Z,. for the two
models compared with observations from GCs. Model A accounts for the majority
of observations, regardless of the IMF, while model B is unable to fit the metal
abundances for Zi,. even for the lower values of x. Although Pop II with low
metallicity and large masses do indeed play an essential role in the first steps of
cosmic enrichment, it is clear that their contribution alone is insufficient to allow
the ISM to maintain efficient star formation in order to reach the observed metal

abundances along the cosmic history.
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Figure 4.5 - Comparison of models A (left) and B (right) with data from dust-corrected
DLAs (grey crosses) from Cia et al. (2018). We include an a-enhancement
correction, with [Z/H] = [Fe/H] 4+ 0.3 dex as suggested by Rafelski et al.
(2012).
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Another analysis is performed for the interval z = [0 — 6], where we compare the
results with dust-corrected abundances from Damped Lyman-alpha Systems (DLAs)
(Figure 4.5). DLASs provide the most accurate measurements of chemical abundances
on the gas-phase for the high-redshift Universe (WOLFE et al., 2005), and abundances
can be determined with errors < 0.1 dex (VLADILO, 2002). DLAs are also the perfect
site for the initial stages of gas cooling and star formation (MAIO; TESCARI, 2015);
they dominate the neutral gas content of the Universe in the redshift interval z =

[0 — 5] and therefore are the most crucial neutral gas reservoir for star formation.

In this redshift interval, regardless of the observations, we expect to see an increase
of [Ziota1/H] with decreasing redshift, with the total metallicity reaching values close
to ~ 0 (solar) near redshift z ~ 0. This behavior is consistent with observa-

tions presented in similar contexts (FYNBO et al., 2006; DAVE; OPPENHEIMER, 2007;
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KOBAYASHI et al., 2007; ROLLINDE et al., 2009; VANGIONT et al., 2018). Also, as pointed
out by Calura and Matteucci (2004), main metal production in spirals and irregulars

is always increasing with time.

It is possible to observe that, for model B, for < 1.35 the abundances reach a
maximum at redshift z ~ 4 and start decreasing towards z = 0, while for x > 1.35,
metallicities tend to rise with decreasing redshift. Nevertheless, all the B Models

remain between —1.0 and —1.5 dex lower than the expected value for z ~ 0.

On the other hand, when taking into account Pop III stars (model A), metallicities
increase continuously as redshift approaches to z ~ 0. For = 0.85, x = 1.00 and
x = 1.35, models reach [Zia1/H] close to 0, as expected, while for x = 1.70 and
1.85, the total metallicity is underestimated by approximately 0.25 to 0.30 dex.

When comparing results with DLA observations, there are two main problems that
are relevant to the interpretation of our results. The first is the high dispersion
between points relative to the same (or very close) redshift. There is a variety of
models investigating dispersion in DLAs (see, for example, Dvorkin et al. (2015)),
and some authors agree that it happens due to peculiar nucleosynthetic signatures
from each system and also due to different star formation histories (CENTURION et
al., 1998; PETTINI et al., 2000; DESSAUGES-ZAVADSKY et al., 2002; CIA et al., 2016),

what leads to the production of different amounts of each chemical element.

According to Cia et al. (2016), regardless of the star formation history, the availabil-
ity of refractory metals in the ISM is a crucial driver of dust production, and DLA
galaxies may have a wide range of star formation histories, which in principle are
also different from those of the Galaxy (CIA et al., 2016). Therefore, we plot the mean
value between the models with different IMFs, suggesting that results for = 0.85
represent the upper limit (due to the favorable formation of high mass stars in this
Model) and x = 1.85 as the lower limit (due to the favorable formation of lower

mass stars).

The second problem in comparing results with DLA observations relates to dust
depletion. Some chemical elements react with different species, forming molecular
compounds which can get trapped on the surface of dust grains and cannot be
detected by the observations of abundances in the gas phase, i.e., abundances would
look lower than their actual values. The majority of the results indicate that the
behavior of dust depletion on DLAs is complex and varies from system to system
(VLADILO et al., 2011; CIA et al., 2016; CIA et al., 2018).

34



Therefore, we compare our results with dust-corrected DLA metallicities from (CIA et
al., 2018). The author shows that when including dust corrections, the average DLA
metallicities are between 0.4 and 0.5 dex higher than without corrections. Once the
author provides values for [Fe/H], we include an a-enhancement correction, with
[Z/H] = [Fe/H] + 0.3 dex as suggested by Rafelski et al. (2012).

To better estimate the difference between the models and DLA observations, we
check for the independence of the samples (chi-squared test with p = 0.98), fit a
linear relation to the data, and compare with the mean of Models A and B In Figure

4.6.

Figure 4.6 - Results for [Z/H] for the mean of Models A and B compared with a linear fit
from DLA observations from Cia et al. (2018).
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We point out that a linear fit to the data might not be a good description of the
data, especially at low and high redshifts, as suggested by Cia et al. (2018). However,
the proper accordance between the linear fit and model A suggests that the mean

rate of cosmic enrichment might be well represented by our model A.

Some biases could be discussed in this context, such as the fitting of DLA data
and the a-enhancement correction. Additionally, chemical yields play a critical role
in chemical evolution models, and the inclusion of Pop II yields of lower masses
(complementing the models selected in Table 3.2) could provide further enlighten-

ment on the implications of different sets of yields on the behavior of the chemical
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abundances towards z = 0.

Either way, we reinforce that we aim to demonstrate that Pop III stars are required
to represent mean cosmic abundances, which can be straightforwardly observed in
Figs 4.4 and 4.6. The impact of different depletion-corrected methodologies, fitting
of the data, and the use of different chemical yields should be addressed in detail in

the future.
4.3 Evolution of single elements

In this section, we present the cosmic chemical evolution for 11 chemical elements
for models A and B, compared with data from DLAs taken from the literature
(Figure 4.7), and briefly discuss the main subjects regarding each of the elements.
Observational data for other elements are not dust-corrected due to the lack of

sufficient data points with enough information for correction (such as [Zn/Fe| or

[Si/Fe]).
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Figure 4.7 - Chemical evolution for O, Fe, Zn, Ni, Si, Mg, Al, C, N, P, and S since the

first stars started to die (z = 20) until z = 0. The model ‘A’ starts with zero-
metallicity stars, and as the Universe gets enriched, subsequent Pop II stars
with increasing metallicity start to appear, until reaching Z = 2 x 10722,
according to the model described in 3.2. It is possible to observe the chemical
avalanche in the early Universe given by the high production of metals from
Pop III stars. As discussed in the text, the model ‘B’ considers only Pop II
stars.
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Figure 4.8 - The evolution of [Fe/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Iron: Fe could be altered by depletion (CIA et al., 2013). Observational abundances
could increase by ~ 0.5 dex if depletion is considered in the comparison of the model
with DLA data. Details about the methodology used to correct Fe depletion can be
checked on Vladilo (2002).
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Figure 4.9 - The evolution of [Si/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Silicon: Si could be altered by depletion (CIA et al., 2013). Observational abundances
could increase by ~ 0.5 dex if depletion is considered in the comparison of the model
with DLA data. Details about the methodology used to correct Fe depletion can be
checked on Vladilo (2002). Prochaska and Wolfe (2002) shows that although it is
a refractory element, its depletion is not strong enough to alter significantly the
abundances of DLA systems. Vladilo et al. (2011) shows that Si depletion is mild
in the ISM and is expected to be weaker in most DLA systems. The depletion of Fe
and Mg are measured for comparisons, and it is found that the mean depletion of Si
is almost as high as that of Fe, despite Fe being much more depleted than Si on the
galactic ISM. They also explain that Si depletion in DLA systems does not correlate

with metallicity, unlike Fe, whose depletion rises along with metallicity increase.
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Figure 4.10 - The evolution of [Zn/H] with redshift. Top: Model A (Pop III 4+ Pop II).
Bottom: Model B (only Pop II).
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Zinc: 7Zm is produced mainly in HNe explosions characterized by a more significant
production of Zn, Co, V, and Ti than normal SNe (NOMOTO et al., 2006). Stars with
500 — 1000 Mg, produce high amounts of Zn compared to O, C, and other metals
(OHKUBO et al., 2006). Kobayashi et al. (2006) suggests that HNe can enhance the
production of Zn, and that Zn is considered to be undepleted in DLAs.
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Figure 4.11 - The evolution of [Ni/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Nickel and Phosphorus: The lack of Ni observations on DLAs poses a challenge in
analyzing this element; nevertheless, SNe Ia produces between 4 x 1072 and 1.4 x
1072 Mg, of Ni and from 8.5 x 107° to 4 x 10* Mg, of P depending on the specific
model (NOMOTO et al., 1997), and it is important to observe the outcome of these

types of stars in the present Model.
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Figure 4.12 - The evolution of [P/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Magnesium: Mg is a refractory element, and its depleting effect must be considered.
A challenge that arises in Mg determination comes from the saturation of the doublet
used for its characterization, leaving only one possible line to provide Mg abundance.
Given the problems related to its determination, current observations should be
confirmed by additional Mg measurements to conclude if it could have a particular
nucleosynthesis effect in DLA systems (DESSAUGES-ZAVADSKY et al., 2002).
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Figure 4.13 - The evolution of [Mg/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Aluminum: Al has the strongest metal line transition observed in DLAs systems, the
AL IT A 1670 line (PROCHASKA; WOLFE, 2002), but in the majority of systems, the
line is heavily saturated and, together with the blending of lines and blending with
the Ly-« forest, determining Al abundances can be a real challenge (DESSAUGES-
ZAVADSKY et al., 2003).
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Figure 4.14 - The evolution of [Al/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Sulphur: S is considered non-refractory by some authors (PROCHASKA; WOLFE,
2002), but there is still discussion about its actual behavior and if it could be used

as a parameter for measuring depletion (JENKINS, 2009; CIA et al., 2016).
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Figure 4.15 - The evolution of [S/H] with redshift. Top: Model A (Pop III + Pop II).
Bottom: Model B (only Pop II).
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Carbon, Nitrogen, and Oxygen: There is an excess in the abundance of C, N, and O.
Regarding depletion effects, O is only mildly refractory according to observations on
DLAs and is not highly affected by depletion, although it is challenging to observe
once the majority of the lines fall into the Ly-a forest and tend to be saturated
(PROCHASKA; WOLFE, 2002). On the other hand, C is considered mildly refractory
(PROCHASKA; WOLFE, 2002). Once it is a major constituent of interstellar dust
(HENRY et al., 2000; JENKINS, 2009), a substantial part of C could be trapped on
dust grains. Also, the lack of observations of C on DLAs is a problem (JENKINS,
2009). N does not exhibit progressively stronger depletions (JENKINS, 2009), and
appears to be better represented by model B, i.e., by the behavior of Pop II stars.
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Figure 4.16 - The evolution of [C/H], [N/H] and [O/H] with redshift.
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There are, however, other physical processes participating in the C, N, and O pro-
duction dynamics, which could be interfering with the results. Jenkins (2009) shows
that, depending on the case, the consumption of O for producing oxides and silicates
is not consistent with results for differential depletion for this element. The lack of
O in gas-phase observations is much higher than what is needed for producing these
silicates and oxides, and it is very hard to correlate the lack of O on the ISM with

models of interstellar grain production. The author suggests that the formation of
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compounds involving elements such as H or C could play an important role in taking
these elements from the ISM. Therefore, although cooling processes considerably de-
mand C, N, and O for gas cooling and fragmentation, the grain formation processes
do not entirely solve the problem for all three overabundant elements. An interest-
ing result from loppolo et al. (2008) suggests that O is incorporated in the form of
amorphous HyO ice on the grain surfaces. Work recently developed by Loeb et al.
(2016) suggests that there is a possibility that Carbon-Enhanced Metal-Poor stars
(CEMPs) from the second generation of stars could host or have hosted planetary
systems in their habitable zones. The planets would likely have a major C compo-
nent in their composition. Also, the degree of C enhancement in CEMP stars has
been shown to notably increase as a function of decreasing metallicity (CAROLLO et
al., 2012; LOEB, 2018), i.e., the C enhancement in this type of stars is likely much
higher in the primordial Universe. Sonnentrucker et al. (2010) also shows that the

abundance of water vapor in gas clouds in the Galaxy holds ~ 0.1% of the available

0.
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5 CONCLUSIONS AND PERSPECTIVES

The main goal of this work was to investigate the cosmic chemical enrichment
through the evolution of chemical elements in the redshift interval 0 < z < 20,
as well as the contributions of Pop III and Pop II stars to the cosmic enrichment of
the Universe. It was achieved by building a cosmic chemical evolution model which
couples a semi-analytical cosmological model that computes the CSFR to chemical
evolution models for the galactic framework. We computed the evolution of produc-
tion of Fe, Si, Zn, Ni, P, Mg, Al, S, C, N, O, and compared our results with various
observational data sets, the most relevant being DLAs in the redshift interval [0 6]
and GCs.

Our main results show that we can consistently model the evolution of cosmic abun-
dances in the Universe using a semi-analytic approach. Also, the ‘chemical avalanche’
on the primordial Universe, which quickly enriches the medium and provides condi-
tions for Pop II stars to appear, is consistent with the literature on Pop III stars’ be-
havior and chemical evolution models (HEGER; WOOSLEY, 2002; HEGER; WOOSLEY,
2010; TAKAHASHI et al., 2018).

Regarding the behavior of Pop III and Pop II separately, the main difference appears
in the behavior of abundances towards z = 0. At the same time, our model con-
sidering regular intermediate and high-mass Pop II stars (model B) shows
a decrease in the abundances(except for N and Zi..1), while the model includ-
ing very massive Pop III stars (model A) reproduces increasing abundances
as redshift decreases, which is consistent with observations and similar models in
the literature. The latter also offers a better fit of Zi,. to GC data than the first.

We conclude stating that model A, where the inclusion of Pop III stars appears
as the main difference, presents a very good description of mean chemical values
across the studied redshift range and the key behavior for the evolution of cosmic

abundances in the Universe. Our main results are summarised below:

o The chemical enrichment process in the early Universe occurs very quickly
regardless of the stellar population. The pristine Universe reaches Z =
10757 in less than 300.000 yr for the mean behavior of Model A (Pop II
and Pop I1I stars), and up to 4.5 Myr for the model with only Pop II stars,
depending on the IMF. However, when considering only high mass Pop II
stars, the metals are quickly consumed, and the scenario cannot represent

chemical abundances at lower redshifts.
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o Abundances from GC for Z. are consistently represented by the model
with both Pop II and Pop III stars, while the model without Pop III stars

is unable to represent observational data, regardless of the IMF.

o Abundances from DLAS for Zi. are consistently represented by our model
with Pop III and Pop II stars. When comparing the model with abun-
dances corrected for dust depletion and alpha-enhancement, the observa-
tions show proper accordance with the model considering both Pop II and
Pop III stars, while the model with only Pop II stars cannot account for

the behavior of metals towards z = 0.

o Regarding the modeling for other elements, there are a few deviations in
the results when comparing the models with data from DLAs. However, the
combination of mechanisms needed to improve the results is self-completing
and can be easily understood, such as the absence of some mechanisms SNe
Ia, HNe, dust depletion affecting observational data, and the combination
of yields from Pop II stars. HNe and maybe a higher mass branch of stars
(500 — 1000 M, Ohkubo et al. (2006)) should improve results for Zn, P,
and Ni without raising O and C. In principle, these mechanisms are all

consistent with each other and will be studied in a subsequent work.

e The reason for the overabundances of C, N, and O shown in our results re-
mains an open question. New observation focusing on depletion processes
in the ISM could explain the overabundances found in the present work
(and/or the lack of these elements on the ISM). Considering our results for
the other chemical elements, we may suggest the possibility that processes
other than (but related to) star formation and evolution could be remov-
ing considerable amounts of these elements from the ISM. Once (and if)

identified, they will be included in our model.

Altogether, our results indicate that the evolution of chemical abundances in the
cosmological framework can be consistently tracked. Our most important result
shows that Pop III stars’ contribution to the Universe’s chemical history should
be better understood, and observational campaigns with instruments capable of
actually identifying these objects should be seriously considered and implemented.
Pop III observations are a long-awaited result, and a firm detection will bring new

light to the cosmic history in earlier times.
There are also many ways in which this work can be further developed. Under-

20



standing the dust depletion of individual elements to correct observational data is
necessary to better understand how to advance in the models, once deviations from
the simulations are often overlapped with observational challenges. The inclusion
of other sources of chemical elements should also be addressed: SNe Ia, HNe, more
yields from multiple stars of different masses and metallicities, as well as detailed
comparison between the different models for Pop III yields can enrich the results

and bring more insights and contributions to the field.
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