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ABSTRACT

Context. We propose a semi-analytic model that is developed to understand the cosmological evolution of the mean metallicity in the
Universe. In particular, we study the contributions of Population III (Pop III) and Population II (Pop II) stars to the production of Fe,
Si, Zn, Ni, P, Mg, AL S, C, N, and O.

Aims. We aim to quantify the roles of two different models in the chemical enrichment of the Universe. The first model (A) considers
both stars with Pop III and Pop II yields. For the second model (B), the yields involved are only for Pop II stars.

Methods. We start by describing the cosmic star formation rate (CSFR) through an adaptation of a scenario developed within the
hierarchical scenario of structure formation with a Press-Schechter-like formalism. We adapt the formalism to implement the CSFR
to the standard chemical evolution scenario to investigate the course of chemical evolution on a cosmological basis. Calculations start
at redshift z ~ 20, and we compare the results of our two models with data from damped Lyman-a systems (DLAs), and globular
clusters (GCs).

Results. Our main results find that metal production in the Universe occurred very early, quickly increasing with the formation of
the first stars. When comparing results for [Fe/H] with observations from GCs, yields of Pop II stars are not enough to explain the
observed chemical abundances, requiring stars with physical properties similar those expected from Pop III stars.

Conclusions. Our semi-analytic model can deliver consistent results for the evolution of cosmic metallicities. Our results show that the
chemical enrichment in the early Universe is rapid, and at redshift ~12.5, the metallicity reaches 10~* Z, for the model that includes
Pop I1I stars. In addition, we explore values for the initial mass function (IMF) within the range [0.85, 1.85].

Key words. stars: Population III — stars: Population II — dark ages, reionization, first stars — large-scale structure of Universe —

cosmology: observations — cosmology: theory

1. Introduction

In order to understand the chemical evolution of the entire Uni-
verse, it is vital that we understand the global mechanisms that
have dominated the production of chemical elements since the
Big Bang. Primordial nucleosynthesis is responsible for the syn-
thesis of deuterium, *He, *He, and traces of ’Li, and it ceased
after the first few minutes of the existence of the Universe. After
that period, a global chemical enrichment would resume only
when stellar nucleosynthesis started inside the nuclei of stars.

Two classes of stars are of primary interest for the chemical
evolution scenario: primordial, metal-free stars, known as first
stars or Population III (Pop III) stars, and second-generation,
more enriched stars, known as Population II (Pop II) stars. It
is believed that Pop III stars had very unusual proprieties, and
despite intense observational efforts, these stars have not yet
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 combining efforts to build
consistent modeling of these stars in recent decades (Heger &
Woosley 2002, 2010; Schaerer 2002; Chieffi & Limongi 2004;
Takahashi et al. 2018). Results indicate that they would have
very large masses, between 100 and 200 M, or even higher,
around 500 to 1000 M (Ohkubo et al. 2006), mainly due to the
lack of metals in the gas, making cooling processes very ineffi-
cient (Galli & Palla 2013; Hirano & Yoshida 2013).

Also, the question about their initial mass function (IMF)
and their role in the reionization of the Universe (Abel et al.
2000; Nakamura & Umemura 2001; Gnedin & Ostriker 1997;

Cojazzi et al. 2000; Tumlinson & Shull 2000; Ciardi et al. 2001;
Loeb & Barkana 2001; Venkatesan et al. 2003; Tumlinson et al.
2004; Barkana 2006), among other properties, have been dis-
cussed to better understand the physics of this high-mass stellar
population.

In terms of chemical production, the above results indicate
they were substantially important. For instance, Pop III stars
with masses from 140 to 260 M, produced huge amounts of
metals. They ended their lives as pair-instability supernovae
(PISNe), injecting highly enriched material back into the inter-
stellar medium (ISM) and intergalactic medium (IGM), and
leaving no remnants behind after a complete disruptive process
(Heger & Woosley 2002; Takahashi et al. 2018).

After the first generation of Pop III stars started to die, inject-
ing large amounts of metals into the ISM and IGM, Pop 1II stars
started to form. With more and more enriched material available,
cooling processes started to become more efficient, giving ori-
gin to less massive stars with physical proprieties close to those
observed today, and also extensively modeled mainly accord-
ing to their masses and metallicities (Chieffi & Limongi 2004;
Kobayashi 2005; Campbell & Lattanzio 2008; Karakas 2010;
Doherty et al. 2013, 2014).

Cosmological chemical evolution models have also been
largely explored. There are several different models that seek
to evaluate different aspects related to the chemical enrichment,
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, enabling the transition from
Pop 111 to Pop II stars (Bromm et al. 2001; Bromm & Loeb 2003;
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Fang & Cen 2004; Matteucci & 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 (Davé & Oppenheimer 2007), the chemi-
cal 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 rea-
son for a large dispersion in observational data (Vangioni et al.
2018), and 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-analytic
and hydrodynamic simulations. Nevertheless, there is increas-
ing uncertainty connected to the chemical evolution as we move
from local to cosmological scales, which are independent of the
analytic or computational modeling. From the small scale rep-
resented by nuclear reaction rates and stellar masses to larger,
galactic, and cosmological scales, there is a cumulative uncer-
tainty since each scale carries its own set of considerations and
uncertainties. For a specific discussion on this subject, see, in
particular, Coté et al. (2016). These models help discuss general
and particular aspects of metallicity evolution in cosmological
terms, but several do not detail the contributions to the evolu-
tion of single elements. Moreover, comparing observations with
high-redshift simulations is a challenge. Based upon the points
mentioned above, we propose a semi-analytic model to investi-
gate the contributions of Pop III and Pop II stars to the cosmo-
logical evolution of single elements across the redshift interval
0 < z < 20, not including the details of hydrodynamic simula-
tions, and taking into account different perspectives to compare
our results with observations in a range of different redshifts.

We start in Sect. 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 devel-
oped by Pereira & Miranda (2010), and the incorporated changes
in the scenario that 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 Corazza, Miranda & Wuensche (hereinafter represented as
CMW along with the text). In addition, the modifications of the
model introduced in this work allow for a better adjustment of
the cosmic star formation rate (CSFR) to the observational data
available up to redshift ~10, and satisfy 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 M and metallicities from O up to Z =
0.02Z; allows us to provide, in Sect. 3, several results, data
comparison, and discussions about the cosmic evolution of 11
chemical elements: iron (Fe), silicon (Si), zinc (Zn), nickel (Ni),
phosphorus (P), magnesium (Mg), aluminum (Al), sulfur (S),
carbon (C), nitrogen (N), and oxygen (O). We draw the conclu-
sions in Sect. 4.

2. Methodology

In this section, we show how we obtain the CSFR from the pro-
cess of large-scale structure formation and how we build a sce-
nario that describes the cosmic chemical enrichment from red-
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shift ~20 to the present. The first DM halos decoupled from
the Universe’s expansion, collapsing and virializing, probably
between the end of recombination and redshift ~20. The poten-
tial wells of these first halos generated 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 chemical enrichment of the Uni-
verse is, in this way, connected to the DM halo formation within
a given mass range and as function of the redshift.

2.1. Cosmological scenario

Dark matter halos drag the baryonic matter into their interi-
ors. We can describe this process through the adaptation of the
formalism developed originally by Press & Schechter (1974),
which allows us to directly estimate the fraction of baryons (f,)
incorporated into the halos:

[ f(M.2) M dM
fo@) = =5 ; M
Iy M.z Mdm
where
af M _ pmdlno™
2 =gy fsr@)dM @)

is the number of DM halos per comoving volume at a given red-
shift 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 & Tormen

(1999), is:
2a 6 -as? a\
fst(o) = 0.3222 \/;; exp( 752 )[1 + (a_ég) ] ,
with 6. = 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 Eq. (1) by the threshold mass My,;,. We con-
sider Mpyin = 10° My to be the minimum mass for the first
star-forming halos to appear in hierarchical models. The upper
limit M, can take values up to >10'7 M,,. 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
Mmax > 107 M.

The function o(M, z) in Eq. (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/4np(z)]'/?). Thus,

D(z) (™

3

o*(M,z) = k* P(k) W (k, M) dk, )
2n?
where W(k, M) is the top-hat filter in the k-space:
3
Wk, M) = —— [sin(kR) — kR cos(kR)]. (®)]

(kR)?

The dependence on redshift comes from the growth factor
D(2), that is, (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 sup-
port, and damping processes. All of these processes are part of
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the power spectrum given by P(k) « k™ (see, e.g., Gribel et al.
2017 for details).

From these equations, it is possible to determine how halos
of different masses decouple 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 struc-
tures, generating conditions for star formation. This allows us to
define the baryon accretion rate as:

dr\'|d
ab(t)=£zo,bpo,c(d—z) d—’;b ©)

where Qgp is the baryonic density parameter at z = 0,
Poc = 3H§ /87G is the critical density of the Universe (Hy =

100hkm s~ Mpc~! is the value of the Hubble parameter at the
current time), and

dr 1
dz  Hy(1+2)yQoa + Qom (1 +2)3

@)

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; Pereira & Miranda 2010; Tan
et al. 2016; Gribel et al. 2017; Vangioni et al. 2018).

2.2. Cosmic star formation rate

Once we set the cosmological framework, it is possible to com-
pute the CSFR by incorporating the IMF and the star formation
rate (SFR). In particular, the number of stars formed per unit of
mass (m), volume (V), and time () is given by

d*N(@m, V, 1)

dmdVdt ®

= e(m) Y (),
where y(t) o p; corresponds to the SFR (p, is the gas density).
It should be noted that y(¢) follows the functional form known
as Schmidt’s law (Schmidt 1959). On the other hand, the IMF is
given by @(m) oc m~U* and its functional form with x = 1.35 is
called as Sapeter’s IMF (Salpeter 1959).

The IMF of the first stars is still an open question. We 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, 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.

In our study, we consider x = 1.35 as the reference value.
However, to identify the influence of the IMF exponent on the
chemical enrichment of the Universe, we also considered four
other values, nominally, 0.85, 1.0, 1.7, and 1.85 allowing the for-
mation of a higher (the first two values) or smaller (the last two
values) number of high-mass stars when compared to the refer-
ence value 1.35. We also used @ = 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 a = 1.

Therefore, Eq. (8) describes the number of stars formed
within the DM 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

ISM formed by these structures. The ejected mass fraction is
given by:

d’*M,;
dvdr

- f ( ;<m — )Wt = ) ) dm,

©))

where m(t) is the stellar mass whose lifetime is equal to ¢, and
m; represents the mass of the remnant, which depends both on
the progenitor mass () and on the environment metallicity (Z).
The star formation is taken at the time (f — 7,), where 7,,, also
a function of the metallicity (Z), is the lifetime of a star of mass
m.

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 obtained their results from
SEVN (population-synthesis code) coupled with the PARSEC
code for stellar evolution tracks. In particular, in this work we
use the fitting formulas presented in Appendix C of Spera et al.
(2015).

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

2
log Ty = ap(Z) + a;(Z) log (%) + ay(Z) [log (%)] s (10)
(0] o

where 1, is expressed in years, and the metallicity-dependent
coefficients are (see Raiteri et al. 1996 for details):

ao(Z) = 10.13 + 0.07547 log Z — 0.008084 (log Z)?, (11)
a1(Z) = —4.424 - 0.7939 log Z — 0.1187 (log 2)?, (12)
a>(Z) = 1.262 + 0.3385 log Z + 0.05417 (log 2)?, (13)

and Z is the absolute metallicity.

It is worth stressing that 7, determined by Eq. (10) has an
excellent agreement when compared to the stellar lifetimes pre-
sented 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.

Following this formalism and combining the previous equa-
tions, we derive the equation that governs the total gas density
Py in the halos:

_dzM* " dzMej
dvdr dvdr

where the term ay(?) gives, for the halos, a matter of primordial
composition. The system becomes closed without the term ay(¢)
in Eq. (14). 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:

Pg = +ap(1), (14)

&M,
dvdr

It should be noted that the term k is the inverse of timescale for
star formation, that is, k = 1/75.

The total gas density can be calculated by numerical integra-
tion of Eq. (14), providing values for p,(?) at each time # or red-
shift z as long as the 7 parameter is set. The initial condition is
zero gas density at ¢ = 0 (z = 20) for solving Eq. (14). Moreover,

Y(n) =

kpe. (15)
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Fig. 1. Solution for p,(z) as derived in this work (red line) and, using black dashed line, the CSFR used by Vangioni et al. (2018) plotted for
comparison. Left: evolution of the CSFR from the local Universe to z = 20. Right: same as for the left panel, 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, 2013 — dark gray filled circles; Gruppioni et al. 2013 — dark orange open circles); UV (Wyder et al. 2005 — slate gray open triangle;
Schiminovich et al. 2005 — blue crosses; Dahlen et al. 2007 — turquoise open squares; Reddy & Steidel 2009 — dark green filled squares; Robotham
& Driver 2011 — chocolate cross; Cucciati et al. 2012 — green stars; Bouwens et al. 2012a,b — teal filled triangles); and GRB (Kistler et al. 2009 —

deep pink open triangles).

there are some steps for obtaining the correct characterization
of the function p,. First of all, it is necessary to determine the
function 7. This parameter is related to the CSFR via Schmidt’s
Law, that is, p, is directly proportional to the gas density and
inversely proportional to the characteristic timescale for the con-
version of gas in stars. Second, if all the gas entering the system,
plus the gas returning to the system through Eq. (9), is converted
into stars, there is 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.
From the above considerations, we have:

pu(z) = <s*>’%-

S

(16)

Once the CSFR is determined, the ay, function is fixed by the
structure formation scenario, and the IMF is determined by the
choice of the x exponent, and then it will be possible to deter-
mine the function p, by Eq. (14).

The aforementioned steps are essential to characterize the
total gas density function. The calculation algorithm integrates
the differential Eq. (14) through the sixth-order Runge-Kutta
method. The differential equations for the various chemical ele-
ments and total metallicity of the Universe (Sect. 2.3) are solved
by the same method.

2.2.1. Characterizing the functions (e,) and 7

The (&4) and 7 functions work together to produce the CSFR
with the best fit to the observational data. In particular, the cold
gas used to form stars is given by:
Peold(2) = (&4) pe(2), 17)
where (&, ) acts as efficiency for star formation. In principle, pcold

is composed of the sum of two components: molecular gas (oy»)
and atomic gas (oyp). This allows us to rewrite 7y as:

Pcold _ PH2 | PHI
T(2) = —— = —= + —— = TdeplH2 + TdeplHI>
Px Px Px

A191, page 4 of 14

(18)

with Tgep1H2 and TgeplmT TEpresenting, respectively, the depletion
scales for molecular and atomic gases.

Equations (16)—(18) are solved together to characterize the
CSFR and to determine the correct dependence of the (&, ) and
7, functions on the redshift. The constraints associated with
these equations are the following: the best adjustment of the
P«(2) curve to the observational data available within the range
[0-10] in redshift must be produced; o, should be normalize
to return the value ~0.016 My yr~! Mpc™3 at z = 0, similar to
the one determined by Madau & Dickinson (2014); the CSFR
peak should be made 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 & Dickinson (2014). Furthermore, (&,) ~ 0.01-0.02
should be produced at z = 0. This causes the value (g,) to
be on the order of &g, the so-called SFR per free-fall time,
inferred for the star-forming regions of the local Universe (see,
e.g., Krumholz & McKee 2005; Gribel et al. 2017). Lastly,
74(z = 0) ~ 0.5-2.5 Gyr should be produced, similar to the value
of 74ep as inferred by Schinnerer et al. (2016) for the local Uni-
verse (z = 0).

Figure 1 shows the CSFR as a function of redshift and its
behavior concerning the observational data. For comparison, we
also present the CSFR used by Vangioni et al. (2018). Both our
CSFR and the one used by Vangioni et al. (2018) reach a maxi-
mum value at z = 2, as mentioned above. Up to redshift ~4, the
two CSFRs have a very similar behavior. We fit both CSFRs to
results from IR, UV, and GRB observations, as described in the
figure caption.

In Fig. 2 we present the behavior of the 7 parameter for
different values of the x exponent. Additionally, as determined
by Péroux & Howk (2020) and Maio et al. (2022), the corre-
sponding H, depletion time closely follows the dynamical time
(Tdyn), taken to be 10% of Hubble time. The curves for 7, and
Tdyn ~ TdeplH2 are shown in the left panel. It should be noted
that the values for 7, are above 74y, for higher redshifts, which
means that the largest contribution to the characteristic timescale
for star formation, in Eq. (18), is due to the atomic gas instead of
molecular gas.
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Fig. 2. Evolution of the characteristic timescale for star formation as a function of the redshift. Left: ¢ for different IMF exponent and the evolution
of the dynamical time (t4y,), taken to be 10% of Hubble time. Right: our results compared with the timescales for the conversion of gas (filled
areas) obtained by Péroux & Howk (2020) and Maio et al. (2022) for molecular and cold (HI + H2) gas.

At lower redshifts (z < 5), the curve 7qy, gradually
approaches 7, implying a greater contribution of molecular
gas to star formation. We note that for the two IMFs we have
Tdyn > Ts, Which happens at redshift ~0.75 (~0.38) to x = 0.85
(1.0). In these cases, the approximation Tayn = fhubble/10 is not
adequate to describe the characteristic timescale for star forma-
tion. As a result, 7q4ep a2 should be constant. For the other IMFs,
7, is dominated by the molecular depletion time for z < 0.5.

The right panel of Fig. 2 shows our results compared with
the timescales for the conversion of gas (filled areas) obtained
by Péroux & Howk (2020) and Maio et al. (2022) for molecular
and cold (HI + H2) gas. The behavior of 7, between the two filled
areas shows that, in our scenario, star formation is fueled by cold
gas in atomic form for z > 6. When the curves describing 7y
approach the gray filled area, the contribution of molecular gas
becomes gradually dominant to supply star formation.

As commented above, for IMF exponents 0.85 and 1.0, the
approximation 7qyn = thubble/ 10 fails for z < 1 and 74y, should be
constant in order to supply the star formation with gas in molec-
ular form. Our model shows that for x in the range 1.35-1.85,
about 70% to 90% of the star formation would come from molec-
ular gas, forz < 1,if Tdepl,H2 = Tdyn = thubble/ 10.

The left panel of Fig. 3 shows the evolution of star for-
mation efficiency ({(&,)) with redshift. This parameter reaches
values between ~0.15-0.40, depending on the value of x for red-
shifts z > 3. Efficiency gradually decreases with redshift reach-
ing values close to 0.01-0.02 at z = 0. In the right panel, we
present the fraction of total cold gas mass (fs.s) determined by
the relation:

f _ Mgas
gas — T ag
M5 + M

~

19)

where Mg, is the cold gas mass and M, is the mass in stars.

Equation (19) permits a direct comparison with results
obtained by other authors. In particular, Hodge & da Cunha
(2020) present in their Fig. 13b measurements compiled for the
cold gas fraction (H2 + HI) and compared with scaling relations
derived in three different works (Scoville et al. 2017; Tacconi
et al. 2018; Liu et al. 2019). Our curves for the cold gas fraction
show good agreement with the scaling relation Mg, ~ M9
derived by Tacconi et al. (2018).

In Table 1, we summarize the parameters used to obtain the
CSFR - p.(2). It depends on the cosmological parameters g,
Qop, and Qp 5, and the parameters related to the formation of
large-scale structures of the Universe (g, np, and My ).

The CSFR used by Vangioni et al. (2018) follows the expres-
sion originally derived by Springel & Hernquist (2003), but
changing the values of the four free parameters to adjust p,(z) to
the most recent observational data. In this work, we include the
available GRB data at high redshifts since the UV data will nat-
urally suffer from the selection effect; only the brightest objects
are observed.

Although our model is semi-analytic, by adding the redshift
dependence to the functions (&) and 7y, it becomes possible to
obtain p,(z) with an adequate behavior within the redshift range
where the CSFR data exist. 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. In
particular, the ratio (&4(z))/{(ex(z = 0)) provided by our model
is in good agreement with that obtained by Scoville et al. (2017)
within the redshift range [0-3].

2.3. Chemical evolution scenario

The first chemical evolution models were developed for the
framework of the Galaxy by Tinsley & 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 mix-
ing 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 scenario, the
halos continuously incorporate baryons (primordial gas) from
the ambient (Universe). This is described by the function ay(?).

Once inside the halos, the gas is removed from the system to
form stars at time ¢ — 7p,,. This is described using the CSFR p, (f—
Tm). 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
t — Ty, Will be retained in the remnant population m; that forms in
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Fig. 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 {(&,)) as a function of z. Right: evolution of the fraction of total cold gas associated with star formation (fg,). The
symbols show the measurements compiled as follows: circles by Tacconi et al. (2018), squares by Scoville et al. (2014), diamonds by Scoville
et al. (2016), stars by Dessauges-Zavadsky et al. (2015), and triangles by Schinnerer et al. (2016). See also Fig. 13b of Hodge & da Cunha (2020).

Table 1. Cosmological and structure formation parameters used to
obtain the CSFR.

Q0.m Qo QoA h % oy np Min(Mo)

0279 0.0463 0.721 0.7 20 0.84 0.967 10°

Notes. Qy, corresponds to the total matter (baryonic plus DM) density
parameter; €y is the baryonic density parameter; Qo is the density
parameter associated with dark energy (cosmological constant); / is the
Hubble constant written as Hy = 100hkm s~ Mpc™!; z; is the redshift
at which star formation begins; g is the normalization of the power
spectrum, in other words o-(M, 0); n,, is the spectral index of the power
spectrum; My, corresponds to the lowest mass a DM 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).

the time 7. A new generation of stars will be formed at the instant
t, 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 functions p4 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 P that provides the
“stellar yield” of the i-element.

Once all of these functions and parameters are characterized,
we can write a differential equation for the mass density of the
i-element as:

Ucs
jl’;l(l)

+ Pz, 1px(t — Tm)@(m) dm — Z; p (1),

dpgi

i ((m —m) Zi (t = Tm)

(20)

where the term (m — m;) Z;(t — T,,) accounts for the amount of
i-element incorporated when the star was born, and which later
returns to the ISM (we see that m, Z; (f — 1y,) is the part of the
i-element retained into the remnant). We note that the resulting
pg is dependent on ay(?) through Eq. (14), and thus the term Z; =
Pei/pg takes into account ay(?) through p,. The Pz parameter is

im

the mass produced of the i-element by a star of mass m. The term
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Table 2. Masses selected for Pop III chemical yields.

Model CLO08 HW10 HWO02
Metallicity (Zy) Mass (M)
0 0.85-3.0 10-100 140-260

References. CLOS: Campbell & Lattanzio (2008), HW10: Heger &
Woosley (2010), and HW02: Heger & Woosley (2002).

Z; px(t) takes into account the removal of part of the i-element to
form a new star generation.

Through the time integration of Eq. (20), we obtain the mass
density p,; of the i-element present in the gas contained within
the halos. This allows us to determine quantities such as [X;/H]
as a function of redshift (or time) and to compare the results of
our model with different observational data. It should be noted
that Eq. (20) incorporates all the physics and constraints dis-
cussed in the previous sections.

In order to incorporate the contributions of particular stars,
depending on their masses and metallicities, we selected stel-
lar yields. These chemical yields are used to determine the ele-
ments 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 subsequent
more enriched Pop II stars are chosen within a range of differ-
ent masses and metallicities. Tables 2 and 3 describe the stellar
mass and metallicity ranges from where the chemical yields were
chosen.

Properly modeling chemical yields for Pop III stars is a chal-
lenging and complex task. For the range where they become
PISNe, we chose to work with results from Heger & Woosley
(2002), which are compatible with recent chemical yields cal-
culated by Takahashi et al. (2018, hereafter TK18), which take
into account rotating progenitors. The two models, HW02 and
TK18, show no significant differences in the explosive yields for
the elements chosen here, except for the large production of N in
the TK18 nonmagnetic rotating models. The N behavior can be
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Table 3. Masses and metallicities selected for Pop II chemical yields.

Model K10 D13 D14 CLO04
Metallicity (Zy) Mass (M)

1076 - - - 13-35
107 1-6 - 6.5-9.0 13-35
1073 - - 6.5-9.0 13-35
4x1073 1-6 6.5-9.0 - -
6x 1073 - - - 13-35
8§x 1073 1-6  6.5-9.0 - -
2x 1072 1-6 6.5-9.0 - 13-35

References. K10: Karakas (2010), D13: Doherty et al. (2013), D14:
Doherty et al. (2014), and CLO04: Chieffi & Limongi (2004).

better understood in a detailed, recently developed model for the
cosmological evolution of this element (Vangioni et al. 2018).

For Pop 1I stars, samples were chosen according to the best
combination of mass and metallicity ranges, and also accord-
ing to the stellar evolution models and parameters used to pro-
duce each sample; Karakas (2010) and Doherty et al. (2013,
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).

The chemical evolution to be presented in the following sec-
tions makes use of the following definition:

[Xi/H] = log;[N(X;)/N(H)]gas —log;o[N(Xi)/N(H)]o, (21

where N(X;) and N(H) are respectively the densities for the ele-
ment X; and for hydrogen.

2.3.1. Numerical technique to determine the elements p;
and pg

The solution for the set of differential equations for p, and p; is
obtained by a sixth-order Runge-Kutta algorithm. As an initial
condition, we have zero values for the densities of gas and met-
als. To integrate the Pop III and Pop II chemical yields, we use a
cubic spline interpolation algorithm for each dataset in Tables 2
and 3. For example, for the HW10 model (Pop III in Table 2)
with a mass range of 10—100 M, we have 18 stellar mass val-
ues, nominally, 10, 12, 15, 17, 20, 22, 25, 27, 30, 33, 35, 40, 45,
50, 60, 75, 85, and 100 solar masses. Thus, the determination of
the yields of a star with, for example, 70 M, occurs through the
interpolation algorithm.

We see that there are no yields in the intervals ]3.0, 10[ and
1100, 140[ (Table 2). Thus, the interpolation algorithm does not
include these open sets in the calculation. A similar implemen-
tation applies to Pop II yields (Table 3).

The total density of the gas depends on the term a (), which
corresponds to the infall of primordial gas, basically hydrogen
and helium. To check the consistency of our results, we deter-
mined the maximum numerical discrepancy (D) between p, and
the sum over all chemical species (hydrogen, helium, and met-
als), which is:

D- Pg ~ PH ~ PHe = X Pgi
Pg

(22)

The maximum numerical discrepancy in the various time
steps is |[D| = 4.4 x 107,

2.4. Constructing the models

We start the calculation with all the elements for the cosmologi-
cal scenario and chemical evolution set, and explore two scenar-
ios. The first (model A) considers the chemical evolution of the
Universe starting with the Pop III (masses and yields as shown
in Table 2) stars. Once the metallicity of the Universe reaches
Z = 107°Z,, no more Pop III stars can be formed. As a con-
sequence, the Pop II stellar branch with Z = 107 Z, is born
and evolves (masses and yields as shown in Table 3). This sec-
ond step finishes when the metallicity of the Universe reaches
Z =10 Zs and, as a consequence, no more Pop II stars can
be formed within the branch Z = 107 Z. This process repeats
every time the metallicity of the Universe crosses the limits indi-
cated in Tables 2 and 3. It should be noted that the stars within the
low-metallicity branches cannot form anymore as a consequence
of the increase in the chemical enrichment of the Universe. How-
ever, stars with low mass born within the lowest-metal branch
can still be alive now. Thus, they can coexist with stars of much
higher metallicity during part of their lives.

For the second scenario (model B), we consider the chem-
ical evolution only with Pop II stars. In this case, the first-star
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 = 107° Z,, studied by Chieffi & Limongi (2004). The
following steps are similar to those described for model A. Both
scenarios are generated with the CSFR described in Sect. 2.1.

An important observation is that models A and B have dif-
ferent normalizations for the IMF. For model A, the normaliza-
tion is obtained in the range 0.1-260 M,,, while model B (Pop II
only) is normalized in the interval 0.1-120 M. This choice is
due to the nonexistence of the stellar branch 140-260 M, in the
Pop II models discussed in the literature.

We describe the evolution of models A and B in Sects. 2.4.1
and 2.4.2.

2.4.1. Model A

Model A runs the following steps for the entire calculation. First,
the total metallicity of the Universe (Zyo,) is used as a guide for
the chemical yields of the different classes (or branches) pre-
sented in Tables 2 and 3. Assuming that the first stars, formed
from pristine (H and He only) gas, started to die and enrich
the ISM at redshift z = 20, Zo provides values for the evo-
lution 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 2 and 3, and as
discussed above.

Abundances of individual chemical elements are then com-
puted for the entire redshift range. Z, starts at zero, produc-
ing Pop III stars. The higher-mass Pop III stars (~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. It is important to note that Pop III stars
with masses <0.9 M have longer lifetimes and should be still in
their main-sequence phase today, just following the increase in
the total metallicity of the Universe, and will participate in sub-
sequent steps of the enrichment of the Universe when they leave
the main sequence, along with the contribution of new, higher-
metallicity stars formed later than that population, at much lower
redshifts.
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Fig. 4. Evolution of metallicity for different values of x. Left: model A. Right: model B. Colors represent different values of x for the IMF.

Once the metallicity of the ISM and/or IGM reaches 1070 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 a higher metallic-
ity (10™* Z,, for example) starting to form, the lower-mass ones
will continue their lives unaffected by the external increase in
metallicity.

The process continues as the Universe progresses toward the
present metallicity, as described in Tables 2 and 3. It is important
to emphasize that each metallicity class has its own stellar pop-
ulation clock triggered when the Universe’s metallicity crosses
the various thresholds indicated in Tables 2 and 3. Thus, at cer-
tain intervals of time, the chemical enrichment of the Universe
takes place by the joint action of stars of different metallicity
classes.

2.4.2. Model B

Model B uses only Pop II yields. The chemical enrichment of
the Universe starts from Zi, = O at redshift 20. For the sec-
ond model, we consider that the stellar branch Z = 107° Zs
also represents the metal-free stars. Thus, chemical enrichment
will occur through this class (or branch) until reaching Z =
1074, when then the next metallicity class (with Z = 1073 Z,)
will assume the control of chemical enrichment. The following
branches will take the enrichment command at the points indi-
cated in Table 3.

Chemical elements analyzed in this work were selected con-
sidering the availability of chemical yields in the literature
and observational data available for chemical abundances in
damped Lyman-« systems (DLAs) and globular clusters (GCs),
as described below (Sect. 3).

3. Results and discussion

The results from models A and B for [Z/H] are presented in
Fig. 4. The results are obtained from the CMW-CSFR with five
different IMF values and integrated for all ranges from Pop III
to Pop II stars, for model A, and for all ranges of Pop II stars,
for model B. We take into account the progressive enrichment
of the Universe, and consequently the transition between Pop III
stars and the next, more metal-rich Pop II generations until Z =
0.02 Z,.
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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 x = 0.85 and x = 1.00, the pristine Universe leaves
from Z = 0 to reach Z = 107° Z, in less than ~4 x 107 yr, given
the higher number of high-mass stars that would form in this
scenario. For x = 1.70, the same metallicity is reached ~30 Myr
after the death of the first Pop III star, while for x = 1.85, it
would take ~70 Myr for the same process to occur. The mean
behavior is described by x = 1.35, where the Universe would
reach Z = 107°Z, in ~3Myr. For model B, the same process
takes from ~2 Myr up to 85 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 char-
acterizes a chemical “flood” in the high-redshift Universe, in the
case of model A. For model B, the chemical enrichment occurs
mainly through stars with masses ~30—-35 M., and the condition
Z = 107% Z is reached eight times slower than when considering
higher-mass Pop III stars.

Except for N, all other elements are mainly produced by
PISNe in the Pop III era. 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. Con-
sidering 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 are very efficient in enriching the
ISM comes from the work of Matteucci & Calura (2005), where
they show that only 110 to 115 PISNe would be needed to enrich
a cubic megaparsec of the IGM to Z = 10™* Z, (with the index
of the IMF varying between 1.35 and 0.5).

In our model the rate for PISNe can be calculated using the
relation:

M*(t) 260

Rpisne = ———— X (m)mdm, (23)
PN Meisve)  Jiao ¢
where (Mpisne) is the average mass of the stars that ended their
lives as PISNe, and M,(t) is the CSFR in M, yr~' when Z =
1070 Z,,.

If we consider the average mass of PISNe as ~200 M, then
Rpisne ~ 6x 1073 yr~! or 1 PISNe every ~16 000 yr. The number
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Fig. 5. Comparison between models A (left) and B (right) with data from
Cayrel et al. (2001), Dotter et al. (2011), and Wagner-Kaiser et al. (2017).

of PISNe needed to enrich the Universe from Z = 0 to Z =
1070 Z, is ~175 for our models.

Similar to Matteucci & Calura (2005), our work shows the
importance of PISNe for rapidly enriching the ISM. Matteucci
& Calura (2005) find that ~110—115 would be needed to enrich
a cubic megaparsec of the IGM to ~10™* Z,. Our results show
that ~175 PISNe are needed to enrich the medium to ~107° Z.
However, our results involve a volume equivalent to ~10°> Mpc?.
Thus, the numerical comparison is not so direct between the two
works.

In order to adequately address the question of the rapid con-
tamination of the early Universe, we propose comparing the
results with abundances from old GCs. Such 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), in other words, they should present a metallicity
value very similar to the Universe’s mean metallicity at the time
they were formed.

Analysis of old GCs’ data can provide information about the
age and metallicity for the entire cluster, enabling better estima-
tions than for isolated, metal-poor stars, for example. Figure 5
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 Z,;, even for the lower values of x.
Although Pop II stars with low metallicity and large masses do
indeed play an essential role in the first steps of cosmic enrich-
ment, 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.

Another analysis is performed for the interval z = [0-6],
where we compare the results with dust-corrected abundances
from DLAs (Fig. 6). The DLAs provide the most accurate mea-
surements 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). The 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.

6
Age

GCs from Frebel et al. (2007), Bond et al. (2013), Cowan et al. (2002),

In this redshift interval, regardless of the observations, we
expect to see an increase in [Zy/H] with decreasing red-
shift, with the total metallicity reaching values close to ~0
(solar) near redshift z ~ 0. This behavior is consistent with
observations presented in similar contexts (Fynbo et al. 2006;
Davé & Oppenheimer 2007; Kobayashi et al. 2007; Rollinde
et al. 2009; Vangioni et al. 2018). Also, as pointed out by Calura
& Matteucci (2004), main metal production in spirals and irreg-
ulars is always increasing with time.

It is possible to observe that, for model B, for x < 1.35,
the abundances reach a maximum at redshift z ~ 4 and start
decreasing toward 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.

We also note that Pop II models with x < 1.35 produce more
high-mass stars returning more metals through the CL04 chan-
nel. For these IMFs, a bottleneck occurs when the metallicity of
the system reaches 8 x 1072 Z, since there is no contribution to
chemical enrichment through the CL04 channel. This explains
the flat behavior verified in Fig. 5.

On the other hand, when taking into account Pop III
stars (model A), metallicities increase continuously as redshift
approaches z ~ 0. For x = 0.85, x = 1.00, and x = 1.35, models
reach [Z1/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 are a variety
of models that investigate dispersion in DLAS (see, e.g., Dvorkin
et al. 2015), and some authors agree that it happens due to pecu-
liar 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; De Cia et al. 2016),
which leads to the production of different amounts of each chem-
ical element.

According to De Cia et al. (2016), regardless of the star for-
mation history, the availability 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 (De Cia et al. 2016).
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Fig. 6. Comparison of models A (left) and B (right) with data from dust-corrected DLAs (gray crosses) from De Cia et al. (2018). We include an
a-enhancement correction, with [Z/H] = [Fe/H] + 0.3 dex, as suggested by Rafelski et al. (2012).

Therefore, we plot the mean value between the models with dif-
ferent IMFs, suggesting that results for x = 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 obser-
vations relates to dust depletion. Some chemical elements react
with different species, forming molecular compounds that can
get trapped on the surface of dust grains and cannot be detected
by the observations of abundances in the gas phase, that is to
say, 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; De Cia et al. 2016, 2018).

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

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. 5 and 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.

The knees that appear for model B in Figs. 5 and 6 are associ-
ated with the IMF exponents 0.85 and 1.00. The main reason for
that comes from the nonexistence of stars enriching the medium
with masses above 9 M, for metallicity classes 4 x 10~ and
8x 1073, We see that these x exponents are responsible for form-
ing a higher number of high-mass stars when compared to the
other IMFs. This introduces a flat behavior for the [Z/H] relation
for these IMF exponents.

Although there are uncertainties about the mass spectrum
of Pop III stars, our results show the importance of this stel-
lar population for reproducing the observational data. There is
no good agreement for the metallicity observed for the Universe
only with Pop II stars. We see that Pop III stars rapidly raise the
metallicity of the Universe between redshifts ~15-20, mainly
due to the HWO2 branch. They reinforce chemical enrichment in
the range ~5—15 through the HW10 model and complement the
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interval 0—5 through the CLOS8 channel. The chemical avalanche
produced by Pop III stars at high and moderate redshifts acts as
a booster so that Pop II stars can add their contribution, through
the different branches of Pop II, to the chemical enrichment of
the Universe.

3.1. Properties of yields

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 (Fig. 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 suf-
ficient data points with enough information for correction (such
as [Zn/Fe] or [Si/Fe]).

Iron and silicon. Fe and Si could be altered by depletion
(De 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 in the work by Vladilo
(2002). As for Si, Prochaska & Wolfe (2002) show that although
it is a refractory element, its depletion is not strong enough
to significantly alter the abundances of DLA systems. Vladilo
et al. (2011) show that Si depletion is mild in the ISM and it
is expected to be weaker in most DLA systems. The depletion
of Fe and Mg are measured for comparison, 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 in the galactic ISM. They
also explain that Si depletion in DLA systems does not corre-
late with metallicity, unlike Fe, whose depletion rises along with
metallicity increase.

Zinc. Zn is produced mainly in HNe explosions character-
ized by a more significant production of Zn, Co, V, and Ti than
normal SNe (Nomoto et al. 2006). Stars with 500—1000 M, pro-
duce high amounts of Zn compared to O, C, and other metals
(Ohkubo et al. 2006). Kobayashi et al. (2006) suggest that HNe
can enhance the production of Zn, and that Zn is considered to
be undepleted in DLAs.

Nickel and phosphorus. The lack of Ni observations in
DLAs poses a challenge in analyzing this element; nevertheless,
SNe Ia produce between 4 X 1073 and 1.4 x 1072 M, of Ni, and
from 8.5 x 107> to 4 x 10™* M, of P, depending on the specific
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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 1072 Z,, according to the model described in Sect. 2.4. 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, model B considers only Pop II stars. The gray crosses represent data from
Pettini et al. (1997, 2000, 2008), Centurion et al. (1998), Vladilo (1998), Dessauges-Zavadsky et al. (2002, 2003), Nissen et al. (2004), Akerman
et al. (2005), Kulkarni et al. (2007), Prochaska et al. (2007), Penprase et al. (2010), Cooke et al. (2011), Kulkarni et al. (2012), Rafelski et al.
(2012), Jorgenson et al. (2013), Neeleman et al. (2013), Zafar et al. (2014), and De Cia et al. (2016). All abundances were rescaled to solar values

from Asplund et al. (2009).

model (Nomoto et al. 1997), and it is important to observe the
outcome of these types of stars in the present model.

Magnesium. Mg is a refractory element, and its depleting
effect must be considered. A challenge that arises in Mg deter-
mination 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, cur-
rent observations should be confirmed by additional Mg mea-
surements to conclude if it could have a particular nucleosynthe-
sis effect in DLA systems (Dessauges-Zavadsky et al. 2002).

Aluminum. Al has the strongest metal line transition
observed in DLAs, the Al II 211670 line (Prochaska & Wolfe
2002). However, in the majority of systems, the line is heavily
saturated and, together with the blending of lines and blending

with the Ly-a forest, determining Al abundances can be a real
challenge (Dessauges-Zavadsky et al. 2003).

Sulfur. 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 mea-
suring depletion (Jenkins 2009; De Cia et al. 2016).

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 of DLAs and
is not highly affected by depletion, although it is challenging
to observe once the majority of the lines fall into the Ly-« for-
est 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
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(Henry et al. 2000; Jenkins 2009), a substantial part of C could
be trapped on dust grains. Also, the lack of observations of C
in DLAs is a problem (Jenkins 2009). N does not exhibit pro-
gressively stronger depletions (Jenkins 2009) and appears to be
better represented by model B, that is, by the behavior of Pop Il
stars.

There are, however, other physical processes that participate
in the C, N, and O production dynamics, which could be inter-
fering with the results. Jenkins (2009) shows that, depending on
the case, the consumption of O for producing oxides and sili-
cates 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 in the
ISM with models of interstellar grain production. The author
suggests that the formation of 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 demand C, N, and O for gas cooling and frag-
mentation, the grain formation processes do not entirely solve
the problem for all three of these overabundant elements. An
interesting result from Ioppolo et al. (2008) suggests that O is
incorporated in the form of amorphous H,O ice on the grain
surfaces. Work recently developed by Loeb et al. (2016) sug-
gests that there is a possibility that carbon-enhanced metal-poor
(CEMP) stars 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 component in their com-
position. Also, the degree of C enhancement in CEMP stars
has been shown to notably increase as a function of decreas-
ing metallicity (Carollo et al. 2012), that is, the C enhancement
in this type of star is likely much higher in the primordial Uni-
verse. Sonnentrucker et al. (2010) also show that the abundance
of water vapor in gas clouds in the Galaxy holds ~0.1% of the
available O.

Lastly, the DLA data have scattering larger than that pro-
duced by our models. This result can be associated with sev-
eral effects. For example, DLA data depend on the characteris-
tics of the host galaxies. As our model is semi-analytic, it can-
not resolve individual galaxies. In addition, the CSFR obtained
in our models ends up being a weighted average over the halo
masses through the formulation presented in Sect. 2.1. On the
other hand, diffusion is a physical process that can transport
metals away from their production sites, which could introduce
scattering into our models. Aggregate diffusion is a task to be
explored in future work.

3.2. The effect of feedback on our results

The feedback effects configure in a complex task, and they are
beyond the scope of this work. However, through our model-
ing, we can make some inferences about the possible impacts
on our results. In a recent article, Lancaster et al. (2021) pre-
sented simulations in which one of the main characteristics of
feedback effects is the reduction of star formation efficiency. The
authors’ simulations involved clouds with characteristic radii of
2.5 to 20 pc. The efficiency reduction achieved in these simula-
tions ranged from 3% to 47% over the no-feedback efficiency.
In our case, the reduction of the star formation efficiency
implies a decrease in the 7 scale to keep the CSFR adjusted
to the observational data. In this case, some chemical elements
such as Zn, P, and S would deviate more from the DLA data,
especially with the IMF exponent x > 1.70. A possible way to
solve this problem would be the inclusion of other channels for
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the production of chemical elements, such as the inclusion of
hypernova yields and SNe Ia.

4. Summary and conclusions

The main goal of this work was to investigate cosmic chemi-
cal 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 Uni-
verse. It was achieved by building a cosmic chemical evolution
model that couples a semi-analytic cosmological model, which
computes the CSFR, to chemical evolution models for the galac-
tic framework. We computed the evolution of production of Fe,
Si, Zn, Ni, P, Mg, Al, S, C, N, and O and compared our results
with observational data taken from DLAs in the redshift interval
[0—6] and with GCs.

Our main results show that we can consistently model the
evolution of cosmic abundances in the Universe using a semi-
analytic approach. Also, the “chemical avalanche” on the pri-
mordial Universe, which quickly enriches the medium and pro-
vides conditions for Pop II stars to appear, is consistent with the
literature on Pop III stars’ behavior and chemical evolution mod-
els (Heger & Woosley 2002, 2010; Takahashi et al. 2018).

Regarding the behavior of Pop III and Pop II stars sepa-
rately, the main difference appears in the behavior of abundances
toward z = 0. At the same time, our model considering reg-
ular intermediate and high-mass Pop II stars (model B) shows
a decrease in the abundances (except for N and Zo4), while the
model including very massive Pop III stars (model A) reproduces
increasing abundances as redshift decreases, which is consistent
with observations and similar models in the literature. Model A
also offers a better fit of Z;, to GC data than model B.

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 abun-
dances in the Universe. Our main results are summarized below:

— The chemical enrichment process in the early Universe
occurs very quickly regardless of the stellar population. The
pristine Universe reaches Z = 107 Z, in ~3.0 Myr for the
model with both Pop II and Pop III stars and with IMF
1.35, and ~25 Myr for the model with only Pop II stars (with
x = 1.35). However, when considering only high-mass Pop
II stars, the metals are quickly consumed, and the scenario
cannot represent chemical abundances at lower redshifts.

— Abundances from GCs 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 observa-
tional data, regardless of the IMF.

— Abundances from DLAs for Z., are consistently repre-
sented by our model with Pop III and Pop II stars. When
comparing the model with abundances corrected for dust
depletion and alpha enhancement, the observations show
proper accordance with the model considering both Pop II
and Pop III stars, while the model with only Pop II stars can-
not account for the behavior of metals toward z = 0.

— 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 mecha-
nisms 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,
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(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.

— The reason for the overabundances of C, N, and O shown
in our results remains an open question. New observations
focusing on depletion processes in the ISM could explain the
overabundances found in the present work (and/or the lack of
these elements in the ISM).

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 bet-
ter 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 shed new light on the
cosmic history in earlier times. The other questions raised in this
paper are being studied and will be the subject of forthcoming
works.
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