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Introduction

The first stars played a crucial role in the evolution of the primordial Universe since they
represented the first sources of ionising photons, dust, and chemical elements heavier
than helium, i.e. metals. The amount of ionizing photons, dust, and different chemical
species produced by the first stars strongly depends on their mass and on the explosion
energy of the very first supernovae (SNe). Thus, understanding the Initial Mass Function
(IMF) of the first stars and their Energy Distribution Function (EDF) is a fundamental
problem in Cosmology. Yet, these functions are very difficult to infer both from an ob-
servational and a theoretical prospective, and they are still unknown.

First stars, also know as Population III (Pop III) stars, are predicted to form at z ~
15 — 30, in so-called minihaloes with masses My ~ 10° Mg and virial temperature
Ty < 10°K. Since they form out of gas with primordial composition, they are ex-
pected to be completely metal-free. These metal-free stars should produce key emission
lines that might allow us to easily identify their host galaxies. However, the detection of
individual Pop III stars in the high-redshift Universe poses a significant challenge, even
with the employ of the newly launched James Webb Space Telescope. Thus, our cur-
rent knowledge of Pop III stars arises from theoretical studies and indirect observations.
Different theoretical studies and cosmological simulations agree that Pop III stars are
likely more massive than present-day stars, with mass likely extending up to ~ 1000 M.
On the other hand, 3D simulations that study the cooling of primordial gas reveal that
the proto-stellar gas clouds can experience strong fragmentation and Pop III stars could
have masses lower than 1 Mg. Indeed, if Pop III stars with masses below 0.8 Mg were
able to form, they should be alive today, and they should dwell in the oldest and most
metal-poor systems of the Local Group. Despite long searches, zero-metallicity stars
have never been found among the ancient stars in our Milky Way, supporting the idea
that first stars are more massive than present-day stars. If so, most of Pop III stars
would evolve and explode as SNe, rapidly disappearing from the Universe in few Myrs.
However, the chemical signatures of these pristine SNe could be retained in the photo-
spheres of low-mass (Pop II) stars that formed from the ashes of massive Pop III stars.
These low-mass long-lived stars imprinted by Pop III SNe, the so-called first stars “de-

scendants”, can survive until today and they can be individually observed in the oldest




and metal-poor environments of our Galaxy and its dwarf galaxies satellites. This is
indeed the key idea behind “Stellar Archaeology”: to indirectly study the first stars by

exploiting the stellar chemical abundances measured in the Local Group.

Among all environments hosting ancient stars, Ultra-Faint Dwarf (UFD) galaxies

(Lbol < 10°Lg) are the best places to look for Pop IIT star descendants. UFD galaxies
are the most common dwarf galaxies in the Local Group, representing more than 50% of
the total number of dwarf satellites. They are the oldest, most dark matter-dominated,
most metal-poor, least luminous, and least chemically evolved stellar systems known.
Most UFD galaxies formed more than 75% of their stars in the first Gyr of evolution
and hence have old stellar populations, > 10 Gyr. Furthermore they contain the high-
est fraction of extremely metal-poor stars, [Fe/H] < —3. Finally, these low-mass dwarf
galaxies are predicted to be the building blocks of the Galactic stellar halo, and the first
star-forming systems that hosted Pop III stars.

The main goal of this Thesis is to unveil the properties of the first stars by exploit-
ing the observed chemical properties of stars in Ultra-Faint Dwarf galaxies. To achieve
this goal, we develop a novel theoretical model that follows the formation and chemical
evolution of Bodtes I, the best studied UFD galaxy. For the first time, we present a
theoretical model that accounts for the incomplete sampling of the IMF for both Pop III
stars and subsequent normal Pop II, and that is able to follow the chemical enrichment
star-by-star and from different sources: SNe and AGB! stars both from Pop III and
Pop II stars. First, we investigate the frequency of long-living first star relics in UFDs
to limit the minimum mass of the first stars. By comparing our model results with the
current number of observed stars in Bodtes I, and other UFDs, we can put limits on
the shape and on the low-mass end of the Pop III IMF. Then, by studying the chemical
signatures left by the Pop III SNe we determine the key chemical features to uniquely
identify true first star descendants and we provide predictions to discover them. Finally,
by exploring other ancient and metal-poor environments in our Milky Way, such as the
Galactic halo and the bulge, we show how to further derive constraints on the masses

and the nature of first SNe.

1 Asymptotic Giant Branch
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CHAPTER 1

The First Stars

The first stars are expect to play a crucial role in the evolution of the primordial Universe
since they are the first source of light and chemical elements heavier than helium after the
Big Bang. In fact, with their formation and evolution, the Universe rapidly transformed
from a simple state, i.e. gas made of neutral hydrogen and helium, into an increasingly
complex one, characterised by a great variety of chemical elements. To comprehend the
formation of the first stars within the initial star-forming structures, we must consider
the cosmological context. Therefore in this Chapter we briefly illustrate the underlying
cosmological model to understand when and where the first stars formed and what their
is impact on chemical enrichment of the Universe. Furthermore, we emphasize the many

open questions concerning the first stars.

1.1 Cosmological context - the ACDM model

Modern cosmology is based on two main hypothesis: i) the cosmological principle, stating
that the Universe is uniform and isotropic on sufficiently large scales, and ii) Einstein’s
general relativity, which allow us to infer the structure of space-time based on the mass
distribution contained in it. The most popular cosmological model is the so called A
Cold Dark Matter (ACDM), according to which dark matter (DM) is composed by cold,
weakly interacting, massive particles. The A represents the cosmological constant, which
is currently associated with dark energy that is used to explain the accelerating expansion
of the Universe. In ACDM Universe, about 70% of the energy is due to dark energy, 25%
due to the cold dark matter and only 5% due to baryonic matter. The main phases of
the evolution of the Universe are shown in Fig.1.1.

According to the ACDM model, the Universe began with the Big Bang roughly 13.8
Gyr ago and since it has been expanding and cooling down its temperature. The first
light nuclei formed about 5 minutes after the Big Bang when the temperature was about

T ~ 10° K. At the Recombination epoch, i.e. ~ 380.000 yr after the Big Bang when
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Years after the Big Bang
.

400 thousand 0.1 billion 1 billion 4 billion 8 billion 13.8 billion

The Big Bang

seby eq eyl

L

m
2 8
o3
S B,
32
30
35
V) 5
o 8
o
o3
=,
23
NG

. Reionisation

10
Redshift + 1

Figure 1.1: The illustration summarises the almost 14 Gyr history of our Universe, showing the main
events that occurred from the initial phases of simplicity to the rich variety of cosmic structure that we

observe today. From https://astro.uni-bonn.de.

T ~ 103 K, the radiation decoupled from matter and continued to expand through
space and electrons combined with protons to form hydrogen. This radiation is now
known to be what constitutes the Cosmic Microwave Background (CMB), which today
is the oldest light in the Universe. Recent observations of the CMB with the Planck
instrument have enabled to constrain the cosmological parameters with extreme accuracy:
Hy = 71 km/Mpc s, Q, = 0.044, Q,,, = 0.27, Qp = 0.73, h = Hy/100, to = 13.7 Gyr,
po = 9.211073% gr (Planck Collaboration et al. 2018). These are the parameters that we
adopt in this Thesis.

1.1.1 Linear Regime

The CMB shows that the Universe at Recombination (i.e. at redshift! z ~ 1500) was
extremely uniform but with spatial fluctuations in the energy density of roughly one part
in 10°. Such small fluctuations, generated in the early Universe, grow over time due to
gravitational instability, and eventually lead to the formation of galaxies and the large-
scale structure observed in the present Universe. The small density fluctuations can be
described by the density contrast defined as d(x,t) = (p(x,t) — p(t))/p(t) where p(t) is
the average background density, p(x, t) is the density perturbation and x is the comoving
distance. Initially the small fluctuations are well in the linear regime since the density
contrast is small § ~ 107° < 1. The spatial form of the initial density fluctuations can

be described in Fourier space, in terms of Fourier components as:

O = /d3x 5(x) e~ hkex (1.1)

1 2 is the cosmological redshift defined as the relative difference between the wavelength observed, Ao,

Ao—Ae
A

e

and emitted, Ae, by an object: z =
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Inflation generates perturbations given by a Gaussian random field, in which different k-
modes are statistically independent. In the linear regime (§ < 1) the temporal evolution

of the density contrast can be described as (Longair 2004):

2 a

where ¢, is the sound speed, a = (1+ z)~! is the scale factor describing the expansion of
the Universe, G is the gravitational constant, and k is the wavenumber that describe the
spatial-scale of the perturbation. The second term on the left is the Hubble drag term
that describes how expansion suppresses perturbation growth, the third component is the
gravitational term that promotes perturbation growth and the last term is the pressure
term. If we ignore the expansion of the Universe in Eq.1.2, the linearised fluid equations

reduce to a wave equation:

d?s(t)

_ 2 2
ez 0(4mGp — k*c5) (1.3)
with the following dispersion relation:
w? = (k*c2 — 4nGp) (1.4)

The case w? = 0 identifies a characteristic mode, k;, which translates into a characteris-

tic scale, Aj = 27w /k;, the Jeans length:

- 1/2
A.] = Cs ((;p) (15)

For A < A\, the pressure force opposes the gravity and the density contrast oscillates as
a sound wave. If A > A; the oscillations are unstable and grow esponentially with time.
We can associate a characteristic mass to the Jeans length, i.e. the Jeans mass, Mj,
which represents the mass of the structure that will form in an over-dense region with

diameter A;/2 (Longair 2004):

My = (5Nip) (1.6)
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In perturbations with mass > M ; the pressure force is not counteracted by gravity hence
they grow. The Jeans length and the Jeans mass depend on the sound speed, which varies
through cosmic epochs, so A;y and M ; evolve.

After Recombination and assuming A > Aj, we can ignore the pressure term in the

linearised equation (Eq.1.2) and solve:

2 a
ddig@ o () OO _ 54ncp) (L.7)

For the Einstein de Sitter Universe, which is valid for z > 1 and 2, > 1, we find the

solution:

5(t) o t3/2 x a o (1.8)

1+2

The general solution in the linear regime for the density perturbations growth is § =
doD(z) where dy is the density field linearly extrapolated to t = tg and D(z) is (Carroll
2001):

z 2 (2 -t
D(z) = m (710 + %9) Qun(2) — %Qéf@ﬂ) (1.9)
where
U (2) = (1 +2)° (1.10)

Qi (14 2)3 + Qp

The equations that describe the growth of density perturbations in the linear regime can
be divided into the dark matter and the baryonic component. Since the dark matter
particles interact very weakly with the other particles, the dark matter perturbations
began to grow in earlier epoch than the baryonic ones. However after Recombination
the baryons fall into the dark matter potential well and their density contrast rapidly
reaches the one of the dark matter (e.g. Longair 2004).

Density perturbations continue to grow until to 6 2 1 where the linear perturbation

theory is not longer valid and the density perturbations enter in the non-linear regime.
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1.1.2 Non-linear regime

The small density fluctuations grow over time as described in the previous section, until
the perturbation § becomes of order unity, and the full non-linear gravitational prob-
lem must be considered. The model used to describe the growth of perturbations in
the non-linear regime is the top-hat spherical collapse model that assumes a highly ide-
alised system (e.g. Padmanabhan 1993). Since after Recombination the Universe is dark
matter dominated, the top-hat model assumes that the Universe is homogeneous except
for a single “top-hat” spherical dark matter perturbation with constant é. In the spher-

ical top-hat model, the evolution of each spherical shell can be described by the equation:

1 /dr\®> GM
1 _EM 1.11
2(dt) T (L1.11)

where M is the mass enclosed by a shell of radius r, which is defined as M(< r) =
3mr3p(1+ 6(t)). The mass shell is able to collapse if E < 0, in this case the parametric

solutions are:

r = A(1 — cosb) t = B(0 —sinb) (1.12)
with
GM GM
BT 1

The maximal expansion radius of the shell, 7,44, is reached when 6 = 7. After this
“turn-around” radius the shell starts to contract. By using the energy conservation and
assuming the Einstein de Sitter Universe, we get that the turn-around radius only depends
on the initial overdensity, i.e., Tpmee = 73/0; and we can see that smaller perturbations
collapse first, which directly leads to the hierarchical formation scenario. The collapse
occurs when # — 27 which correspond to r(t) — 0 at the time t.oy = 2 tyar Where
tmaz = t(m). This assumption breaks down for a real system because it corresponds
to 0(t = teou) — oo. However, N-body simulations show that in a real systems with
no uniform over-density, during the collapse, the shells start to oscillate and cross each
other finally reaching a virial equilibrium (e.g. Mo et al. 2010). The process results in a
virialized dark matter halo, whose properties can be described as a function of its mass,
M, and the virialization redshift z = z,;. (Barkana & Loeb 2001). For the viral radius,

Tvir W€ have:

M 1/3 Q A 71/3 1+Z —1
vir = 0.784 | oo 2= h 'k 1.14
Toir = 0.78 <108 h1 M@> (Qm(z) 187r2) ( 10 > pe (114
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GM)1/2:

Tvir

M Vs, AV /1 V2
vir = 23.4 —= km s™? 1.15
! (108 1 MQ) <Qm(z) 187T2> ( 10 ) e (1.15)

1GM?
2 Tyir

M 5/3 Q A 1/3 1+Z
Ep=545-10 [ ————— o h~terg. 1.16
’ (108 1 M@) (Qm(z) 187T2> ( 10 ) erg. (L16)

Assuming that at turn-around, all the energy is potential energy, U, and applying the

and the corresponding velocity, vy = (

Finally the binding energy of the halo, Ej, = is:

scalar virial theorem, U = —2K, where K the kinetic energy, one finds that the virial
radius 7y is half of 7,,4,, while the density pyir = 8 pmaz = 8 P(tmaz) ~ 178 p (teotr)-
Therefore, the final overdensity relative to the critical density at the collapse redshift is

A, = 1872 ~ 178, which is in agreement with N-body simulations.

1.1.3 Mass distribution of dark matter halos

To understand when and where the first stars formed we need to identify which over-
densities collapse and virialize forming dark matter halos. As we have seen the top-hat
theory at the time of collapse lead to 0(teon) = 0o. However, the theory of spherical
collapse is simple and approximate. By extrapolating the precise and predictive results
of the linear perturbation theory, we find that &;;,, = 1.686 at the time of the collapse
predicted by the top-hat model (Padmanabhan 1993). We can therefore use this thresh-
old, i.e the critical density of collapse, d.,, and see how it varies over time to identify the
regions that collapse or not. Thus in top-hat model the critical density of collapse varies

in time as:

5crit (Z) -

(1.17)

Therefore the regions with & > d.t(2) will collapse and produce virialized dark matter

halos.

To go further we need to know the statistical properties of the density perturbations
that are enclosed in the spectrum P(k) that is defined as P(k) = (|62]). According to
Inflationary theories the primordial power-law spectrum P, (k) o k™ with n ~ 1 and

perturbations are given by a Gaussian random field. In order to determine the formation

10
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of objects of a given size or mass it is useful to consider the statistical distribution of the
smoothed density field. Using a window function W (y) normalized to 1, the smoothed
density perturbation field, [d3y d(x + y) W (y) itself follows a Gaussian distribution
with zero mean. For the spherical top-hat model the window function is (Barkana &

Loeb 2001):

(sin(kR) — kR cos(kR))
(kR)?

W (kR) = 47 R? (1.18)

where W(kR) = 1 in the sphere of radius R and zero outside. Therefore the mass vari-

ance is defined as the root-mean square of the density fluctuation:

o2(M) = 62, = % /0 " (k) WR(ER) K2dk (1.19)

As we saw, according to spherical collapse model, regions in the linear density field with
0 > derit(2) have collapsed to produce virialized dark matter halos. How can we associate
a mass to those halos, and how can we use the statistics of the linear density field to
infer the halo mass function, i.e. the comoving number density of halos as a function of
halo mass?

Press & Schechter (1974), using a simple analytical model, later refined by Bond et al.
(1991), determined the abundance of halos with different masses across cosmic times. To
do this they postulated that “the probability that dy; > d.p¢ is twice the mass fraction
that at time t is contained in halos with mass greater than M”. Therefore for a Gaussian
random field, they found that the number of halos with masses in the range [M, M + dM]

per comoving volume, n(M,t)dM, is:

n(M, 2)dM = <72T> v % 60(%) exp ( 55275\2) ‘dgllz(]\]y) ‘ dM (1.20)

The number density of dark matter halos as a function of redshift z and halo mass M is
shown in Fig.1.2. As we can see the low mass halos form earlier than the massive ones.
In particular, at z = 20 halos with M ~ 10”7 Mg are the most common. Even if they
are not shown in Fig.1.2, halos with M ~ 10® Mg are even more common (n > 100 per
comoving Mpc?) and, as we will see after, they will host the first stars. Note also that
the abundance of low mass halos does not evolve substantially with redshift while the
abundance of massive halos is a very strong function of redshift. This is a manifestation

of hierarchical structure formation that is typical of CDM models. In this bottom-up

11
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Figure 1.2: Comoving number density of dark matter halos as a function of redshift. A standard ACDM
model has been assumed, with parameters indicated above the panel. The label on each curve indicates

the halo mass log(M/Mg) (from Mo & White 2002).

scenario, the low mass halos form early and they are quite common at every z, while

larger halos form later, mainly through mergers of existing smaller objects.

1.2 Which halos can form stars?

As we have seen, within the framework of the ACDM model for cosmic structure forma-
tion, the first gravitationally bound structures have low masses. Once the mass of these
gravitationally bound dark matter object exceeds the cosmological Jeans mass, pres-
sure force can no longer prevent gas from falling into the potential well created by the
dark matter. As already mentioned, M ; varies through cosmic time and, using a pertur-

bative approach, the Jeans mass after Recombination can be expressed as (Peebles 1993):
=3/5 /1 4\ 32 v
10 ©

However, we would like to emphasise that M > M only represents a necessary but not

2\ —1/2 2
Qb ) (Qbh (1.21)

My =3.08-10°
’ ( 0.13 0.022

sufficient condition for the gas to collapse and form stars. In fact, during the virialization
process, the infalling gas, consisting in mixture of hydrogen and helium, develops shocks

and gets heated to a temperature at which pressure balance prevent further collapse. The

12
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gas reaches the virial equilibrium with the dark matter component at the temperature

given by:

2/3 1/3
o e M Qn  A. 1+ 2
Toir = 1.98 - 10 (0.6) (108 h—1 M@> (Qm(z) 18772> ( 10 K (122)

where p is the mean molecular weight and m,, is the proton mass. Then, the gas has to

cool down to form stars. If the gas were unable to cool, there would be no further col-
lapse, and consequently no gas fragmentation and star formation. The gas would simply
persist in hydrostatic equilibrium, roughly tracing the density profile of the dark matter.
The sufficient condition for efficient gas cooling is that the cooling time, t..; is lower

than the free-fall time, ¢¢; defined as:

3 1/2
trp = —=—— 1.2
f1 (32Gp> (1.23)
3kT
tcool - 2’(LA(T) (124)

where A(T) is the cooling function that is show in Fig.1.3. The main available coolant

in pristine gas at low 7' < 10*K is molecular hydrogen, Hy (see Fig.1.3). These are the

first dark matter halos (T;, < 10* K) with M ~ 10% Mg, that virialize at z,;. ~ 20: the

so-called minihalos. In the primordial Universe the dominant Hy formation process is:
H+e — H +v

(1.25)
H +H-—Hy+e

where free electrons act as catalysts. The cooling of gas through Hs takes place through
roto-vibrational transitions. When Hs molecule gets rotationally and vibrationally ex-
cited by collisions with another Hs molecule or with an H atom, exited Hs molecule can
de-excite radiatively or collisionally. However, since Hy molecule has no permanent dipole
moment, rotational transitions cannot occur via rapid electric dipole transition but only

slow magnetic quadrupole radiation, therefore, Hy is a poor coolant (Bromm et al. 2002).

The ability of halos to cool and form stars depend on the abundance of Hy. In particular
Tegmark et al. (1997) found that the Hs fraction, fm,, strongly depends on the halo mass.
Therefore not all the halos that satisfy the condition M > M ; manage to effectively cool
the gas and form stars. Tegmark et al. (1997) found that fg, needed for minihalos with

Toir < 10* K to collapse in a Hubble time is almost independent to virialization redshift
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Figure 1.3: Cooling rates as a function of temperature for a primordial composition gas in the absence
of any external radiation. The solid line shows the cooling curve for atomic gas, the dashed line shows

the additional contribution of molecular Ho cooling (Barkana & Loeb 2001).

between 25 < 2, < 100: any cloud with fz, > 5-107% is able to cool in an Hubble

time and form stars. Since the fraction of molecular hydrogen depends on the mass of
the virialized halo, this translate into a minimum mass needed to cool down the gas and
form stars.

This is shown in Fig.1.4 as a function of virialization redshift. The white area shows
the halos in which the collapse of the gas can efficiently occur, since tcoor < tys: these
halos will form luminous objects. The red part describes halos in which the cooling is
inefficient since H ™, necessary for Hs formation, gets destroyed by CMB photons. The
dashed lines correspond to halos with virial temperature of T,;, = 10*°K and T, = 10°K
(see Eq.1.22), while the solid line corresponds to 3o fluctuations of the density field in
ACDM model. As we can see, for halos that correspond to 3o fluctuations of the density

field the minimum mass needed to form the first stars, is M > 106 My at 2,5 ~ 20 — 30.

This implies that the first star forming structures are low-mass halos with T, < 10°K.

1.3 Formation of the first stars

As discussed above, the ability of the gas in a halo to collapse and form stars depends on

its ability to cool. The gas is compressionally heated to the virial temperature during the
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Figure 1.4: The mass of virialized dark matter halos is plotted as a function of virialization redshift for
standard ACDM. Only halos that lie above the yellow area can collapse and form stars. The dashed
straight lines correspond to Ty; = 10* K and T, = 103 K. In the red region no radiative cooling
mechanism could help collapse, since T,,;,- would be lower than the CMB temperature. The solid line

corresponds to 30 peaks in standard ACDM (Tegmark et al. 1997).

virialization process. Once sufficient molecular hydrogen Hs, is formed the gas goes into
run-away cooling phase, which brings it down to the minimum temperature of T' ~ 200
K and numerical density n ~ 10* cm~2 (see e.g. Greif 2015). In fact, the gravitational
fragmentation of the gas clouds is found to be halted at a characteristic thermodynamic
state that solely depends on the micro-physics of Hs molecules (e.g. Bromm 2000). The
corresponding Jeans mass of this physical state is M; ~ 1000 Mg. This is therefore
predicted to be the typical mass of proto-stellar gas clouds formed in primordial com-
position gas, and it is roughly three order of magnitude larger than what is observed in
local star-forming regions. This is a very solid result, which has been proven by several
simulations of the first star formation in primordial minihalos with M ~ 10 Mg, that
followed the the evolution of both the dark matter and gas components, including Hs
chemistry and cooling (e.g. Bromm 2000, Abel et al. 2001, Hirano et al. 2014, Klessen
2019).

After the proto-stellar gas clouds have formed on a scale of Mj ~ 1000 Mg, cold gas can
accumulate in the center of the halo so that M > M ;. The gas becomes dynamically
unstable and it starts to collapse. The collapse proceeds and the gas slowly heats up
again. When the density becomes > 10® cm™2 the three body H, formation becomes

important and the gas turns fully molecular. Finally, a proto-star is formed in the center
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of the minihalo. At the moment that protostar forms, its mass is less than 0.01 Mg,
but it is surrounded by dense, massive envelope of infalling gas with a mass of hundreds
of solar masses. Accretion of this envelope is expected to occur at rapid rate. A useful
estimate for protostellar accretion rate, M., can be derived by assuming that a Jeans

mass worth of gas collapse on its free-fall timescale (Shu 1977, Omukai & Palla 2001):

. 3
Mo = =L % x T3/? (1.26)

Since the temperature of the primordial gas (T ~ 200 K) is larger that the one of local
star-forming regions (7' ~ 10 K) the expected accretion rates are orders of magnitude
larger. Ultimately, the first stars, given the larger proto-stellar gas clouds and the higher
accretion rate, are expected to be more massive with respect ones that form in local
star-forming regions, which have m, = [0.1 — 100] Mg. This is confirmed by analytical
calculations (McKee et al. 2003, Tan & McKee 2004) and cosmological simulation (e.g.
Hosokawa et al. 2011, Hirano et al. 2014) that showed that the mass of the first stars is

typically m, > 10 Mg, and can reach extreme values up to m, ~ 1000 Mg.

The accretion phase of primordial gas onto the proto-star and the resulting final stellar
products, are substantially affected by different physical processes such as turbulence,
stellar rotation and radiative feedback that are difficult to take into account all together
in simulations. Current simulations of Pop III star formation (e.g. Smith et al. 2010,
Clark et al. 2011, Stacy et al. 2013, Stacy et al. 2016, Hirano et al. 2014, Wollenberg
et al. 2020, Sharda et al. 2021, Riaz et al. 2023, Chiaki & Yoshida 2022, Prole et al.
2022) demonstrate that primordial accretion disks are highly prone to fragmentation.
Indeed, these results suggest that those primordial proto-stellar disks are ubiquitously
driven towards gravitational instability and they indicate that the standard pathway of
the first stars star formation leads to a stellar cluster with a wide distribution of masses,
with typical masses lower than Mg, rather than the build-up of one single high-mass
object (Klessen & Glover 2023). An example is illustrated in Fig.1.5, which shows the
evolution of the accretion disks and the build-up of proto-stars within only about hundred
years after the formation of the first object. We have to stress that these high resolution
simulations follow the evolution for a very short time compared to the time scale of star
formation. Hence we don’t know if these fragments will eventually merge into the central
object or can be thrown out and form long living first stars that may have survived until
today. As a result of these highly unpredictable and stochastic events, the mass spectrum
of the first stars is expected to cover a wide range of masses, possibly reaching down into

the substellar regime.
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Figure 1.5: Formation of a proto-stellar cluster at the center of different minihalos. The panels show the
density of hydrogen nucluei projected along the line of sigh. Black dots and crosses denote protostars

with masses below and above 1 M, respectively (Greif et al. 2011).
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Figure 1.6: The final mass distribution of the first stars calculated 110 first stars. The red, blue, and
black histograms represent the different paths of protostellar evolution; P1: KH contracting protostar
(red), P2: oscillating protostar (blue), and P3: super-giant protostar (black). P1hd refers to the cases in
which the gas clouds are formed by HD cooling and evolve on low-temperature tracks. P3p (predicted)
indicates the same cases as P3, except that the final masses are calculated from a correlation between

the properties of the cloud and the resulting stellar mass (Hirano et al. 2014).

1.4 Primordial stellar IMF

As we have seen the first stars formed out of a gas consisting in a mixture of hydrogen
and helium only. For this reason the are expected to be metal-free and they are called
Pop III stars. As discussed above, one of the puzzling question regarding the first stars
is their characteristic mass and their mass formation range, i.e their initial mass function
(IMF). The IMF is the function that describes the initial distribution of masses for a
population of stars, i.e. the number of stars formed per mass bin. Due to the lack of
observational constraints on the mass of the first stars, the primordial IMF of Pop III
stars is very uncertain. Most of our current knowledge comes from theoretical models
and numerical simulations.

For example, Hirano et al. (2014) performed a 2D hydrodynamics simulations of primor-
dial star formation in a fully cosmological context to derive the IMF of Pop III stars
formed in thousands of minihalos. Their results are show in Fig.1.6. As we can see, the
resulting stellar masses range from my ~ [10 — 1000] Mg. Most of them are distributed
around a few tens to a few hundreds solar masses. On the other hand, 3D simulations
that follow the formation of the first stars for just hundred years (see Fig.1.5) found
very different results (Fig.1.7): the stellar masses range of Pop III stars can vary from

my = 0.1 Mg up to my = 10 Mg. Most of them are distributed around solar masses.
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Figure 1.7: The mass distribution of the first stars derived by Greif et al. (2011) is shown after the first
1000 yr of continued accretion, for the 5 independent minthalos considered. The dark and light shadings
distinguish the mass functions obtained for standard and adhesive sink particles, respectively. Despite
very aggressive merging, a small cluster of protostars with a range of masses is formed even in the latter
case. In the bottom right panel, we also show the cumulative mass functions obtained by summing up
the contributions from the individual minihalos, and renormalized for better visibility. The resulting
distribution is relatively flat between ~ 0.1 Mg and~ 10 M@, indicating that most of the mass is locked

up in high-mass protostars.

To have a global picture in Fig.1.8 show the results of several simulations, giving an
indication of the diversity of the current state of the art (Klessen & Glover 2023). In
the Fig.1.8 has been showed the normalized (on the top) and the cumulative (on the
bottom) stellar mass distribution obtained from six different studies of Pop III star
formation: three high resolution without stellar feedback (Prole et al. 2022; Wollenberg
et al. 2020; Stacy et al. 2013) and three simulations with radiative feedback included
(Riaz et al. 2023; Hirano et al. 2015; Hirano et al. 2014). Models that include stellar
feedback on average predict larger stellar masses than those without. In addition the
outcome strongly depends on the spatial resolution achieved, on the time span covered,
and on the details of the numerical implementation. High-resolution simulations tend to
yield smaller stellar masses, because they are better able to resolve disk fragmentation but
typically only cover a small fraction of the full accretion history of the halo. Similarly,
simulations covering a large fraction of the halo collapse timescale do not resolve the
inner accretion disk well, and therefore exhibit lower levels of fragmentation. Hence,
they are biased towards higher-mass stars. Furthermore, two-dimensional simulations
tend to report less fragmentation than full three-dimensional ones (Klessen & Glover

2023). Ultimately, we can assert that the IMF of Pop III stars is still largely uncertain.
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Figure 1.8: Normalized differential (top) and cumulative (bottom) stellar mass distribution obtained
from six different studies of Pop III star formation (from Klessen & Glover 2023). To represent the
current state-of-the art, three high-resolution models without stellar feedback have been selected (Prole
et al. 2022; Wollenberg et al. 2020; Stacy et al. 2013) and three simulations with radiative feedback
included (Riaz et al. 2023; Hirano et al. 2015; Hirano et al. 2014).

To a large degree, this is due to the fact that, unlike the stars that form today, no direct
observations of first stars are available. This also makes it difficult to test theoretical
models. Since the stellar mass determines its evolution, to understand their mass range,
is important for clarifying the chemical evolution of the early Universe. Furthermore, if
low-mass Pop III stars with m, < 0.8 Mg, are able to form, they would have a lifetime
greater than the age of the Universe and they could potentially be observed in the Local

Universe.

1.5 Evolution of the first stars

As we have underlined in the previous section the typical mass of the first stars is very
uncertain. This reflects our ignorance of the accretion phase in the primordial Universe.
The result is that both the characteristic mass of the first stars and the range in mass
in which they can form are still elusive. However, it is known that Pop III stars formed
in a pristine environment which determines a different evolution of these metal-free stars

with respect to those observed today. The major difference lies in the nuclear fusion
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mechanism. The lack of carbon causes nuclear fusion to start the cycle with p-p cycle.
However, the energy released by p-p chain fails to counteract the gravitational collapse.
As a result of lower energy deposition, the star contracts, raising its temperature. When
the central temperature reaches ~ 10® K, some carbon has already formed and 3a re-
actions are allowed, anf they release higher energy which cause the higher luminosity of
the first stars. Several authors (e.g. Marigo et al. 2001; Woosley et al. 2002; Heger &
Woosley 2004; Woosley 2017; Farmer et al. 2019), have investigated the evolution and

the final fate of zero-metallicity stars, which is summarized in Fig.1.9.
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Figure 1.9: The final-fate of non-rotating primordial stars from Heger & Woosley (2002).The x-axis gives
the initial stellar mass. The y-axis gives both the final stellar mass of the remnant (thick black curve)

and the mass of the star when the event that produces that remnant begins.
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Three regimes of initial mass can be distinguished:

o low mass stars (my < 10 Mg): they end as white dwarfs. During the asymptotic

giant branch (AGB) the star loses its envelope becoming a CO or NeO white dwarf;

e massive stars (10 Mg< m, < 100 Mg): These stars are defined as those that
ignite carbon and oxygen burning non-degenerately. The hydrogen-rich envelope
and parts of the helium core are ejected in a supernova (SNe) explosion. If the
initial mass is m, ~ 25 Mg the remnant is a neutron stars, while above black hole

form.

e very massive stars (m, > 100 Mg): these stars develop pair creation which makes
them unstable after carbon burning (Woosley et al. 2002). They are called Pair
Instability SNe (PISN) that have masses of 140 Mg < m, < 260 Mg, and they are
completely disrupted in a nuclear-powered explosion, that leaves no remnants and

releases all the initial stellar mass into the ISM.

1.6 Feedback processes

As soon as the first stars form, Pop III stars lead to dramatic change of the early Uni-
verse through production of ionizing photons and the first heavy chemical elements,
synthitezed during their evolution and dispersed into surronding gas via SNe explosions
and stellar winds. The feedback processes are usually divided in three classes which are

not independent: radiative, mechanical and chemical feedback (e.g. Ciardi et al. 2001).

1.6.1 Radiative feedback

Radiative feedback is the process associated to the emission of ionizing and photo-
dissociating photons produced by the first stars. This radiation can have both local
and long-range effects. In particular, the radiative feedback can affect the same miniha-
los that host Pop III stars, but it can also affect the star formation in nearby objects. The
ionizing radiation is produced by photons with hrv > 13.6 eV, while the photo-dissociation
radiation is produced by photons in the so called Lyman-Werner (LW) band, i.e. with
energy 11.2eV < hr < 13.6 eV.

The ionizing photons can have a strong effect on the subsequent star formation. In fact
the UV radiation can heat the gas up to the virial temperature, T,; ~ 10*K, hence
photo-evaporate the gas in minihalos with T,;. < 10°K.

On the other hand, UV radiation increases the number of free electrons that enhances

the Hy formation and hence star-formation (Johnson et al. 2007). In addition, due to

22



The First Stars

the increasing fraction of free electrons, another cooling channel becomes available: HD
molecules, which form in the presence of UV radiation, can cool down the gas to lower

temperature with respect to Hs.

Differently, photo-dissociating photons can easily destroy the Hs molecules. Therefore,
LW radiation acts always as negative feedback reducing the gas cooling and hence the
star formation. Nevertheless, several authors (e.g. Ciardi et al. 2001; Oh & Haiman
2002; Hartwig et al. 2015; Latif & Volonteri 2015; Regan & Downes 2018; Skinner &
Wise 2020; Kulkarni et al. 2021), shows that the LW photons do not affect nearby star
forming minihalos at z ~ 20. However, LW radiation will gradually arise through cosmic
time, due to the increasing number of star formation events, and it will form a LW
background. Ultimately, because of photo-dissociation from LW background the star

formation is progressively quenched in minihalos.

1.6.2 Mechanical feedback

Not only the radiative feedback can quench the star formation in minihalos, also the
mechanical feedback plays a crucial role. With mechanical feedback we refer to the
mechanical energy injection by supernova explosions. The energy deposition associated
with the first SNe explosions may induce partial or total gas removal from minihalos
itself, thus suppressing star formation. The strength of mechanical feedback depends on
the binding energy of the halo, Ej, (Eq.1.16) and on the kinetic energy released during
the explosion, Fy;,. The latter is given by (Barkana & Loeb 2001):

Ekin = frin Nsn (Esn) (1.27)

where fr;, is the faction of SNe explosion energy in kinetic form, Ngy is the number of
SNe explosions in the halo, and (FEgy) is the average SNe energy whose typical value is
~ 10°! erg for normal core-collapse SNe. If Ey;, < Ej the halo can retain the products of
SNe explosions (metals and gas) and the star formation can keep on going. On the other
hand, if Ey;, > Ej} the gas is easily evacuated out of the galaxy and consequently the star
formation can be halted. Low-mass halos with low binding energy such as minihalos can

be strongly affected by mechanical feedback that suppress the subsequent star formation.

1.6.3 Chemical feedback

During the first SNe explosions and stellar winds, the primordial gas gets polluted with
heavy elements. Once the first heavy elements are produced and dispersed by Pop III
stars into the ISM, the physics and chemistry of subsequent star formation will be fun-

damentally changed. The presence of metals will provide efficient coolants, establishing
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condition similar to the present-day Milky Way ISM in which “normal” stars form. The
abundance of elements heavy than lithium present in the gas is usually described in
terms of metallicity, Z = M,/My,s, where M, is the mass of metals and Mg, is the
mass of gas. It has been argued that there may exist a critical metallicity, governing
the transition between metal-free stars, i.e. Pop III stars, and normal Population II/I
(Pop I1/1) stars, Z., = [1075—-107%] Z5, where Z, is the solar metallicity (Bromm et al.,
2001). This range is determined by the fraction of metals locked in dust grains, which
provide an additional cooling channel (e.g. Omukai et al. 2005; Chiaki et al. 2017). In
conclusion, the chemical feedback establishes the transition between the primordial stars
and “normal” Pop II/T stars. In this Thesis we will refer to Pop III stars as those formed
out of Z < Z., gas. Those formed in an environment with Z > Z.,. will be considered as

Pop II/1 stars that form according to the present-day IMF.
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CHAPTER 2

Stellar Archaeology and Dwarf galaxies

Unfortunately, Pop III stars are very hard to be individually observed in the high-redshift
Universe since they formed in poorly star forming minihalos and they are likely too
faint to be individually detected even with new-generation telescopes (Oh et al. 2001;
Scannapieco et al. 2003; Riaz et al. 2022). Due to the lack of direct observations of the
first stars, determining their properties is very difficult. However, ancient and metal-poor
stars can be observed individually in the Local Group, from which we can indirectly infer
their properties. In this Chapter we will describe how Stellar Archaeology can increase
our knowledge about the first stars and where are the most promising places to find the

most metal-poor stars and eventually long-lived Pop III stars.

2.1 Stellar Archaeology

Despite extensive observational searches, a truly Pop III star, i.e. with zero metallicity,
has so far escaped from detection, confirming the hypothesis of a primordial IMF biased
towards more massive stars than the present-day IMF (Salvadori et al. 2007; Magg et al.
2019). Massive Pop III stars explode as supernovae polluting the surrounding medium
with their chemical products, whose yields depend upon the mass of the progenitor star
along with the explosion energy (Nomoto et al. 2004; Heger & Woosley 2010). Hence, even
if we cannot directly observe short-lived zero-metallicity stars, we can still catch their
long-lived descendants (Keller et al. 2007; Starkenburg et al. 2018). Low-mass (m, <
0.8Mg) (Pop II/T) stars, formed in environments enriched by the chemical products of
the first stars to the critical metallicity value, Z > Z.,., at which normal star formation
is expected to proceed (Bromm et al. 2001; Schneider et al. 2003). These long-lived
low-mass stars imprinted by Pop III SNe, the so-called first stars “descendants”, can
survive until today and they can be individually observed in the oldest and the most
metal-poor environments of our Galaxy and its dwarf galaxies satellites. In this context

Stellar Archaeology operates: searching for the chemical signatures of the first stellar

25



Stellar Archaeology and Dwarf galaxies

Table 2.1: Denotation of metal-poor stars.

[Fe/H] Term Acronym
< —-1.0 Metal-poor MP

< =2.0 Very metal-poor VMP
< —3.0 Extremely metal-poor EMP
< —4.0 Ultra metal-poor UMP
< =5.0 Hyper metal-poor HMP
< —6.0 Mega metal-poor MMP

generations in the photospheres of old (> 12 Gyr) and metal-poor stars that dwell in our
Galaxy and its ancient dwarf satellites. Since the chemical elements released in the inter
stellar medium by these pristine SNe, depend on their masses and on their energies, the
study of the relative abundances of different chemical elements measured in the Pop III
“descendants” can help to constrain the primordial IMF as well as the explosion energy

of first supernovae.

2.2 Searching for metal-poor stars

Metallicity, i.e. the abundance of elements heavier than hydrogen and helium present in a
star, is commonly used as a proxy for evolution. In particular, iron has a very distinctive
nucleosynthesis channel (Woosley & Weaver, 1995), and well-traces the enrichment of the
interstellar medium through the Milky Way’s evolution. Moreover, iron has numerous
absorption lines that occur throughout stellar spectra, and hence can be measured very
accurately at high spectral resolution. For these reasons, iron has traditionally been
taken as a reference element to enable comparisons of the metallicity. Although the term
metal-poor is not always synonymous with Fe-poor, a standard nomenclature of metal-
poor stars has been defined by Beers & Christlieb (2005) for stars in different ranges of
iron abundances® [Fe/H] as listed in Table 2.1.

2.2.1 Techniques

From the early 1960s to the present day, great steps forward have been made in the discov-
ery of metal-poor stars, mainly thanks to dedicated surveys. Since metal-poor stars are
rare, an important feature of these surveys is an efficient procedure to select metal-poor
candidates. The process usually involves three major observational steps: (a) large-area

L [Fe/H] = log(Ngo/Ng) — log(Nre/Ng)@, where Ng, (Ng) is the number of iron (hydrogen) atoms and
log(Npe/Nu ) is the solar abundance
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Figure 2.1: Spectra of metal-poor stars. The numbers in each panel to the right of the star’s identification
represent the atmospheric parameters: temperature, logarithmic surface gravity value and [Fe/H] (Frebel

& Norris 2015).

photometric or low-resolution spectroscopic surveys are used to give first estimate of the
stellar metallicity and to select candidate metal-poor stars; (b) moderate-resolution spec-
troscopic follow-up observations of the candidates to validate the metal-poor stars among
them; finally, (c) high-resolution spectroscopy of the most interesting candidates. The
first step can be carried out in many different ways, for example, with proper-motion sur-
veys or colorimetric surveys. The HK survey (Beers et al. 1985) and the Hamburg/ESO
survey (HES, Wisotzki et al. 2000; Christlieb et al. 2004), select and collect large samples
of such a stellar population. Here, as a preliminary step, simultaneously large numbers of
low-resolution spectra (resolving power R = A\/AX ~ 400) are obtained through the ex-
amination of the strength of the Call K line, which is the strongest resonance line in the
optical spectra of stars. The HK and HES projects each covered more than 7500 square
degrees of the Northern and Southern sky. The promising metal-poor candidates are
then observed at intermediate/high resolution (R ~ 2000/20000) to obtain their stellar

metallicity. Since Call K line is the strongest atomic feature in the spectra of metal-
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Table 2.2: Ultra metal-poor star of the Galactic halo.

Name [Fe/H| [C/Fe| References

SMSS 031300.36-670839.3 <-7.30 >+4.90 Keller et al. (2014)

SDSS J0023+0307 <—6.6 < 42.05 Aguado et al. (2018a)

HE 1327-2326 —5.66 +4.26 Frebel et al. (2005), Aguado et al. (2018b)
HE 0107-5240 -5.39 +3.70 Christlieb et al. (2004)

SDSS J103556+-064144 <=5.1 >+43.5 Bonifacio et al. (2015)

SDSS J092912.32+023817.0 —4.97 +3.91 Caffau et al. (2016)

SDSS J102915+172927 —4.89 <+0.93 Caffau et al. (2011Db)

HE 0557-4840 —4.81 +1.65 Norris et al. (2012)

Pristine 221.8781+9.7844 —4.66 < +1.76 Starkenburg et al. (2018)

SDSS J174259+-253135 —4.8 3.6 Bonifacio et al. (2015)

HE 0233-0343 —4.68 +3.46 Hansen et al. (2015)

SDSS J131326.89-001941.4  —4.3\-5.0 42.5\+3.0 Prieto et al. (2015), Frebel et al. (2015)
2MASS J18082002-5104378 —4.1 < +0.5 Meléndez et al. (2016)

poor stars typically it is used to derive the stellar iron abundance [Fe/H]. An example
of metal-poor stars spectra is shown in Fig.2.1 which presents high-resolution, high-S/N
spectra of five metal-poor red giant stars, all having approximately the same effective
temperatures and surface gravities, but with very different heavy element abundances,
decreasing as one moves from top to bottom in the Figure. We can see that the Call H
and K lines decrease markedly as one moves from the top ([Fe/H] = —0.9), to the middle
([Fe/H] = —4.0) panel. Note that the Ca IT H and K lines become very weak in the two
most iron-poor stars and many more lines have appeared. Hence observing these stars is

very challenging.

2.2.2 Milky Way Metal-Poor stars

Metal-poor stars have been discovered in the ancient enviroments of Milky Way such
as the bulge, the halo as well as in dwarf galaxy satellites of the Milky Way. The first
surveys looking for metal-poor stars have been carried out in the Galactic stellar halo,
which is expected to be the most metal-poor component. The investigation into metal-
poor stars has uncovered a remarkable rarity: only 12 stars with [Fe/H] < —4 have been
found in Milky Way’s halo listed in Table 2.2. As we can see, the most iron-poor star
has been found by Keller et al. (2014) with only an upper limit on Iron, [Fe/H] < —7.3.
We can have a global picture if we look at the halo metallicity distribution function
(MDF), i.e. the number of stars as a function of their [Fe/H] (see Fig.2.2). On the left
panel of Fig.2.2, Bonifacio et al. (2021) show the comparison between the MDF of spec-

troscopic sample (black) and the bias-corrected one (red line) (see Bonifacio et al. 2021 for
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Figure 2.2: Raw metallicity distribution function (black line) and bias-corrected (red line) (Bonifacio
et al. 2021) (lefet panel). Metal-weak tail of the corrected metallicity distribution function (black line),
normalised at [Fe/H] = 1.95, compared with the corrected Hamburg/ESO (Schoérck et al. 2009) (red)
and and the corrected Pristine (blue) MDFs (Youakim et al. 2020) (right panel).

details). Form Fig.2.2 it is clear that the Galactic halo MDF is a rapidly declining func-
tion with decreasing [Fe/H], implying that to find metal-poor stars is quite challenging.
This is even more evident looking at the right panel of Fig.2.2 where the authors show
metal-weak tail of the corrected MDF, normalised at [Fe/H] = —1.95, compared with the
corrected Hamburg/ESO (Schorck et al. 2009) and the corrected Pristine (Youakim et al.
2020) MDFs. Yet, despite their rarity, metal-poor stars represent a unique observational
opportunity to explore the early Universe and to provide constrains on the nature of the

first stars and their initial mass function (e.g de Bennassuti et al. 2017).

2.2.3 Carbon-Enhanced Metal Poor (CEMP) stars

Among metal-poor stars at [Fe/H] < —2, the best-known type of chemically interesting
stellar object is the carbon-enhanced metal-poor (CEMP) class (first noted by Beers
et al. 1992), which has [C/Fe] > +0.7 (Beers & Christlieb 2005; Aoki et al. 2007).
This class can be divided into two main populations: (i) carbon-rich stars that also
exhibit an excess in heavy elements formed by the slow neutron-capture processes, having
[Ba/Fe] > 1 and named CEMP-s stars, and (ii) carbon-rich stars with no excess of the
heavy elements, having [Ba/Fe] < 0 and known as CEMP-no stars. The CEMP-s stars are
commonly assumed to be chemically enriched by mass transfer from a binary companion
star that has gone through the Asymptotic Giant Branch (AGB) phase (Abate et al.,
2015) and these objects are preferentially found in binary systems (Lucatello et al. 2005;
Starkenburg et al. 2013; Hansen et al. 2016). On the other hand, CEMP-no stars are not
primarily found in binary systems (Lucatello et al. 2005; Starkenburg et al. 2013; Hansen
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et al. 2016) and even those that have a binary companion (Arentsen et al., 2020) show
high values of 12C/!3C, which implies that the surface composition has not been altered
by mass transfer ( see Aguado et al. 2022, 2023). Hence the C-excess in CEMP-no stars
is expected to be representative of the ISM out of which they formed, which was likely
primarily polluted by the first stellar generations (Salvadori et al. 2015; de Bennassuti
et al. 2017). Among metal-poor stars, CEMP stars are very frequent, this is particularly
evident by inspecting Fig.2.3. In Fig.2.3, we present the main properties of Galactic halo
sample (Cayrel et al. 2004; Christlieb et al. 2004; Norris et al. 2007; Caffau et al. 2011a;
Yong et al. 2013a; Keller et al. 2014; Hansen et al. 2015; Frebel & Norris 2015; Bonifacio
et al. 2015; Li et al. 2015; Bonifacio et al. 2018; Francois et al. 2018; Starkenburg et al.
2018; Aguado et al. 2019; Ezzeddine et al. 2019). The MDF peaks at [Fe/H] ~ —3 and
it extends down to [Fe/H] < —7. In the middle panel, we show [C/Fe| with respect
to [Fe/H], with observational errors or upper/lower limits, distinguishing between C-
normal ([C/Fe] < +0.7) and CEMP-no stars ([C/Fe] > +0.7). The [C/Fe] abundance
ratios increase as [Fe/H] decreases, and all stars at [C/Fe] < —5 are C-enhanced. Finally,
in the bottom panel of Fig. 2.3 we present the CEMP fraction, with the poissonian error
computed as /Ncgmp/N, where N is the total number of stars and Nogyp the number
of CEMP-no stars in each [Fe/H] bin. As it is evident, the CEMP fraction increases
strongly with decreasing [Fe/H]: it is around 1 for [Fe/H] < —5, 0.7 for [Fe/H] ~ —4, and
0.3 for [Fe/H| ~ —3, which is consistent with other studies (Placco et al. 2014; Arentsen
et al. 2022).

2.2.4 Stellar chemical abundances

The study of the measured chemical abundance ratios of metal-poor stars can insight on
their origin and on their possible connections with the fist generation of stars. In Fig. 2.4,
the mean chemical abundance ratios with respect to iron, [X/Fe|?, for the CEMP-no (red)
and C-normal (grey) stars of literature sample have been shown, distinguishing between
[Fe/H] < —4 (left) and [Fe/H|e€ (—4; —2] (right). In the case of [Fe/H| < —4, both abun-
dance averages excluding (filled points, error bars) and including (open symbols, arrows)
upper/lower limits on [X/Fe| have been included. When [X/Fe] has more upper than
lower limits an arrow pointing down (or vice versa) has been put. Moreover, measure-
ments that only have upper limits in both [Fe/H] and [X/H]| have been included.

The first thing to note from Fig. 2.4 is that CEMP-no stars have mean C, N and O
abundance ratios that are typically much higher than those of C-normal stars.
However, it should point out that more than 60% of the measured [N/Fe| and [O/Fe| for

2 [X/Fe] = log(Nx /Ne) — log(Nx,o/Npe,@), where Nx and N, are the abundances of elements X and

iron and Nx ¢ and N o ,are the solar abundances of these elements (Asplund et al. 2009).
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Figure 2.3: Properties of literature Galactic halo sample Yong et al. 2013a; Cayrel et al. 2004; Christlieb
et al. 2004; Norris et al. 2007; Caffau et al. 2011a; Hansen et al. 2015; Keller et al. 2014; Frebel &
Norris 2015; Bonifacio et al. 2015; Li et al. 2015; Bonifacio et al. 2018; Frangois et al. 2018; Starkenburg
et al. 2018; Aguado et al. 2019; Ezzeddine et al. 2019 . Top panel: Metallicity Distribution Function
(MDF). Middle panel: [C/Fe| vs [Fe/H]| for CEMP-no (red) and C-normal (grey) stars, corrected for
the evolutionary status (Placco et al., 2014). The observational errors are shown, and the upper/lower
limits are presented with arrows. Bottom panel: CEMP-no fraction, with the poissonian errors. From

Vanni et al. 2023 (submitted MNRAS).
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Figure 2.4: Mean abundance patterns for the stars in literature literature sample (see Sec.2.2.3) for
CEMP-no (red points) and C-normal (grey points) stars, for [Fe/H| < —4 (left), and € (—4; —2] (right).
On top are written the number of CEMP-no (red) and C-normal (grey) stars included for each chemical
element. Filled points exclude limits, while open points include upper/lower limits. The error bar is the
standard deviation of measurements, when there is only one observation we use the observational error.
Measurements that present upper limits in both [Fe/H| and [X/H] are not included. The arrows point

down if [X/Fe| has more upper than lower limits, and vice versa.

the CEMP-no stars are upper limits, hence their real values can be considerably lower
than the ones represented here. Furthermore, at [Fe/H] < —4, the mean abundance ratios
of many alpha-elements (e.g. Mg, Al, Si) over iron is higher in CEMP-no stars than in C-
normal stars, while heavier elements (Co, Ni, Zn) are comparable between CEMP-no and
C-normal stars. Finally, at —4 <[Fe/H|< —2, the mean abundance ratios of CEMP-no
and C-normal stars are consistent among each other, with the only exception of C and N.
Notably, CEMP-no stars typically have larger star-to-star scatter® than C-normal stars,
even when the number of observed stars is similar or of the same order of magnitude (e.g.
Na, Mg, Si, Al). In conclusion, the star-to-star scatter in the chemical abundance ratios
of CEMP-no stars is large at —4 < [Fe/H] < —2 and huge for [Fe/H] < —4. Conversely,
C-normal stars show a small dispersion in their abundance ratios as already pointed out
by Cayrel et al. (2004). For this reason, the star-to-star scatter can be used as a new
path to understand which stars polluted the birth environment of metal-poor halo stars.
Indeed, a group of stars which show a small scatter in the abundance ratios, same as the
C-normal stars, might have formed in an environment chemically enriched by multiple
stellar populations. On the contrary, the stars that exhibit, one from each other, different

chemical abundances might have been enriched by one or few SNe.

3 Here the star-to-star scatter is quantified with the standard deviation among different measurements
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The increased fraction of CEMP-no stars with decreasing [Fe/H]| further supports such a
link with Pop III star pollution (de Bennassuti et al. 2017). Yet, the observed chemical
abundance patterns of the most Fe-poor, [Fe/H] < —4, CEMP-no stars are indeed con-
sistent with the yields of Pop III stars exploding as a faint supernovae and experiencing
mixing and fallback (Iwamoto et al. 2005; Marassi et al. 2014). Furthermore, the high val-
ues of 12C/13C recently observed in CEMP-no stars are consistent with an imprint from
low-energy Pop III SNe (Aguado et al. 2023) and rule out the so-called “spinstars”(e.g.
Meynet et al. 2006) as main pollutants. The CEMP-no halo stars at higher [Fe/H], in-
stead, appear to be consistent with being polluted either by only Pop III stars exploding
with different energies (see Welsh et al. 2021) or by a combination of Pop III SNe and
normal Pop II stars (see de Bennassuti et al. 2017; Koutsouridou et al. 2023. The imprints
of a single very energetic Pop III SNe, the so-called hypernovae (Esy > 5-10! erg), have
been detected in C-normal metal-poor stars residing in the Galactic halo (Placco et al.
2021) and in the dwarf galaxy Sculptor (Skuladottir et al. 2021, 2023a). In addition, stars
with signs of an enrichment by an extremely energetic Pair Instability Supernova (PISN,
Esn > 1052 erg) combined with normal Pop II SNe have been found in the Galactic halo
(Aoki et al. 2014; Salvadori et al. 2019). Finally, extremely recently, Xing et al. (2023)
find the imprint of massive PISN of m, = 260 M for a very metal-poor star discovered

in the LAMOST survey.

2.3 Primordial IMF from Stellar Archaeology

As we discussed in Chapter 1 our understanding of the IMF of primordial stars is still
quite limited; current theoretical models propose a wide range of Pop III stellar masses,
suggesting values from the sub-stellar regime to several hundred times the mass of our
Sun. As a result, the precise values for the minimum and maximum masses allowed for
the first stars, along with their characteristic mass, remain uncertain. The most stringent
constraints on the properties and mass distribution of Pop III stars are likely to come
from the study of extremely metal-poor stars in the Local Group. The newly discovered
Galactic halo star LAMOST J1010+-2358 (Xing et al. 2023) reveals great insight on the
nature of Pop III stars since its abundance pattern is consistence with nucleosynthesis
products from a very massive first-generation star. Yet, the discovery of a true PISN
descendant not only confirms the existence of energetic Pop III SNe but also it proves
the existence of very massive Pop III stars. Consequently, it enables us to indirectly put
a lower limit on the maximum mass, My,q,, allowed for zero metallicity stars, leading
us to conclude that it exceeds 260 solar masses, i.e. Mpqzr > 260 M. Furthermore, by

exploiting the stellar chemical abundances measured in the oldest and most metal-poor
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components of our Milky Way and its dwarf galaxies satellites (Skaladottir et al. 2015;
Frebel et al. 2015; Ji et al. 2016; Bonifacio et al. 2018; Li et al. 2018; Aguado et al.
2019; Bonifacio et al. 2019; Sestito et al. 2019; Reichert et al. 2020; Chiti et al. 2021)
various different works have interpreted these results as the evidence of the existence of
Pop III star with masses ~ [10 — 60] Mg (e.g. Aoki et al. 2014; de Bennassuti et al.
2017; Ishigaki et al. 2018; Tarumi et al. 2020). Finally, even non-detection of long-lived
Pop I1II stars can be an instrument to constrain the lower mass limit of the Pop IIT IMF
(Oey 2003; Tumlinson 2006; Salvadori et al. 2010). For example, Hartwig et al. (2015)
have recently shown that to exclude the existence of any Pop III stars survivors and set
the minimum mass of Pop III stars, m,,;, > 0.8 Mg a large observed stellar sample is
required. The future surveys need to include at least ~ 2 x 107 halo stars and 10'° for the
Milky Way’s bulge. However these numbers are much larger than what can be expected
in the largest spectroscopic surveys in the next decade (e.g. 4MOST de Jong et al. 2019).
In conclusion, despite significant progress have been made into the comprehension of the
nature the first stars and of their IMF, a complete understanding of their properties

remains challenging.

2.4 Dwarf Galaxies

As already discussed, studies of individual metal-poor and ancient stars allow us to trace
the properties of the first stars and thus the chemical enrichment of the ISM out of which
they formed. Many of these studies has been performed in the Local Group. The Local
Group is the galaxy group that includes the Milky Way and it has a total diameter of
roughly 3 Mpc. It consists of two groups of galaxies: the Milky Way and its satellites on
the one hand, the Andromeda galaxy and its satellites on the other. These nearby dwarf
galaxy satellites, which have simple, small and predominantly old stellar populations are
one of the best systems to look for metal-poor stars. In the last decade, many new dwarf
galaxies have been discovered in the Local Group. Typically dwarf galaxies can be clas-
sified morphologically and through their luminosity. The most common dwarf galaxies
in the Local Group are the so called “Dwarf Spheroidal” (dSph) galaxies. Their name
indicates a simple morphology and it is applied to small, low-luminosity galaxies with an
old stellar population, which are typically devoid of gas (McConnachie 2012). Further-
more, dSphs are also classified through their total luminosity, Lio. “Classical” dSph
galaxies are those with L, > 10° L, which are known since more than two decades
(e.g. Tolstoy et al. 2009). “Ultra— Faint” dSph galaxies (UFD) are the faintest systems,
Liot < 10° L, first discovered by the Sloan Digital Sky Survey (SDSS) (e.g. Belokurov
et al. 2006).
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Figure 2.5: The luminosity—stellar metallicity relation for Local Group dwarf galaxies. The black di-
amonds (MW dSphs) and red squares Irregular dwarf galaxies are the average stellar iron abundances
from spectroscopy of individual stars.The blue triangles (M31 dSphs) are the average stellar iron abun-

dances from spectroscopy of groups of similar stars within each dwarf galaxy (Kirby et al. 2013).

In Fig.2.5 we show the Iron-Luminosity relation of Local Group dwarf galaxies derived
by Kirby et al. (2013). As we can see, ultra-faint dwarf galaxies not only represent the
least luminous systems in the Local group but also the most metal-poor ones. This key
feature of UFDs is even more evident by inspecting MDFs of best studied dSph galaxies
derived by several authors (e.g Battaglia et al. 2006; Starkenburg et al. 2010; Kirby
et al. 2013; Suda et al. 2017).  In Fig.2.6 we show the MDFs of “Classical” dwarf
galaxies (Suda et al. 2017) while in Fig.2.7 the ones for all studied UFD galaxies (Brown
et al. 2014). From Fig.2.6 it is evident that the distribution for dSph galaxies cover a
range from [Fe/H] ~ —3 to [Fe/H] ~ 0, with the peak of MDFs at [Fe/H] ~ [-1.5, —1].
MFDs of UFDs are dominated by metal-poor stars. All the distributions extend in the
range between [Fe/H] = —1 and [Fe/H] = —4, and the peak of each one is always below
[Fe/H] = —2. On average, ~ 25% of their stars have [Fe/H] < —3, and ~ 80% have
[Fe/H] < —2. UFD galaxies have a larger fraction of these Iron-poor stars with respect
the “Classical” dwarf galaxies (< 5%). Therefore, UDF galaxies are the best systems

to look for the most metal-poor stars and to eventually find long-living Pop III stars.
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Figure 2.6: Metallicity distribution function for each galaxy. The data are separated by different source

as denoted by the reference in the top left corner. The galaxy name and the number of data are

in the top right corner. From Suda et al. (2017).

10
L8
g 6
* 4
2
0
10
L8
g 6
*® 4
2
0

shown

t Bool jt Cvnll t Com Ber ]
t Hercules 1t Leo IV t UMal ]
-3.5 -2.5 -1.5 -3.5 -2.5 -1.5 -3.5 2.5 -1.5
[Fe/H] [Fe/H] [Fe/H]

Figure 2.7: Metallicity distribution functions of six UFDs: Bodétes I (Boo I), Coma Venatici IT (CVn II),
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spectroscopic distributions, while the shaded areas are the simulated MDFs. From Brown et al. (2014).

Moreover, in Fig.2.8 is reported the dynamical mass, Mqym, within the half-light radius

of dwarf galaxies plotted against their total luminosity, for Milky Way satellites, M31

satellites, and for isolated dwarf galaxies. Also, the curves that correspond to a specific

mass-to-light ratio are drawn. It is evident that with decreasing luminosity the mass-to-

light ratio of dwarfs galaxies increases, from M/L ~ 1 — 10 up to M/L ~ 10% — 10*.
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Figure 2.8: Dynamical mass Mgy, within the half radius r; /5 as a function of total V-band luminosity
L for dwarf galaxies of the Local Group. The diagonal lines indicate constant mass-to-light ratios

M/L = Mayn(r1/2)/(L/2), in units of Mg /L. From Battaglia & Nipoti (2022).

Considering only baryonic matter one would expect for these systems a mass-to-light
ratio of the order of M/L ~ 1, while it is evident that dwarf galaxies, especially UFDs,
are dark-matter dominated.

Moreover, since the dynamical mass is obtained by measuring the velocity dispersion of
stars within the half-light radius of the dwarf, the values of Mgy, in Fig.2.8 underestimate
the mass of the hosting halo My,. For example, UFD galaxies around the Milky Way have
measured dynamical masses between 10* My and 107 M, and we expect their hosting
halos to have masses My, > 106 — 107 M. Finally, the high mass-to-light ratio of UFDs
is one of the characteristics that marks them as galaxies instead of star clusters, despite

their similar luminosities.

37



Stellar Archaeology and Dwarf galaxies

z z
30 6 3 2 1.3 30 6 3 2 1.3
e}
&9
wn
1)
3
=
=
£
=
5]
ComBer
ot
&9
w
1)
3
=
E
g
=
5]
Hercules Leo IV UMal

14 13 12 11 10 9 14 13 12 11 10 9 14 13 12 11 10 9
age (Gyr) age (Gyr) age (Gyr)

Figure 2.9: The cumulative SFH for each galaxy a function of stellar age and redshift, assuming two
bursts. Within 1o uncertain, the SFH for each galaxy is consistent with a model that has at least 80%

of the star formation completing by z ~ 6. Brown et al. (2014).

2.4.1 Ultra-Faint Dwarf Galaxies

UFD galaxies are the most common dwarf galaxies in the Local Group, representing
more than 50% of the total number of dSph. They are the oldest, most dark matter-
dominated, most metal-poor, and least chemically evolved stellar systems known (Simon
2019). Since they have the smallest dark matter halos they are more sensitive to feedback
processes, representing and extreme limit of the galaxy formation processes. Several
theoretical studies agree with the idea that UFDs are the living relics of the fist star-
forming minihalos that firstly hosted the Pop III stars (Bovill & Ricotti 2009; Salvadori
& Ferrara 2009; Munoz et al. 2010; Salvadori et al. 2015). These theoretical predictions
are also consistence with the observations of star formation histories (Brown et al. 2014;
Gallart et al. 2021) which reveals that more than 75% of the stars in UFDs have ages
> 10 Gyr (see Fig.2.9) and that they experienced simply assembly histories with no
major merger events. Moreover, spectroscopic studies show that CEMP stars have been
found in a significant fraction in UFDs (e.g. Frebel 2010; Norris et al. 2010; Lai et al.
2011; Gilmore et al. 2013; Lai et al. 2011; Kirby et al. 2013; Yong et al. 2013a; Frebel
et al. 2014; Yoon et al. 2019). Therefore, they are the compelling laboratories to search
for the hints of Pop III SNe. Complementary, the metallicity of the observed stars in
UFDs covers a broad range —4 < [Fe/H] < —1. Therefore UFDs can be also used to find
the chemical imprint of energetic Pop III SNe.
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2.4.2 Bootes I

Bodtes T was the first UFD galaxy discovered since it is one of the most luminous,
Liot ~ 10%5 Ly (Belokurov et al. 2006). Bodtes 1 is located at 66 + 2 kpc from the
Sun and, therefore it is one of closest Milky Way’s satellite. It has been the subject of
a number of investigations from both an observational (Frebel 2010; Norris et al. 2010;
Lai et al. 2011; Gilmore et al. 2013; Frebel et al. 2016) and a theoretical point of view
(Vincenzo et al. 2014; Romano et al. 2014). The color-magnitude diagrams of Bootes I
reveal that its stellar population is old and metal-poor, with mean age ~ 13.3 £ 0.3 Gyr
(Fig.2.9). The normalized MDF is shown in Fig.2.7 and it is the results of observations
of 41 RGB stars (Lai et al. 2011; Norris et al. 2013; Gilmore et al. 2013). Note that the
iron stellar abundance covers a range from —4.5 < [Fe/H] < —1 and the MDF reaches
the peak at [Fe/H] ~ —2.74. According to many theoretical studies (e.g. Vincenzo et al.
2014; Salvadori et al. 2015) Boétes I formed stars very inefficiently, i.e. with low star
formation rate, which makes it consistent for being one of the living relics of the first star
forming minihalos. All its characteristics make Bootes I an outstanding local benchmark
to find the first stars and to investigate the nature of the first SNe. From an observational
point of view furthermore, Bodtes I is the best studied UFD. In this Thesis we select

Bodtes I as the primary subject for our studies.
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CHAPTER 3

Modelling Ultra-Faint Dwart Galaxies

In this Chapter we describe the main features of the semi-analytic code that we developed
from scratch in order to follow the star formation and the chemical enrichment history

of an UFD galaxy, from the epoch of its virialization until the present day.

3.1 Model Description

We model the evolution and the chemical enrichment history of present-day UFD galaxies
by assuming that they experienced a “quiet” assembling history, i.e. without major
merger events. The evolution in isolation is a good approximation for these tiny systems,
as has been shown by cosmological models and simulations for the Local Group formation
(e.g. Salvadori & Ferrara 2009; Salvadori et al. 2015; Safarzadeh et al. 2018), as well
as recent observations (Gallart et al. 2021). To obtain a complete description of the
evolution of a single isolated UFD galaxy it is necessary to take into account the most
relevant physical processes driving the early galaxy formation such as the infall of pristine
gas, the star formation, the stellar evolution, and the SNe explosions that reduce the gas

in the galaxy that are described in next paragraphs.

3.1.1 Initial Conditions:

The nature of UFD galaxies is in ongoing debate. However, their observed properties
suggest that they could be the living relics of the first star-forming minihalos that hosted
Pop III stars. This scenario has been investigated, for example, by Salvadori & Ferrara
(2009) that explored the origin of UDF galaxies using a cosmological model for the for-
mation of the Milky Way and its dwarf satellites, including UFD galaxies. These authors
selected Milky Way’s satellite candidates among star-forming halos that correspond to
< 2 — o density fluctuations! because these objects are the most likely to become satel-

I The quantity o(M, z) represents the linear rms density fluctuation smoothed with a top-hat filter of
mass M at redshift z.
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Figure 3.1: Evolution of the minimum halo mass to form stars, Mg¢(z), (solid blue line), of the halo mass
corresponding to 1-, 2-, 3-0 fluctuations of the density field (long-short, long, and short dashed lines),
and of the halo mass with virial temperature Tyi; = 2 - 103K and Tyiy = 10*K (dotted lines) adapted
from Salvadori & Ferrara (2009). The light blue shaded area shows the condition to form satellite
dwarf galaxies, Mgf(z) < My < Ma,. The yellow star represents our choice for the initial conditions:

My, = 10735 Mg and 2, = 8.7.

lites (Diemand et al. 2005a). By comparing their model results with observations, they
concluded that UFD galaxies are associated to minihalos formed prior to the end of
reionization, z;; > 6, which have not experienced mergers, i.e. they evolved in isolation
(see also Salvadori et al. 2015). Following this approach we select the dark matter halos
that correspond to < 2 — ¢ fluctuations of the density field? and that are able to form
stars. The latter condition is described by the minimum halo mass required to allow
star-formation, Mg¢(z), see Fig.3.1, whose evolution accounts for the increasing Lyman
Werner and ionizing radiation (see Sec.2.1 Salvadori & Ferrara 2009). In Fig.3.1 our UFD
galaxies candidates are those with dark matter halo mass Mg¢(z) < My, < Ma, (indicated
with the shaded light blue area). Following the results of Salvadori et al. (2015) the
progenitor of Bodtes I has dark matter halo M;, = 10735 Mg that virializes at z,; = 8.7
(yellow star in Fig.3.1), and adopt these values as the initial condition of our model.

We assume that at the epoch of virialization the dark matter halo contains a total amount
of gas equal to Qy/Q, My,. The star formation becomes possible when the gas begins to
infall in the central part of the halo and to cool down. Considering the redshift of virial-

ization, the infalling gas can be assumed to be metal-free (e.g. Salvadori & Ferrara 2012).

2 We adopt A cold dark matter (ACDM) with h = 0.669, Qm = 0.3103, Q5 = 0.6897, Q,h? = 0.02234,
og = 0.8083, n = 0.9671, according to the latest Plank results (Planck Collaboration et al. 2018)
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3.1.2 Infall rate:

Following Salvadori et al. (2008, 2015) we exploit the results of simulations presented in

Keres et al. (2005) to compute the infall rate as:

dM;,, t )’ t
L -4 exp | — (3.1)
dt ting Ling

where A is the normalization constant, which is set to be A = 2Mh8—bﬁ so that for

t — oo the accreted gas reaches the initial value, M, f(00) = Qh/Qm My. In addition,
t is the time since virialization and ¢;,y is the time-scale on which the gas cools, which

is a free parameter of the model.

3.1.3 Star formation rate:

It has been assumed that star formation occurs in a free-fall time ¢ sy = (37/32Gp(z2))*/?,
where G is the gravitational constant and p the total mass density inside the halo. Stars
are assumed to form in a single burst at each time step, dt, and the star formation rate,

U, is given by:

U= = ¢, I (3.2)

where M, is the total stellar mass formed, Mg,s is the mass of the cold gas, and ¢, is the

star formation efficiency, a second free parameter of our model.

3.1.4 Pop III and Pop II/I stars:

The metallicity of the cold gas of the interstellar medium (ISM), Zgas = MSM/Mgas,
determines whether the stars forming are Pop III or Pop II/I stars. Pop III stars only
form if the metallicity of the gas is lower than the critical metallicity, Z., = 107%%Z,
(de Bennassuti et al. 2017), instead Pop II/1 stars form if Zgag > Zer. At each time step
we compute the stellar mass formed, and we assume that the star formation occurs only

if a minimum value is reached, i.e. if M, (t;) > M™® = 100 Mg (Klessen et al. 2011).

3.1.5 Stellar initial mass function:

The stellar mass formed at each time step is distributed according to an Initial Mass

Function (IMF). As a first approximation we assume that the stellar mass formed is
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Figure 3.2: Normalized Pop III IMFs explored in our model (see labels). Solid lines represent IMFs in
the mass range [0.1 — 100] M, while dashed lines have maximum mass, mmaz = 1000 M. The hatched
area highlights the IMF of present-day stars (Larson 1998).

enough to fully populate the IMF. In other words, the total mass of stars formed at each
time-step is distributed throughout the overall stellar mass range. As stellar IMF for

Pop II/I stars we choose a Larson-type (Larson 1998):

dN _2‘356_ Mch

d(my) = xm o (3.3)

dm, *

where the stellar mass m, varies in the mass range [0.1 — 100]Mg and m¢, = 0.35 Mg
is the characteristic mass. Since the Pop III IMF is unknown, we initially assume it to
be equal to the IMF of present-day stars (Eq.3.3, see Fig.3.2) and we explore the impact
of different minimum mass of Pop III stars, m,;,. Then we vary both the maximum
mass of Pop III stars, M4z, and the Pop III IMF shape by assuming three different m.y,
along with a Flat IMF. All our explored Pop III IMFs are summarized in Fig.3.2.

3.1.6 Stellar evolution:

The model accounts for the finite stellar lifetimes, i.e. for the evolution of stars with
different masses. We use the relation derived by Raiteri et al. (1996) in which the stellar
lifetime depends not only on the stellar mass but also on the stellar metallicity, ¢, (my, Zy),
which is settled by the ISM out of which stars formed. All stars whose lifetime is greater
than the difference between the age of the Universe at z = 0 (~ 13.8 Gyr) and the age of
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the Universe when they formed, ¢, > (t,—0 — ¢ , can survive until today (see details

Zform )
in Salvadori et al. 2008). In particular, according to the adopted lifetime-mass-metallicity
relations, all stars with m, < 0.8 Mg have a lifetime greater than the age of the Universe

and can therefore survive until today independent on their formation redshift.

- Returned fraction and metal yields:
Stars return gas into the ISM, via supernova (SNe) explosions or via stellar winds
in the Asymptotic Giant Branch (AGB) phase. This gas becomes thus newly avail-
able for star formation. We compute the rate at which the gas is returned into the
ISM as:
dR(t)

100 Mg
7 - /mwm(z)[(m* - wm(m*»@(m*)\l’(t - t*)]dm* (3'4)

where w,,(my) is the remnant mass of a star with initial mass m,, ¥ the star

formation rate, and ¢, = t.(my, Z,) is the stellar lifetime.

The gas that is returned to the ISM carries with it the products of nuclear burning,
i.e metals (Z). The rate of heavy elements newly synthesised inside stars and re-

ejected into ISM is:

dYZ(t) _/lOOM@
.

(M — win (M) — mz(my, Z:))Z(t — t)+
Mirn (2) (3.5)

My (My, Zi))P(my) U (t — to)|dmy

where mz(my, Z,) is the mass of heavy elements produced by a star with initial
mass m, and metallicity Z,, and Z(t — t,) is the abundance of metals in the ISM
at the time (¢ — ). In our model we follow the evolution of the total amount of
heavy elements (Z) and of iron (Fe). The values used in our model to compute the
metal yields and returned fraction of gas are those derived by Woosley & Weaver
(1995) for both Pop II/I and Pop III stars with masses < 100 M, while for Pop III
stars with 140 Mg < mpepir < 260 Mo we adopt the yields by Heger & Woosley
(2002).

3.1.7 Mechanical feedback:

Stars with masses m, = [8 — 40]Mg end their life as SNe. SNe explosions power a blast
wave which, if sufficiently energetic, may overcome the gravitational pull of the host halo
leading to expulsion of gas and metals into the intergalactic medium (IGM). We assume
the mass of gas ejected into the IGM due to SNe explosions to be regulated by the equa-

tion:
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1
§Mejvgsc = Esn (3.6)

where Egy = ey Ngn (Egn) is the total kinetic energy injected by SN-driven winds, Ngy
the number of SNe, (Egn) the average SNe explosion energy, and €, is a free parameter,
which controls the conversion efficiency of the explosion energy into kinetic form. As-
suming the IMF described by Eq.3.3, we get that the number of SNe per unit of stellar
mass formed ngy is:
40 Mg
8 Mg

NSN = ~To0 Mg
0.1 Mg

My D(my)dm,

My D(my)dm,

~ 1072 (3.7)

For the average value of the SNe energy we assume (Egn) ~ 105! erg for Pop II SNe,
which is a typical value for a normal core-collapse SNe. For for massive Pop III stars
([140 — 260] M), i.e. Pair Instability SNe (PISN), we use the mass-energy relation of
Heger & Woosley (2002), in which the energy increases with the mass of PISN. For less
massive Pop III stars ([8 — 40] M) we assume the same energy of Pop II SNe.

Following Salvadori et al. (2008) we differentiate Eq.3.6 to get the gas ejection rate:

dMej o 2 €w <ESN> dNSN 2 Ew <E5N> _9
= ~ 10
dt v2 dt v2

esc esc

dM,
dt

(3.8)

and compute the escape velocity of the gas as a function of the halo virial radius,
2 _ GM

esc

v (Barkana & Loeb 2001). In our model we assume that the metallicity of

Tvir
the ejected gas is the same as that of the ISM. This is an approximation, we are as-
suming that there is a complete mixing between the gas inside the halo and the heavy

elements injected into the ISM by SNe explosions.

A limitation of this study is that only core-collapse SNe (m, = [8 — 40] M) have been
considered for Pop II/I stars and we have not included the contribution of SN Ia. The
choice was guided by the fact that the evolutionary timescales associated with SN Ia are
typically very long, > 1Gyr, compared to the evolution time-scale of our galaxy (~ 500
Myr). Although there are studies that have shown that the evolutionary scale times of
SN Ia can be shorter (e.g. Matteucci et al. 2006), cosmological models for UFDs forma-
tion that also include prompt formation of SN Ia show that their influence on the chemical
evolution is extremely limited, and is only relevant at the highest [Fe/H] (Salvadori et al.

2015). In fact, a detailed chemical abundance study of Bodtes I did not reveal significant

46



Modelling Ultra-Faint Dwarf Galaxies

SN Ia contribution (Gilmore et al. 2013). Therefore their contribution will only be con-
sidered in future work. Finally, we considered the evolution of an isolated UFD galaxy,
however to obtain a more accurate and realistic model the cosmological context should

be considered.

3.1.8 Galaxy evolution:

To follow the evolution of an UDF galaxy we solve Eq. 3.2 along with the subsequent

system of differential equations:

dMyas AR dMiy;  dM.,
= —ql - .
dt * dt + dt dt (39)
dMz ISM aYz inf AMing 1sm AMe;
=—7Z v4 —4+ 2" — 7 —_— 3.10
dt * dt + dt dt ( )

where Mg, in Eq.3.9 is the mass of cold gas inside the halo, which increases due to
the infall rate (Eq.3.1) and to the amount of gas released by massive and AGB stars
(Eq.3.4), and it decreases due to star formation (Eq.3.2) and gas ejection caused by SNe
explosions (Eq.3.8). The second equation, Eq.3.10, describes the variation of the total
mass of metals (Mz) in gas where ZPM, Zinf and 7 are respectively the metallicity in
the ISM, in the infalling gas, and in the ejected gas. In our model we assume Z™f = 0,
i.e. the infalling gas is considered metal (and iron free) and Z% = Z™M (see previous
paragraph). Thus, we can write the fourth equation that describes the evolution of the

iron mass in the ISM as:

M MIS]\/I Y, MISM M. .
dMpe _ Mp™  dVpe  MpM dM,; (3.11)
dt My At Mye, dt

where M}TSEM is the total iron mass in the ISM.

3.2 Model Calibration

The model includes three free parameters: the infall time, ¢;,¢, the star formation effi-
ciency, €., and the SNe wind efficiency, €,,. We calibrate our model by comparing with
observations, using a statistical approach. In particular, we fix the free parameters of

the model to reproduce the following observed properties of Bootes I:
e The total luminosity of the galaxy, log(L./Lg) = 4.5+ 0.1 (Kirby et al. 2013);

e The average iron abundance of stars, ([Fe/H]) = —2.58 £ 0.43 (Lai et al. 2011,
Norris et al. 2010);
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e The time interval, counted starting from the first star formation event, needed to
form at least the 50% of the total stellar mass (Cumulative SFH= 0.5, t50 =
(600 + 400) Myr, Brown et al. 2014);

e The observed metallicity distribution function (MDF)? (Norris et al. 2010; Lai et al.
2011; Gilmore et al. 2013).

Since Pop III stars have not been observed so far, we calibrated our model by assuming
that there are no zero-metallicity stars survivors. Therefore, we set the minimum mass
of Pop III stars to My, = 0.9 Mg.

By varying tinf, €+, €, we find the combination that minimises the reduced x?. The
x? distribution presents a minimum for (¢, €x,€,) = (14.5 Myr,0.07,0.03) for which
we get x2 = 0.33. In the top panel of Fig.3.3 we show the x? confidence levels in the
parameter space of €, and €, at fixed t;,r = 14.5 Myr. We note that degeneracy exists

between the parameters, however the minimum of x? is unique.

From each combination of (e, €, ), we derive ([Fe/H]), and the total luminosity, L,. The
corresponding Fe — L, relation is shown in the middle panel of Fig.3.3, where we compare
our model results with the observed ([Fe/H]) — L, relation for Bottes I and other Local
Group UFDs (Kirby et al. 2011, McConnachie 2012; Kirby et al. 2013; Simon 2019;
Gallart et al. 2021). As we can see, the x? 99% confidence level contour contains three
other UFD galaxies: Hercules, Leo IV and EridanusII. This means that we expect these
galaxies to have experienced an evolution similar to that of Bootes I and hence to have
similar best values of the free parameter (e,, €,,). To check this, we re-calibrate the model
to fit the observed properties of each one of these three additional UFDs (see Tab.3.1
for their physical properties). The (e, €,,) values obtained for these UFDs are shown in
Fig.3.3 (top panel). We see that in all cases the combinations of (e, €,) are enclosed in
the 99% x2 confidence level contours of Bodtes I. Finally, the bottom panel of Fig.3.3
shows the comparison between the observed MDF of Bodtes I and the simulated one,
which are in good agreement, while in Fig.3.4 the same comparison for Hercules, Leo IV
and Eridanus II. We can see that in all cases we find a good agreement between model

results and observations.

3 we use 8 points in the observed MDF
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Figure 3.3: Top panel: x2? confidence level contours in the parameter space (€éx,€w). Red, orange, light
green and magenta crosses indicate the minimum of the reduced x? for Bodtes I, Leo IV, Hercules and
Eridanus II, respectively. Middle panel: Iron-Luminosity relation, colours trace the x2 confidence level

contours. Bottom panel: comparison between the simulated (blue), and the observed (red) MDF of

Bodtes 1.
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Galaxy log(Ly/Lg) ([Fe/H]) t50(Myr)
Bodtes I | 4.5+0.1 | —2.58+0.43 | (600 - 400)
Hercules 4.46 £0.14 | —2.41+£0.04 | (600 = 500)

Leo IV 4.28+0.16 | —2.54+0.07 | (400 + 300)

Eridanus IT | 4.70+0.22 | —2.38£0.04 | (100 £ ...)

Table 3.1: Observed properties of UFDs in the x2 99% confidence level contour of Bottes I. The observed
MDFs are shown in Fig. 3.4.

3.3 Modelling the IMF random sampling

The data-calibrated model was obtained by assuming to fully populate the IMF (Sec. 3.1).
It is customary to treat the stellar mass distribution, i.e the IMF, like a continuous
function where the stellar mass formed is distributed over the whole range of masses.
When dealing with a large galaxy, or a high star-formation rate in general, it is justified
to think of the IMF as a densely sampled probabilistic function. However, when dealing
with poorly star-forming systems, the hypothesis of a fully populated IMF breaks down
(Kroupa & Weidner 2003; Weidner & Kroupa 2006; Carigi & Hernandez 2008; Kroupa
et al. 2011; Leaman 2012; Weidner et al. 2013; de Bennassuti et al. 2017; Applebaum
et al. 2018). It is therefore important to understand how the incomplete sampling of the
IMF influences the chemical evolution of poorly star-forming UFDs.

Therefore, in this section we first study how the IMF is populated in UFD galaxies that
form stars at a very low rate, and then we explore its consequences on the chemical
evolution of Booétes I. Finally, we investigate the effect of the IMF random sampling on

the expected number of long-living first stars in our fiducial model.

3.3.1 Stochastic IMF sampling procedure

The Monte Carlo procedure that is used to determine the masses of stars formed in a
single burst, M,, can be described as follows: we choose a normalized IMF (e.g. Larson,
Eq.3.3), and then we build up the probability function, i.e. the cumulative IMF that
ranges between 0 and 1. For each randomly extracted number between 0 and 1, we
determine the corresponding mass through the probability function. When the extracted
random number falls in the mass interval between m! and m!T! we assume to form a
star with mass m? = (m! + mit!)/2. Random numbers are generated until the total
mass of stars equals the stellar mass formed, M, = >, mi N\, where Ni is the number

of stars with mass ml. Thus at each time step, we obtain the effective IMF that can be

compared with the theoretical one.
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Figure 3.5: Comparison between the theoretical IMF (purple dashed lines) and the effective mass distri-

bution resulting from the random sampling procedure (orange histograms).

3.3.2 Model validation

To validate the method adopted to stochastic populate the IMF, first we try to reproduce
the results presented in the paper by de Bennassuti et al. (2017) who assumed a Larson-
type IMF (see Chapter3, Sec.3.1.5) with m., = 20 Mg in the mass range m, = [10 —
300]Mg. Fig.3.5 show the comparison between the theoretical IMF and the one obtained
with the random sampling procedure by assuming different total stellar masses. The
effective IMF appears like a collection of histograms while the dashed line gives the
theoretical IMF. It is illustrative to see how the discrete sampled IMFs converge to the
theoretical ones as the total stellar mass increases. Therefore, the sampling of the IMF
strongly depends on the stellar mass M,. In particular for value of M, lower than 10* M,
the theoretical IMF is not well reproduced. So the lower is the stellar mass formed, the
worse is the match between the sampled and the theoretical IMF. Instead, when M,
> 10° Mg, the overall mass range can be fully sampled and the theoretical IMF is well
reproduced. This is in perfect agreement to what as been found by de Bennassuti et al.

(2017) (see their Fig.2).
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3.4 The evolution of UFDs with IMF random sampling

To follow the evolution of poorly star-forming UFD galaxies, we implemented the model
so that giving in input the total stellar mass formed at each time step M,, we simulate
the stellar population having a total masses M, by sampling directly the theoretical IMF.
This produce a discrete collection of stars, which is then used as input for the chemical
evolution code.

In Fig.3.6 we illustrate how this random IMF sampling affects poorly star-forming UFDs
when a normal Larson IMF is assumed for both Pop III and Pop II/I stars. The top
panel shows the predicted SFH of Bodtes I, which illustrates that UFDs have extremely
low star-formation rates across their whole evolution (¥ < 3-1073Mgyr~1t). The bottom
panels show the comparison between the theoretical IMF and the effective one, resulting
from the Monte Carlo procedure, for three different evolutionary phases. The lower is W,
the worse is the sampling of the theoretical IMF, in particular at the high-mass end.
Furthermore, the overall star-formation rate is so low in these small systems, that when
the IMF is shifted towards higher masses, m., > 1 Mg, we can only form a few stars
around the peak. In those cases, the IMF is poorly populated both at high and low
masses. As we will see in Sec.4.1 this effect is extremely important for the surviving
Pop III fraction.

Moreover, since we will test different Pop III IMF in Fig.3.7 shows the comparison be-
tween the theoretical Pop III IMF (see Fig.3.2) and the effective one obtained with the
random sampling procedure, when we assume to form a total stellar mass of ~ 200 M.
This the typical mass formed in a single burst during the early evolutionary phases of
Bodtes I, i.e. when ¥ ~2-107* Mgyr~! (Fig. 3.6). We see that the theoretical Pop III
IMF is poorly sampled independent of its shape, the m.p, and the m,q,. Furthermore,
while for m., = 1 Mg we still have a good sampling of the Pop III IMF at the low-
est mass-end, m, < 1 Mg, when the peak of the IMF is shifted towards higher masses
(men, = 10 Mg) or there is not a preferential mass scale, i.e. the IMF is flat, the low-
est mass-end becomes less and less populated with respect to the theoretical IMF. This
implies that the number of surviving Pop III stars is much lower than expected. These

results are even more extreme for m,,., = 1000 Mg (bottom panels).
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Figure 3.6: Panel a: star formation history of Bottes I according to our fiducial model. The vertical
yellow line shows the transition between Poplll and Popll stars. The coloured shaded histogram bins
underline the star-formation rate in three different evolutionary phases: the early star formation, (¢t —
tform) = 10Myr, when PoplII star form at a very inefficient rate (¥ =~ 2- 104 Mgyr—1, yellow); and two
other stages, (t—tform) ~ 20—40Myr, when PoplI stars form and the star formation rate is at the average
(¥ ~ 1073 Mgpyr—!, blue) and the maximum (¥ ~ 2.5 1073 Mgyr~!, purple) value. Panels b)-c)-d):
for the three evolutionary phases highlighted in panel a) we compare the normalized theoretical IMF
(dashed line) and the effective IMF (histograms) resulting from our Monte Carlo procedure (Sec.3.3.1).

Note that the IMFs have been normalized to one.
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Figure 3.7: The comparison between the theoretical IMF (red dashed line) and the effective one (blue
histograms) for different shapes and maximum mass, mmaz, of the Pop III IMF. We show a Larson IMF
with m.p, = 1 Mg (left panels), m., = 10 M (middle panels), and a flat IMF (right panels). The top
(bottom) panels show results for mmaz = 100 Mg (Mmmaz = 1000 Mg).

It should be noted that these results might be affected by the choice of At, since the IMF
random sampling strongly depends on the total stellar mass formed in a single time-step.
However, we are limited in choosing the time-step resolution: if we want to adequately
follow the stellar evolution we need to have At < 4 Myr. On the other hand, the typ-
ical time scales for star formation are At > 0.1 Myr. We investigated how different
choices of At, in the allowed range [0.1 — 4]Myr, affect the chemical evolution of the
galaxy. In order to match the global properties of Bootes I for larger (smaller) time-steps
we are obliged to choose lower (higher) star formation efficiencies, so the resulting ¥
and fraction of Pop III stars are exactly the same. In other words, the system is “self-

regulated” by feedback processes, and the results of the IMF random sampling are robust.

In conclusion, our results show that, even at the peak of the star formation in Bootes I
(Fig.3.6), there is not a complete convergence between the effective IMF and the theoret-
ical one. In general, we find that the overall mass range can be fully sampled only when
U > 1071 Mgyr~!, which is never the case in UFDs. Thus, our findings demonstrate
that to study UFDs it is fundamental to model the incomplete IMF sampling, which not

only affects Pop III star formation but also the formation of “normal” Pop II/T stars.
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3.4.1 Impact of the IMF random sampling

Accounting for the random sampling of the IMF produces two main differences with re-
spect to a fully populated stellar mass distribution. The statistical sampling of the IMF
produces a more realistic, discrete number of stars for each mass bin. Secondly, when the
star formation rate is small (< 1073 Mgyr—1!), the effective IMF is only populated with
a few stars beyond 8 Mg, (see Fig.3.6). Since stars with 8 Mg < m, < 40 Mg, are those
that explode as SNe and are responsible for outflows and enrich the ISM with metals,
the chemical enrichment history of the UFDs with and without IMF random sampling

could be very different.

Due to the stochastic nature of the IMF sampling, every time that a star formation event
occurs the effective stellar mass distributions can be differently populated, especially at
the higher masses. For this reason we exploit a statistical approach and derive the main
properties of Bodtes I (see Sec.3.2) by averaging among the results of 50 runs of the code

and quantifying the scatter among them.

In Fig.3.8 we compare the MDF obtained by assuming a fully populated IMF to that
achieved with stochastic IMF sampling. In both cases we assume the same free param-
eters (Sec. 3.2). The most important difference between the two MDFs is the number
of surviving zero-metallicity stars, which is more than three times higher in the random
IMF sampling case, i.e. = 10% of the total number of stars instead of 2.7%. As we can
see in Fig.3.8, the resulting MDFs are also different in the position and amplitude of the
peak. In fact, the MDF obtained with the random IMF sampling has a less pronounced
peak that is shifted towards higher iron abundance, [Fe/H] ~ —2. As a consequence the
observed properties (L, and average [Fe/H]) are not well reproduced in the random IMF

sampling model due to the lower star formation rate.

We can therefore conclude that, when we account for the IMF random sampling in the
modelling of poorly star-forming UFD galaxies, their evolution and global properties
change. Hence, the model needs to be re-calibrated, using the procedure described in
Sec.3.2. The new free parameters that minimise the reduced x? are (finf,€x,€p) =
(14.5 Myr,0.9,0.03). Note that €, is much larger in this case?. Because of the poor
IMF sampling at high masses, the effect of mechanical feedback driven by SNe is not
continuous but intermittent. The impact of SNe explosions is therefore stronger since it

is produced by a finite number of SNe instead of fractional numbers indeed, following the

4 The fraction of gas that at each time-step is converted in stars is given by the ratio between star-

formation efficiency and the free-fall time, i.e. ex - dt/tss(z) (see Sec.3.2)
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Figure 3.8: Comparison between the MDFs obtained with (light blue) and without (blue, same as
Fig.3.3) IMF random sampling for which we respectively get: log(L+/Lg) = 4.1, ([Fe/H]) = —2.6, and
log(L+/Le) = 4.4, ([Fe/H]) = —2.7. The MDF obtained by stochastically sampling the IMF has been
derived by averaging over 50 runs. The error bars represent the +o dispersion among different runs. For

the case without the random sampling we show the Poissonian errors.

chemical evolution of the galaxy it emerged that the explosion of one, at most two SNe,
is enough for the ISM metallicity to exceed Z'M = 1073°Z. As a consequence, the star
formation rate is more easily damped. Thus, to reproduce the the total luminosity of
Bootes I, a higher star-formation efficiency, €, is required. Finally, with the re-calibrated
model, using these new parameters, we get that the fraction of zero-metallicity stars is
~ 12% with respect to the total survivor stars. To better understand the impact of IMF
random sampling in Fig. 3.9 we show the evolution of the ISM iron abundance, [Fe/H],
the star formation rate, ¥, and the ejected gas mass, Mg, of Bottes I when we consider
models with and without the random sampling of the IMF. In the bottom panel of Fig.3.9
we see that [Fe/H] in the random sampling model starts with a time-delay of ~ 2Myr.
This is because the more massive SNe, m, = 40 My, that explode first are not produced
in this early burst of star formation, which has ¥ ~ 10=* Mgyr~! (middle panel). Still,
as soon as low-mass SNe stars to explode, the [Fe/H] in the IMF sampling model rapidly
grows, exceeding the value of the model without sampling (top) in spite of the equal
rate of star formation (middle panel). This is because the random sampling of the IMF
provide us with a finite number of SNe instead of a fraction. Although delayed, the effect
of feedback from SNe is stronger on both the ISM enrichment (top) and the mass of gas
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ejected (bottom panel). When (t—%form) = 25 Myr, i.e. at the peak of the star formation
for the IMF sampling model, we find that [Fe/H|~ —2.6, which corresponds to the peak
of the MDF (Fig. 3.8). In the model without IMF sampling the star formation rate
reaches higher values but this maximum appears at later times, (t — tform) =~ 35 Myr.
Yet, because of the lower metal enrichment, [Fe/H|~ —2.7. This explains why the MDF
is higher but shifted towards lower [Fe/H] values in the model without IMF sampling
(Fig. 3.8).
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CHAPTER 4

Unveiling the minimum mass of the first stars

The IMF of the first stars is one the most puzzling topics in modern Cosmology. Since
there are no direct observations of metal-free stars, which could provide constraints on
their mass, the IMF of Pop III stars is still completely uncertain and giving constraints
on it remains elusive. As we discussed in Chapter 1 and Chapter 2 theoretical stud-
ies on the formation of the first stars suggest that Pop III stars were predominantly
very massive with characteristic mass [10 — 20] Mg (Omukai & Palla 2001; Abel et al.
2002; Bromm et al. 2002; Tan & McKee 2004; Hirano et al. 2014). This was confirmed
by the studies of Stellar Archaeology that indirectly proved the existence of massive
Pop IIT stars ([10 — 60] M), as well the proof of existence of pair-instability supernovae,
m. = [140 — 260] Mg (Aoki et al. 2014; Salvadori et al. 2019; Tarumi et al. 2020).
However, 3D simulations that study the cooling of primordial gas reveal that less mas-
sive Pop III stars, with mass m, < 0.8 M, can form. (e.g. Machida et al. 2008; Turk
2009; Smith et al. 2010; Clark et al. 2011; Greif et al. 2011; Stacy et al. 2013; Dopcke
et al. 2013; Stacy & Bromm 2014; Stacy et al. 2016; Susa 2019; Wollenberg et al. 2020).
Therefore it cannot be excluded that Pop III stars with m, < 0.8 Mg might be able to
form and survive until present-days. Hence, the precise value of the lower-mass limit to
Pop III stars is important in predicting whether any truly metal-free stars could have
survived until the present-day. At the moment, we have only a few observational-driven
constraints on the IMF of the Pop III stars, and we are not even able to exclude that it

was equal to the present-day stellar IMF. How can we further constrain the Pop III IMF?

The non-detection of zero-metallicity stars in ultra-faint dwarf galaxies can be used to
constrain IMF of the first stars by means of a statistical comparison between available
data and predictions from chemical evolution models. To this end, in this Chapter we
investigate the frequency of Pop III star survivors in UDF galaxies and we explore the
impact of different shape and lower mass-limits of the Pop III IMF on the expected

number of long-living first stars in Bodtes 1. By comparing our model results with the
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current number of observed stars in Bodtes I, and other UFDs, we give constraints on
the shape (characteristic mass, mcp,) and low-mass end (the minimum mass, M, ) of
the first stars. The results presented in this Chapter are mainly based on the paper Rossi

et al. (2021).

4.1 Impact of the Pop III IMF

As we see in the previous Chapter 3 (Sec. 3.4), our study has revealed that it is crucial
to take into account the incomplete sampling of the IMF in poorly star-forming systems,
like UFDs, to realistically represent their stellar populations. This is especially relevant
for the earliest star formation, where Pop III stars formed very inefficiently for a limited
time. So far we have assumed that PopllIl stars form according to the present-day stellar
IMF (see Eq. 3.3). With this assumption we estimated that the expected fraction of
long-lived Pop III stars in Bodtes I is ~ 12% of the total. Now we explore how this
result changes by varying the Pop III IMF shape, minimum, and maximum mass. As
illustrated in Fig.3.2, we here consider three Larson IMF with different characteristic

masses, My, along with a Flat IMF case (see also Sec.3.1.5).

4.1.1 Pop III star survivors

Our results show that the observed global properties of Bootes I are almost entirely de-
termined by Pop II/T stars, and that the Pop IIT IMF has negligible effect on the average
[Fe/H] and L, of the galaxy. Pop III stars form during the first evolutionary phase of
Bootes I, (t —tform) ~ 15 Myr, when the star formation rate is low, ¥ < 10735yr=! Mg,
(see Fig.3.6). Their contribution to the total stellar mass formed in Bootes I, and there-
fore to the total Ly, is only ~ 10%. Consequently, very few Pop III SNe are formed, both
due to their low star formation rate, and the incomplete sampling of the IMF. The over-
all ISM metal enrichment is therefore dominated by Pop II/I stars. Similarly, changing
the Pop IIT IMF only slightly affects the MDF of Bottes I. This is illustrated in Fig.4.1,
where we show the MDFs obtained by varying both the shape and lower mass limit of
the Pop III IMF. All the simulated MDFs are in good agreement with that of Bootes I
and consistent among each other (i.e. within the dispersion of different runs). This is
because the shape of the MDF between —4 < [Fe/H] < 1 is driven by the Pop II/T stars

whose IMF has not been changed.
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Figure 4.1: The simulated MDFs, obtained by varying the PoplIl IMF, in comparison with that of
Bodtes I (red histogram). In the column we show MDFs obtained by varying the minimum mass,
Mumin, of the Poplll stars, while the different colours identify different IMF shapes, i.e. the different

characteristic mass, mgp.
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Figure 4.2: The number of Pop III survivors, Ngurv (Zx < Zer), with respect to the total, Niot, as
a function of the minimum mass of Pop III stars, min, assuming a maximum mass of Mmaz =
100, 1000 M (solid, dashed lines). The colours represent the different choices of the Pop III IMFs (see
Fig.3.2).

Conversely, the expected number of Pop III stars changes considerably by varying the
Pop III IMF. This is illustrated in Fig.4.2, where we show the number of surviving Pop III
stars, Nguryv, With respect to the total number of stars in Bootes I, Ny, for different m,,,57,,
Mumaz, and shape of the Pop III IMF. At fixed my,;,, we can see that Ngyp/Niot de-
creases as mgp increases. This is expected since when my, increases it becomes less
likely to form stars with m, < 0.8 Mg, especially when the star formation rate is low
(¥ <1073 Mg yr—!). For this reason, both the Flat Pop III IMF and a Larson Pop III
IMF with m., = 10 Mg give very low Ngury/Nior < 0.0001.

By varying m,., at fixed m.p, we can identify two different trends: for m., = 0.35 Mg,
Naurv/Ntot decreases with increasing m,ip,, while for all the others IMFs the increase of
Mumin has essentially no effect on the fraction of long-lived Pop III stars. These trends
can be explained as a combination of two effects: the shape of the theoretical IMF, i.e.
the higher is the characteristic mass, the more unlikely it is to form low-mass stars; and
the incomplete IMF sampling.

For m.;, = 0.35 Mg the low-mass end of the Pop III IMF, i.e. where the maximum
resides, is well-populated even when the star formation rate is very low (see Fig.3.6). So

when we increase m,;, we are automatically decreasing the number of low-mass Pop III
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stars that can form and survive until the present day. Increasing m.,;, therefore leads
to a decrease in the percentage of survivor Pop III stars. Instead for m., > 1 Mg and a
Flat IMF, when ¥ < 1073 Mgyr~1 it is unlikely to form stars with m, < 0.8 M. Hence,
by increasing m,;, the probability to form low-mass stars does not change significally,
and therefore the percentage of long-lived Pop III stars is roughly constant.

In Fig.4.2 we also explore how the fraction of Pop III stars changes if we extend the
maximum mass of Pop III stars, my,qq, up to 1000 M. As we can see, Ngurv/ Niog 18
roughly independent of m,,... In fact, as we have previously discussed, Pop III stars
formed in the first evolutionary phases of the galaxy, when ¥ < 1072 Mgyr—!. It follows
that the Pop III IMF is badly populated, especially for m, > 10 M, whatever IMF is
chosen (Fig.3.6 panel a). Hence the probability to form low-mass stars does not change.
In conclusion, extending M4, up to 1000 Mg has very little effect on the fraction of

Pop III stars that we expect to find in Bodtes 1.

Finally, we made the same analysis for the other UFDs that have global properties
consistent with our model (Fig.3.3). The fractions of Pop III star survivors that we
expect to find in Hercules, Leo IV and Eridanus IT are all consistent with those of Bootes I,

within the error bars.

4.2 Constraining the low-mass end of Pop III stars

We can now exploit the non-detections of metal-free stars in Bodtes I to put constraints
on the minimum mass of Pop III stars. The key question is: how many stars do we need
to observe to have a probability! of 68%, 95% and 99% to catch Pop III stars for a given
IMFE?

Following the statistical approach of Hartwig et al. (2015), we estimate the minimum
stellar sample (N, ) needed to be observed in Bodtes I as a function of my,;, for different
Pop III IMFs to constrain m.,;, (Fig.4.3). Since no Pop III stars have been discovered
so far, all models that predict a N, smaller than the total number of stars observed in
Bodtes I, can be used to constrain m,,;,,.

For me, = 0.35 Mg, N, increases with m,;, (Fig.4.3). As discussed in the previous
Sec.4.1.1 (Fig.4.2), the fraction of Pop III survivors, Ng,, decreases with increasing
Mmqn and so a larger stellar sample is needed to exclude their existence. Instead, N, is

roughly constant for m., = 1Mg (Fig.4.3), and this reflects the roughly constant trend of

I Assuming that all stars have the same probability of being observed, the probability of not having

—_ (Ntot *Nsurv)!(Ntot *No)!
Ntot!(Ntot =Nsurv —No)! 2

detected any Pop III survivor stars in the observed sample is: pg where Nyot
is the total number of stars in the galaxy at z = 0, Ngurv the expected number of survivor Pop III stars,

and N, is the number of observed stars. 1 — pg is therefore the probability to observe Pop III stars.
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Figure 4.3: The sample size, No, needed to constrain the Pop III IMF as a function of m,;, of the
Pop III IMF. The different colours represent the Pop III characteristic mass, purple m.;, = 0.35 Mg,
and orange m., =1 Mg. The lines mark the different confident levels: 68% (solid), 95% (dashed), and

99% (dotted).

Ngury With mp:, (Fig.4.2). In Fig.4.3 we only show our findings for m., < 1 Mg because
in the case m.;, = 10M, and the Flat IMF the sample size required to put constraints is
~ 10%, independently of M,nin and Mas. We can now try to get some observationally
driven limits on m,;, for different Pop ITII IMFs. So far there are only 41 stars in Bodtes [
with measured iron abundances. By using these stars (red area in Fig.4.3) we can already
exclude that Pop III stars formed according to a present-day stellar Larson-type IMF
at the 68% confidence level. In other words, either m¢, > 0.35 Mg or My, > 0.8 Mg,.
We recall that our model is also able to reproduce the properties of the UFD galaxies
Hercules, Leo IV, and Eridanus II (Fig.3.3). If we also consider stars that have been
observed in these UFD galaxies, the actual sample size goes up to N, = 96 (orange area
in Fig.4.3). Using these additional data we get even tighter constraints, and the present-
day stellar IMF is excluded at the 95% of confidence level. Furthermore we can assert

that mpyin > 0.8 Mg or mep, > 1 Mg at the 68% of confidence level.
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4.2.1 Stronger Pop III IMF constraints

By using the non-detection of zero-metallicity stars in Bodtes I, we have constrained the
shape and minimum mass of the Pop III IMF (Sec.4.1). However, even if Pop III stars
with m, < 0.8 Mg were able to form and survive until today, it does not necessarily
imply that they are readily identifiable. Currently, we can obtain the spectra necessary
for iron abundance determination, only for the most luminous red giant branch stars
in UFD galaxies. Therefore, to quantify and identify Pop III stars that are on the
red giant branch, color-magnitude diagrams (CMD) are required. This will allow us
to determine how many Pop III stars are bright enough to be observed with current
telescopes, but also to make testable predictions for the new-generation telescopes and

instruments (MOSAIC/ELT, Hammer et al. 2014; Evans et al. 2015).

4.3 Simulating the Bootes I CMD

To simulate the CMD of Boétes I we used the PARSEC isochrones (Bressan et al. 2012)
and CMD generator? adopting the SDSS ugriz photometric system. For the evolutionary
tracks we use PARSEC version 1.2S plus COLIBRI S35 (Pastorelli et al. 2019) that
add the TP-AGB evolution. For dust we assumed the scaling relations from Marigo
et al. (2008), the extinction curve of Cardelli et al. (1989) plus O’Donnell (1994), and we
applied extinction coefficients computed star-by-star. Finally, we selected the Kroupa
IMF that, especially in the low-mass end, is the most similar to the Larson IMF assumed
in our model (see Sec. 3.1.5). Note that PARSEC is limited in metallicity, therefore
we assign to metal-free stars the minimum available metallicity of Z, = 10~7 Zs. The
synthetic CMD is shown in Fig.4.4, where i magnitude has been corrected, taking into
account the distance of Bootes I (McConnachie 2012). For each star in the CMD we

assign a random error in magnitude and color 2 in order to simulate real observations.

2 available at http://stev.oapd.inaf.it/cmd
3 We adopt the errors estimated in:http://classic.sdss.org/dr4/algorithms/sdssUBVRITransform.html
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Figure 4.4: The Bootes I simulated CMD, derived using PARSEC CMD generator with SDSS photomet-
ric bands. The color bar represents the mass of the stars in the CMD, while the two dashed horizontal
lines indicate respectively the limit magnitude of the current observations of Bootes I, i = 19, and the

limit given for MOSAIC on ESO ELT , i = 25.

4.3.1 Can we really catch zero-metallicity stars?

The synthetic CMD in Fig.4.4 shows a clear general trend of stellar mass and luminosity,
i.e. the smaller is m,, the fainter is the star. The spectroscopic data, currently available
for Bootes I, reach a magnitude i ~ 19, for which 41 stars have measured [Fe/H|. At
the moment we are thus only able to measure iron and other chemical elements in the
more massive, and therefore more luminous stars, m, > 0.7 Mg. However, to catch
potential zero-metallicity stars with m, = 0.1 Mg, observations should reach extremely
deep magnitude, i = 32. Indeed, as show in Fig.4.4, the planned MOSAIC instrument
on the ESO ELT will be able to reach V = 25 at R ~ 15000 — 20 000 (Evans et al. 2015).
This means that most of these very low-mass Pop III stars, if they ever existed, will be

invisible even for future generation telescopes.
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Figure 4.5: The fraction of zero-metallicity stars with respect the truly observable sample of stars as a
function of the Pop III minimum mass. Colours identify the different Pop III IMFs, where

Mmaz = 100 Mg in all cases.

4.3.2 How to get tighter Pop III IMF constraints

In Sec.4.2 we estimated the fraction of Pop III stars that survive until z = 0 with respect
to the total number of surviving stars in Bodtes I, i.e. all the stars present in the CMD
(Fig.4.4). What happens if we compute the number of Pop III star survivors within the

sample of stars that are realistically observable?

In Fig.4.5, we show the fraction of Pop III survivors in Bodtes I, as a function of
Mmin, for the current magnitude limit, i < 19, i.e. N&%Q)/Ngglg). For the two cases,
mep, = 0.35 Mg and 1 Mg, the new fractions of zero-metallicity stars increase with m,;y,,
i.e. the trend is inverted with respect to what was found in Fig.4.2. Furthermore, at

Mmin = 0.8 Mg, the fractions for m., = 0.35 Mg (m., = 1 Mg) are one order of magni-

tude higher than in Fig.4.2, reaching 60% (45%) of the total, instead of 5% (3%).

The reason for these significant differences has to be found in the stellar mass-magnitude
relationship, shown in Fig.4.4. In the case of My, = 0.1 Mg and m., = 0.35 Mg,
long-lived Pop III stars are distributed over all magnitudes according to their masses, in
the same way as Pop II/I stars. The fraction of Pop III survivors at i < 19 is thus com-

parable to the total fraction (e.g. 12% for m.p = 0.35 Mg in both Fig.4.2 and Fig.4.5).
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However, as m,;, increases, a higher number of Pop III star survivors is more massive
and thus more luminous. This results in a higher fraction of long-lived Pop III stars in
the observable region, i.e. i < 19 (corresponding to m, = 0.7 Mg). Going to deeper
magnitudes, in this case, will thus only result in a higher contamination by Pop II stars
and thus a lower Ngurv/Niot. On the other hand, if m.;, = 10 Mg or if the IMF is flat,
the fractions of Pop III star survivors do not vary significantly with respect to Fig.4.2
since the probability to form long-lived m, < 0.8 Mg Pop III stars is always very low,
independently on m,,;, (see Fig.3.2).

Among the 41 stars spectroscopically observed in Bodtes I, no long-lived Pop III stars
(Zy < Zer = 107%°Zy) have been identified. We can thus assert that, according to
current observations, the probability to have long-lived Pop III stars in Bootes I should
be Pops < 1/Nyot = 1/41 ~ 2%. Since Pgps represents the upper limit of the probability
to detect Pop III stars, all models that predict a probability larger than P,ns can be
discarded. This current (upper) limit is shown in Fig.4.5, where we can appreciate the
power of this simple approach: models with m, < 0.8 Mg or m., < 1 Mg can be already

excluded, which implies that we can put even tighter constraints on the Pop III IMF.

In Fig.4.6 we show the sample size, N,, needed to constrain the low-mass end of Pop III
IMF at different confidence levels, using the approach from Sec.4.2, but now only focusing
on stars with i < 19. First, we notice that the required stellar sample size is smaller
(N, < 100) with respect to the previous case (N, ~ 800, Fig.4.3). In fact, N, strongly
depends on both NSEV”’) and Ng)%lg); the higher is the fraction of zero-metallicity stars
the lower is N,. By using the current sample of stars observed in BodGtes I, we are able to
exclude My, = 0.8 Mg at 99% of confidence level for meq, = 0.35 Mg and me, = 1 Mg.
Furthermore, by including the data for Hercules, Leo IV and Eridanus II, we can conclude
that Pop IIT stars should have m,,;, > 0.8 Mg or m., > 1 Mg at 99% of confidence
level. Note that we are not showing models with m., = 10 My and a Flat IMF since
Ngiﬁvlg)/N&%m) ~ 0.2% (see Fig. 4.5), hence even by observing all stars with i < 19 in

Bodtes I (N&%w) ~ 100) we are unable to constrain m,,,.
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Figure 4.6: The sample sizes, No, needed to constrain the minimum mass, Mm,;n, of Pop III stars,
for mmaz = 0.35 Mg (purple) and mmaz = 1 M (orange), at different confidence levels, for
stars with i < 19. The shaded areas display the currently observed stars in Bodtes I (red) and
Bootes I+Hercules+Leo IV+Eridanus II (orange). The vertical dashed line in grey delineates the total
number of stars with i < 19 in Boétes I. The filled circles represent the results assuming mmqaz = 100Mg

for Pop III stars, while squares correspond to mmaz = 1000 Mg .
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4.3.3 How deep should we go?

Fig.4.7 shows how the fraction of Pop III stars changes as a function of the observed mag-
nitude. In most cases we see, somewhat counterintuitively, that the fraction of Pop III
survivor stars decreases as we reach fainter magnitudes. This is because most of the
Pop IIT IMFs tested here are more top-heavy compared to the adopted Pop II/T IMF.
This means that, as we go to fainter magnitudes (and thus reach lower-mass stars),
the stellar sample becomes more and more dominated by the normal low-mass Pop I1/1
stars. An exception is when the Pop II/I and Pop III IMF is assumed to be the same
(mer, = 0.35 and My, = 0.1). In that case the trend with limiting magnitude is flat

(Fig.4.7) since both populations are equally distributed in mass (and thus magnitude).

In conclusion, a higher limiting magnitude does not imply a higher fraction of Pop III sur-
vivors. So why should we go deeper in magnitude? The key point is that for m., > 1 Mg
the predicted fraction of Pop IIT star survivors is so low (< 0.5%), that if we want to
constrain m,,;, to at least the 68% of confidence level, we need larger stellar samples,

which can only be obtained with deeper observations.

We use the simulated CMD (Fig.4.4) to count the number of stars at a given magnitude
in Bodtes 1. The results are illustrated in Fig.4.8, where we show the limiting magnitude
(sample size) required to constrain m.,;, at the 68% confidence level for different m.
Future instruments and telescopes and dedicated surveys, such as MOSAIC on the ELT
and 4MOST survey (Skuladottir et al. 2023, ESO Messenger), will allow us to measure
the metallicity of 10* stars in Bodtes I (see Fig.4.8) and thus either discover a bona fide
zero-metallicity star or convert the persisting non-detection into even stronger Pop III
IMF constraints: myu, > 0.8 Mg or me, > 5 Mg at the 68% confidence level. To get
constraints for m., = 10 My (or a Flat IMF) we need N, =~ 10*3 stars, which implies to
observe ~ 90% of the stars in Bootes I, and thus to reach extremely deep magnitudes, i =
26. Finally, after simulating the theoretical CMDs for Hercules, Leo IV and Eridanus II,
thereby accounting for the different distances, we find that with MOSAIC on the ELT
we can collect a sample size of 10*2 stars at i < 25, and therefore constrain the Pop III
minimum mass, My, > 0.8 Mg, for me, = 7 Mg at the 68% of confidence level.
In conclusion, by targeting UFDs with next generation instruments and telescopes we
will be able to tightly constrain the minimum mass of Pop III stars, m,, > 0.8 Mg,

independent of the shape of their IMF.
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Figure 4.9: Left: the Bootes I spatial distribution of stars from the simulated CMD. The color bar
highlights the different magnitudes, while the red cross identifies the center of mass, z¢y,, = 210.017 deg,
and yem = 14.5 deg. Right: the number of stars enclosed in a circumference of radius r (bottom) and the
corresponding FOV (top), for different limiting magnitudes. These trends were obtained by averaging
over 50 realisations of the Bodtes I simulated CMD and the corresponding spatial distributions, and the

shaded areas represent the +o Poisson errors.

4.3.4 Deeper or wider?

Combining observations and theoretical predictions for Bootes I allows us to derive the
galaxy’s real stellar spatial distribution.

To achieve this goal, we take advantage of the SDSS archive to obtain the observed CMD
of Bodtes I. By comparing the simulated Bottes I CMD to a real one, we can select mem-
ber stars from the observed one, and assign RA and Dec to the stars of the simulated
CMD.

For each star in the observed CMD we identify the best “twin" in the simulated one,
i.e. we look for the simulated star with color and magnitude closest to the observed
one by minimising the distance in the g-i and i magnitude space.* We then assign the
positions of the observed stars (RA, Dec.) to the simulated ones (Fig.4.9, left). Since
the errors assigned to the stars in the simulated CMD are random (Sec.4.3), in every run
the simulated stars move around their positions in the CMD. Therefore we identify the
best twins for each run and then obtain the final results by averaging over 50 runs. The
Bootes I SDSS data are limited in magnitude, i = 24, above which the observed CMD is
not well populated. Therefore the spatial distribution of the simulated stars, shown in

Fig.4.9, is limited to i < 24.

Starting from the center of Bodtes I, we count the number of stars with different limiting

4 d= \/((g - i)obs - (g - i)sim)2 + (iobs - isim)2
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magnitudes as a function of the radius and field-of-view (FOV) of the targeted area,
see Fig.4.9 (right). Currently we have spectroscopic data of 41 Bodtes I stars with a
limiting magnitude i ~ 19. By covering an area ~ 400 arcmin?, it is possible to observe
up to ~ 100 stars at i < 19. However, we can obtain the same sample size by going
deeper in magnitude. For example, to reach 100 stars at i = 21 (23), the FOV should be
~ 50 arcmin? (10 arcmin?). Finally, by reaching limiting magnitude i = 24, and covering
the entire FOV of Bo6tes I, we can obtain a sample of > 102 observed stars, which implies

that we can constrain m,,;, for mq, > 2 Mg at 68% of confidence level (see Fig.4.8).

4.4 Discussion and conclusions

The aim of this work is to give observationally driven constraints on the Initial Mass
Function (IMF) of the first (Pop III) stars, and to understand if zero-metallicity low-
mass stars (m < 0.8 M) are able to form. We use the semi-analytical model (described
in Chapter 3) that describes the evolution of an isolated ultra faint dwarf (UFD) galaxy,
from the epoch of its formation until the present day. To set the initial conditions of our
model we used the results of cosmological simulations (Salvadori & Ferrara 2009; Sal-
vadori et al. 2015), and we follow their findings by assuming that UFD evolve in isolation,
i.e. that they did not experience major merger events. The model is data-calibrated,
using a statistical approach based on x2 analysis. The free parameters of our model have
been fixed in order to reproduce the global observed properties of Bodtes I, i.e. the total
luminosity, Ly, the average stellar iron abundance, [Fe/H], the Metallicity Distribution

Function (MDF) and the star formation history.

Our key results and the main implications arising from them are:

e Our analysis of the random sampling of the stellar IMF for m, = [0.1—100/1000]Mg
showed that in poorly star-forming systems like UFD galaxies, (¥) ~ 1073 Mgyr—!,
the assumption of a fully populated IMF breaks down (Sec.3.3.1).

e Including the IMF random sampling has a strong impact on the fraction of long-
lived Pop III stars in Bodtes I: it increases by a factor of ~ 3 with respect to the

model in which we assumed to fully populate the IMF (Sec.3.4.1).

e We explored how the number of surviving Pop III stars depends on the underlying
Pop III IMF, where we tested three Larson-type IMFs (m., = [0.35,1,10] M) and
a Flat IMF, with different low/high-mass limits (Sec.4.1.1). Our results showed
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that:

< The higher is the characteristic mass, m.y, the lower is the number of expected

Pop III star survivors.

< For m., = 0.35 Mg the fraction of Pop III stars at z = 0 strongly depends on

the minimum mass, Min.

< For m¢, > 1 Mg and for a Flat IMF the number of expected Pop III star

survivors is very low (< 0.5%) and roughly independent of m .

< The fraction of zero-metallicity stars survivors is not significantly affected by

the choice of the maximum mass (M4, = 100,1000 M) of Pop III stars.

e By taking advantage of the non-detection of zero-metallicity stars among the 41
stars observed in Bootes I, we can already exclude that Pop III stars form according
to a present-day stellar Larson-type IMF, with m.;, = 0.35Mg and m,n, < 0.8Mg,
at the 68% confidence level. When data for three other UFDs are taken into account
(Hercules, Leo IV and Eridanus I1, also reproduced by our model), we conclude that
Pop III stars should have my,;, > 0.8 Mg or mq, > 1 Mg at the 68% confidence
level (Sec.4.2).

e Exploiting a synthetic Color Magnitude Diagram (CMD) of the Bootes I (Sec.4.3),
we were able to take into account the mass range of the observed sample. Us-
ing Bodtes I data only, this allowed us to conclude that Pop III should not have
Mumin = 0.8 Mg at 99% of confidence level for me, = 0.35 Mg and me, = 1 M. If
the data of Hercules, Leo IV and Eridanus II are also taken into account, we can
conclude that Pop III stars should have m,;, > 0.8 Mg or mep, > 1 Mg at 99% of
confidence level (Sec.4.3.1-4.3.2).

e By combining the observed CMD for Bootes I (based on SDSS data) with the

simulated one, we obtained the spatial distribution of stars within the galaxy.

By reaching i < 24, and covering the entire Bootes I, we can obtain an observed
sample of > 102 stars. As a consequence, if no metal-free star were discovered, we
could conclude that Pop III stars should have m,;, > 0.8 Mg or m¢, > 2 My at
68% of confidence level (Sec.4.3.4).

e Targeting the four UFDs Boétes I, Hercules, Leo IV and Eridanus II with future
instruments (such as ELT/MOSAIC) it will be possible to collect a sample of
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>10000 stars. If the non-detection of metal-free stars will be persistent, we will
limit M > 0.8 Mg independent of the Pop III IMF at 68% confidence level
(Sec.4.3.3).

In addition, we explored how our results are affected by the choice of critical metal-
licity value, Z., that established the transition between Pop III-to-Pop II/T stars. The
exact value of Z., is largely uncertain, it is estimated that it can vary between Z. =
(10~%5%1) Zo (Bromm et al. 2001, Schneider et al. 2003, Omukai et al. 2005). How-
ever we have not found any dependence of the fractions of zero-metallicity stars on the
critical metallicity. In fact, following the chemical evolution of the galaxy it emerged
that the explosion of one, at most two SNe, is enough for the metallicity to exceed
10735 Zy. Therefore we move from a metal-free environment with Zigy = 0, to one with

Zism > 10735 Z. Hence our results are not affected by the choice of the Z., value.

There have been several theoretical works (e.g. Vincenzo et al. 2014; Romano et al. 2014)
that model the evolution of Bodtes I since it is one of the observationally best studied
UFD galaxy. However none of these models take into account the stochastic sampling
of the IMF. Furthermore, none of these works have investigated the expected fraction
of Pop III star survivors in Bodtes 1. In agreement with our findings, Vincenzo et al.
(2014) concluded that the star formation efficiency of Bootes I was very small. This is
also consistent with studies of Bootes I in cosmological context (e.g. Salvadori & Ferrara
2009; Bovill & Ricotti 2009; Romano et al. 2014; Bland-Hawthorn et al. 2015; Salvadori
et al. 2015).

One of the key points in this work was to estimate the fraction of Pop III star survivors
in UFD galaxies. The same was done by Magg et al. (2018), who derived the percentage
of surviving Pop III that are expected to be found in our Milky Way and its satellites.
Unfortunately we cannot make a direct comparison, since they used a logarithmically
Flat IMF. However, our results for m., = 10 Mg and the case of Flat IMF predict a

Pop III fraction consistent with their findings.

Our methods allow us to estimate the minimum stellar sample size required to put ob-
servationally driven constraints on the Pop III IMF. This approach was used by Hartwig
et al. (2015) for halo/bulge stars of our Milky Way. They found that the expected num-
ber of Pop III star survivors decreases as M, increases, assuming a logarithmically Flat
Pop III IMF. Our findings have the same trend for IMF with m., = 0.35 M. However,
for the other IMFs (m¢, = 10 My and Flat IMF) the fraction of Pop III survivors is

extremely low (< 0.01%) regardless of the minimum mass. The reason is twofold: i) the
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IMF shape, which makes it very unlikely to form low-mass stars (Fig.3.2); ii) the random
sampling of the IMF which strongly affects the population of the lower mass-end (see
Fig.3.7), i.e. the number of stars with m, < 0.8 Mg. In fact, for m., > 1Mg and for Flat
IMF it is unlikely to form long-lived Pop III stars independently of the minimum mass.
Furthermore, Hartwig et al. (2015) found that to conclude that Pop III stars should have
my > 0.8 Mg, at a 68% confidence level, we need to observe N, =~ 105 stars in the Milky
Way stellar halo. However, with our method, even tighter constraints can be put on the

Pop III IMF by only using N, ~ 102 stars.

For the first time, we have performed an in-depth analyses of four UFDs, Bodtes I,
Hercules, Leo IV and Eridanus II with the goal to constrain the IMF of Pop III stars. By
developing a chemical evolution model of isolated UFDs, and combining observational
constraints with a statistical approach we have shown that old and pristine UFDs are
the ideal systems to understand the physical properties of the first stars. Our study
has revealed that it is crucial to take into account the incomplete sampling of the IMF
in these poorly star-forming systems, to realistically represent their stellar populations.
This is especially relevant for the earliest star formation, where Pop III stars formed
very inefficiently for a limited time. Our novel approach of connecting our models with
real data through synthesizing the CMD of Bodtes I, has revealed that taking the mass
distribution of the observed stars into account, allows us to put even stronger constraints
on the my,;, and the shape of the Pop III IMF. In this work, with only 96 observed stars
in Bootes I, Hercules, Leo IV, and Eridanus II, we can derive at a 99% confidence level
that m,in > 0.8 Mg or mep, > 1Mg. Thus, we conclude that Pop III stars were typically
more massive than those that form today, and the mass distribution of the first stars
was fundamentally different from stars at later times. Finally, we showed that future
telescopes will be able to get much larger samples (>10* stars), which will provide even

better understanding of the nature of the very first stars in the Universe.

79






CHAPTER 5

Understanding the origin of CEMP-no stars
through UFDs

Among ancient and very metal-poor stars ([Fe/H] < —2) CEMP stars are expected to be
the direct descendants of the first stars. However the origin of their carbon excess and
their possible connections with the chemical elements released by first SNe is not fully
understood. In this Chapter we investigate the nature of CEMP stars to unveil the true
Pop III star descendants in Ultra Faint Dwarf galaxies. The following results are based

on the paper Rossi et al. (2023).

5.1 The debate origin of CEMP stars

The origin of Carbon-Enhanced Metal-Poor (CEMP-no) stars with low abundances of
neutron-capture elements is still unclear. These stars are ubiquitous, found primarily in
the Milky Way halo and ultra-faint dwarf galaxies.

Spectroscopic studies in the Galactic halo and in the Ultra-Faint Dwarf galaxies have re-
vealed that a large fraction of very metal-poor stars, [Fe/H] < —2, show an enhancement
of carbon (see Chapter 2, Sec.2.4), [C/Fe|'> +0.7, i.e. the so-called Carbon-Enhanced
Metal-Poor (CEMP) stars (Beers & Christlieb 2005; Aoki et al. 2014; Yong et al. 2013b;
Norris et al. 2013). However, the origin of CEMP stars and their possible connection
with the chemical elements produced by the first generation of stars is far from being
fully understood.

As we discussed in Chapter 2 (Sec.2.2.3), CEMP stars are usually divided into two classes:
CEMP-s (r) stars that show an enhancement in the slow (rapid) neutron-capture ele-
ments, and CEMP-no stars that do not show an excess in heavy elements ([Ba/Fe|< 0).
The observed differences in the chemical signatures of these two classes seem to reflect

the different origin of the carbon enhancement (see Chapter 2, Sec.2.2.3).

1[X/Y] = log 10(mx /my) - log 10(mx,/my,e), where mx and my are the abundances of elements X

and Y and mx o, and my @, are the solar abundances of these elements (Asplund et al., 2009).
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Observationally, CEMP-no stars can be distinguished from CEMP-s based on the ab-
solute carbon abundance?, A(C) (Bonifacio et al. 2015). The CEMP-s stars belong to
the ‘high carbon band’ with A(C) > 7.4, while CEMP-no stars are characterized by
A(C) < 7.4, i.e. they belong to the {ow carbon band’. More recently, Yoon et al. (2016)
showed that CEMP-no stars can be further subdivided into two groups: Group II, which
shows a correlation of A(C) with iron abundance [Fe/H], and Group III, with nearly
constant A(C) with [Fe/H].

But what is the origin of CEMP-no stars and the different nature of Group II € II1?

5.2 New Features of the model

To understand the origin of the carbon abundances measured in CEMP-no stars, we have
expanded the model from described in Chapter 3 to track and to follow the evolution of
all chemical elements from carbon to zinc, taking into account contributions from AGB
stars and SNe. AGB stars in the mass range [2—8]Mg enrich the ISM only through stellar
winds (C, N, and O), and we adopt the stellar yields from van den Hoek & Groenewegen
(1997) for both Pop III and Pop II/T AGB stars. On the other hand, SNe can enrich
the ISM with all the chemical elements from C to Zn. For Pop II SNe in the mass range
[8—40]Mg we use the updated metal yields of Limongi & Chieffi (2018) (model R, without
rotation velocity) and an explosion energy, Esxy = 10°erg. We assume that Pop III SNe
in the mass range [10 — 100] M, can explode with different Egy from 0.3 x 105! erg up to
10°? erg and different mixing efficiency n = [0 — 0.25], and we adopt the corresponding
yields provided by Heger & Woosley (2010). Every time that a Pop III SNe forms
we randomly assign to it an energy and a mixing efficiency. The energies allowed for
Pop IIT SNe are equiprobable and they determine the Pop III SNe types: faint SNe with
Esn = 0.3—0.6 x 10°! erg, core-collapse SNe with Eqy = 0.9 — 1.5 x 10°! erg, high-energy
SNe with Egy = 1.8 — 3.0 x 10°! erg, and hypernovae with Egy = 5.0 — 10.0 x 10°! erg.
For massive Pop III SNe in the mass range [140 — 260] M, the so-called Pair Instability
SNe (PISN), we maintain the same assumptions of the previous work, i.e. an explosion
energy proportional to the stellar mass, and we adopt the stellar yields of Heger &

Woosley (2002).

5.3 The Carbon Enrichment in Bootes 1

In the top panel of Fig.5.1 we show a comparison between the observed MDF of Boétes I
and the simulated one, which are in good agreement, and the same is true for other

2 A(C) = log(N¢g/Ng) + 12 where N¢ and Ng represent the number density fraction of carbon element
and hydrogen, respectively.
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Figure 5.1: The A(C)-[Fe/H] diagram of our simulated stellar populations (1000 realisations) of Bodtes I.
The black line corresponds to [C/Fe] = +0.7. Yellow star symbols identify the observed CEMP-no stars
in Bodtes I, while the green and blue ellipses correspond to the CEMP-no groups by (Yoon et al., 2019).
The top plot shows the comparison between the observed (yellow; data from Norris et al. 2010; Lai et al.
2011; Gilmore et al. 2013) and simulated (grey) MDF. The right marginal plot shows the simulated
A(C)-DF of CEMP-no stars.

observed properties (i.e. the total luminosity, the average stellar iron abundance and the
star formation history). In fact, changing the properties of Pop III stars (e.g. yields, IMF)
has very limited effects on the MDF, since the general stellar population is dominantly
enriched by normal Pop II/I stars. The central plot of Fig.5.1 shows the A(C) distribution
with [Fe/H], for the simulated stellar populations of Bootes I, where the CEMP-no stars
([C/Fe] > +0.7) are highlighted (black symbols above solid line). In agreement with
observational studies (e.g. Yoon et al. 2019), we find the existence of two distinct groups
(IT & III) which clearly show different behaviors in the A(C)-[Fe/H] diagram: Group II
exhibits a strong correlation with [Fe/H] while Group III is constant with [Fe/H]. The

bimodal trend of A(C) is even more evident if we look at the right marginal plot of
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Figure 5.2: The A(C) versus [Fe/H]| diagram for different CEMP-no stellar populations. Colors highlight
CEMP-no stars enriched to a level higher than 75% by different stellar populations: in the columns we
distinguish between Pop IIT (left) and Pop II stars (right) and in each panel we differentiate between
SNe and AGB stars. In the marginal plots we show the number of stars averaged over the different runs,
(Ny) as a function of [Fe/H] (top) and A(C) (right). The yellow shaded area represents the [Fe/H] range
in which the currently available Bootes I data are located. Note that all stellar populations have total

metallicity Zy > Zerit-

Fig.5.1, in which we show the A(C)-Distribution Function® (A(C)-DF). As we can see
the distribution is bimodal with two peaks at A(C) ~ 7.2 and A(C) ~ 6.2 that roughly

correspond to Group IIT and II, respectively.

5.4 The different CEMP-no populations

Following the evolution of single stars with different metallicity (Pop III - Pop II) and
with different timescales (SNe - AGB) we can determine the main drivers of carbon
enrichment in any given stellar population in Bodtes 1. Fig.5.2 shows the A(C)-[Fe/H]
diagram for CEMP-no stars, where colors highlight what stellar population is the main
driver of carbon enrichment: Pop III or Pop II stellar populations (left/right panels),
SNe or AGB stars. The first thing to note is that CEMP-no stellar populations cover
all the iron range —8 < [Fe/H] < —1 regardless of which stellar population is the main
driver of enrichment (Pop III/Pop II). It is also evident that two separate branches exist,
both showing roughly constant A(C) values in the [Fe/H] range. The first branch, at
A(C) ~ 7, is populated by CEMP-no stars mainly enriched by Pop II stars while, in the

3 A(C)-DF: the number of CEMP-no stars in bin of A(C) normalized with respect to the total number
of CEMP-no stars
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Figure 5.3: The A(C) versus [Fe/H| diagram for CEMP-no stellar populations. The colored squares

identify the probability to find, at fixed [Fe/H| and A(C), CEMP-no stars predominantly enriched by

Pop III or by Pop II stars (columns), while in the rows we distinguish between SNe and AGB stars. Yellow

stars represent the Bootes I data, while double marked points identify stars for which Mg abundance is

available in the literature.

second branch, at A(C) ~ 6, the enrichment is driven by Pop III stars.

In the range where data are available, [Fe/H] > —4, the number of CEMP-no stars
enriched by Pop II stars, both Pop II SNe (rapid timescale) and AGB stars (longer
timescale), is ~ 2 times greater than those enriched by Pop III stars (top marginal
plot of Fig.5.2), in good agreement with Sharma et al. (2019). It should be noted that
almost all Popll-enriched CEMP stars have been polluted by AGB stars, while only a
few (< 1%) are Popll SNe enriched. The latter formed in birth cloud mainly enriched
by normal Popll SNe but pre-polluted by PopIIl SNe, allowing to reach [C/Fe| > +0.7.
On the other hand, at [Fe/H] < —4 the number of CEMP-no stars predominantly enriched
by Pop III stars is ~ 1.5 times greater than those enriched by Pop II stars. We find
that these Pop III star descendants formed out of an ISM enriched by low-energy SNe
(< 10%Lerg). The branch-like behavior of Pop III enriched CEMP-no stars at A(C) ~ 6
can be explained as follows. In our model for isolated UFDs the gas gradually accumulates
and when the first Pop I1I stars form typically Mgas > 103M, (Rossi et al. 2021). A single
(or a few) low-energy Pop III SNe produce a mass of carbon M¢ ~ 1 Mg, which is diluted
in Mgas ~ 10°Mg, thus leading to A(C) ~ 6. Although the majority (~ 60%) of CEMP-
no stars at [Fe/H] < —4 have been enriched by the Pop III SNe, ~ 40% formed from an
ISM mainly imprinted by Pop IT AGB stars. These stars are rare, and form when most
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of the gas and metals have been ejected through previous SNe explosions and thus AGB
stars can substantially contribute to the ISM enrichment. Fortunately, they can be easily
distinguished from Pop III enriched CEMP-no stars, thanks to their higher A(C) value.
From the right marginal plot in Fig.5.2, we clearly see that the distribution for CEMP-no
stars enriched by Pop II populations (SNe+AGB) covers the range 5.0 < A(C) < 8.0,
with a peak at A(C) ~ 6.5, at which the enrichment is dominated by Pop II AGB stars.
On the other hand, the distribution for Pop III (SNe+AGB) enriched CEMP-no stars
covers the range 3.5 < A(C) < 7.5 with the peak at A(C) ~ 6. Pop III stars descendants
are therefore characterized by A(C) < 6 (and [Fe/H] < —3.5) and they are distinguishable
from those mainly imprinted by Pop II stellar populations identified by A(C) > 6 for all
[Fe/H].

To unveil the origins of different CEMP-no stars, we derived the probability (at fixed
[Fe/H] and A(C)) that CEMP-no stars have been imprinted by a given stellar population.
From Fig.5.3 it is evident that the probability to find Pop III star descendants increases
as the [Fe/H]| decreases and it is maximum for A(C) < 6 and [Fe/H] < —3.5, where
most of observational data for Bodtes I are not yet available, except for one star. For
A(C) > 6 at all [Fe/H], the majority of CEMP-no stars are mainly enriched by Pop II
stars. Furthermore, we see that for A(C) > 7 and —4 < [Fe/H] < —1, the probability
to find CEMP-no stars mainly enriched by Pop II AGB is > 80% while by Pop II SNe
it is < 20%. Finally, by comparing our predictions with the available data in Bootes I
(Fig.5.3) we can see that most of the observed CEMP-no stars are found at [Fe/H] > —4
and A(C) > 6, i.e. in the region where stars are more likely to have been imprinted
by Pop II stellar populations. However, one star ([Fe/H] = —3.71, A(C) = 5.62; Norris
et al. 2010) is found in a region where the probability that it has been Pop III enriched
is = 60%.

5.4.1 Moderate CEMP-s stars

Since our model does not account for binary transfer, our results do not predict classical
CEMP-s stars. However, it is evident from Fig.5.2 that for 6.5 < A(C) < 8 there exists
a class of CEMP stars forming from an ISM imprinted by Pop II AGB stars, which
represent about 2 90% of the Pop II-enriched CEMP stars at [Fe/H] > —4. These stars
have different PopII AGB progenitors: stars with A(C) ~ 6.5 have been enriched on
5Mg), while the ones with A(C) 2 7 by low-
massive Pop IT AGB (m, < 5Mg).The C-excess is moderate with respect to CEMP-s stars

average by massive Pop II AGB (m, 2

~

(A(C) ~ 8), but it originates from the same source. Thus, we dub them moderate CEMP-
s stars. These moderate CEMP-s stars are expected to have intermediate characteristics

compared to CEMP-no ([Ba/Fe] < 0) and CEMP-s stars ([Ba/Fe] > +1), because their
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chemical enrichment is not powered by mass transfer through a binary AGB companion.
Our adopted AGB yields (van den Hoek & Groenewegen 1997) do not include s-process
production, but by using observational constraints on the [Ba/C]| ratio (Masseron et al.
2010) in combination with our predicted [C/Fe|, we estimate these stars to have 0 <
[Ba/Fe] < +1, filling the gap of unexplained CEMP stars. Our model is thus able to
explain for the first time this neglected population of stars as moderate CEMP-s stars,

formed from the products of Pop II AGB stars.

5.4.2 Testing our predictions: [C/Mg]|

The [C/Mg| ratio represents an additional key diagnostic on the origin of CEMP-no stars.
In Fig.5.4 we identify two different [C/Mg] trends. The Pop III enriched CEMP-no stars
show an approximately constant [C/Mg] value over the entire [Fe/H]| range. These stars
formed in an environment predominantly enriched by Pop IIT SNe, which produce both
C and Mg giving [C/Mg] ~ constant, while their [Fe/H]| depends on both the mass and
explosion energy of Pop III SNe (Rossi et al. in prep.). On the contrary, Pop II enriched
CEMP-no stars exhibit a strong correlation where [C/Mg]| increases towards lower [Fe/H].
The position of these Pop II enriched CEMP-no stars in [C/Mg|-[Fe/H] space therefore
depends on the level of enrichment form PopIl AGB stars: stars with [Fe/H] < —4 are
‘purely’ Pop II AGB imprinted (= 95%). They are therefore C-rich and Mg-poor giving
high [C/Mg| values. As [Fe/H]| increases, CEMP-no stars form in environments mainly
enriched by Popll AGB but with a significant contribution to the enrichment from PoplI
SNe (~ 25%).The latter mainly produce Mg, Fe giving a decrease of the [C/Mg] ratio.

In Fig. 5.4 we compare the predicted [C/Mg]| ratio for these two different stellar popula-
tions with the values measured in two CEMP-no stars in Bootes I (double marked stars
in Fig.5.3, Fig.5.4). These two stars separate very nicely into the two different stellar
populations in our model: the star at the lowest value of [Fe/H]| is consistent with an
enrichment dominated by Pop III stellar populations, while the other is compatible with
Pop II stellar populations enrichment. Finally, comparing our model predictions with
Galactic halo data (squares in Fig.5.4) we are able to probe the existence of the two
branches in the A(C)-[Fe/H] diagram. This suggests that low-Fe ([Fe/H] < —4) Pop III
imprinted CEMP-no stars could exist also in UDFs, unless they form in pre-enriched
environments (e.g. Salvadori & Ferrara, 2012). Furthermore, this comparison demon-
strates that [C/Mg] is a key diagnostic tool to distinguish the origin of CEMP-no stars
(see bottom panel of Fig.5.4).
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Figure 5.4: The CEMP stars in Bootes I, enriched to a level higher than 75% by PoplIl (magenta) or by
PoplI (orange). Double marked yellow stars represent Bodtes I stars for which there is available [Mg/Fe]
(Norris et al. 2010; Chiti et al. 2018). Squares represent the Milky Way halo: A(C) > 6 (light blue), and
A(C) < 6 (green), from the compilation of Yoon et al. (2016).
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5.5 Discussion and conclusions

For the first time, we unveil the origin of CEMP-no stars by exploiting a self-consistent
model (Rossi et al. 2021), data-calibrated on Bootes I, that simultaneously accounts for
the different enrichment sources of CEMP stars. We present a unique way of distinguish-
ing between the primary sources of their enrichment (SNe or AGB stars) as well as the
type of stellar populations (Pop IIT or Pop II) that polluted their natal clouds. Our model
predicts where in the A(C)-[Fe/H] diagram present day stars should be located, depend-
ing on their main source of C- enrichment. The majority of CEMP stars at A(C) 2 6 are
predominantly polluted Pop II stars. In particular, we predict a population of CEMP
stars, which get their C-enhancement from AGB stellar winds, without binary transfer.
These moderate CEMP-s stars are expected to cover the range 0 < [Ba/Fe] < +1. Our
model is thus able to explain these stars that fall in between the classical categories of
CEMP-no and CEMP-s stars. On the other hand, CEMP-no stars with A(C) < 6 are pre-
dominantly true Pop III descendants. These Pop III only-enriched CEMP-no stars, have
roughly constant [C/Mg] with [Fe/H], in stark contrast with CEMP stars mainly enriched
by Pop II stars. Thus, [C/Mg]| is a key diagnostic to distinguish between different pop-
ulations. Furthermore, PopIll descendants are characterized by —0.5 < [C/Mg] < +1,
in agreement with findings of Hartwig et al. (2018), despite different approaches. Most
of these Pop IIT descendants lie at [Fe/H] < —4, therefore representing a still hidden
population in UFDs. However, observations of hyper iron-poor stars in the Milky Way
strongly support our findings. This indicates a close connection of UFDs with the Milky
Way halo at the lowest [Fe/H]. In the present and upcoming era of large spectroscopic
surveys (e.g. 4DWARFS) and new instrumentation (e.g. ELT), we can expect find these
rare populations, predicted by our model. Only with dedicated models able to reproduce
full abundance patterns (e.g. Rossi+23 in prep) will we be able to exploit this large

influx of data to understand the properties of the first stars and the earliest galaxies.
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CHAPTER 6

Deciphering the signatures of first Pop III SNe

In the previous Chapter, we show that CEMP-no stars observed in UFDs (and in the
Galactic stellar halo) are likely connected with the chemical products of Pop III stars
exploding as low energy “faint-SNe ”of tens of solar masses. However, in the mass range
m, = [10 — 100] Mg, models predict that SNe can explode with a variety of possible
energies (Egn). Recent observations studies have identified the chemical signatures of
energetic Pop III SNe with Egy > 10°! erg. The chemical signature of these energetic
pristine SNe can be found both among CEMP-no stars and Carbon-normal stars. Ezzed-
dine et al. (2019) identified the fingerprints of asymmetric hypernova with Egy = 5 x 10°!
erg in CEMP-no star HE 1327-2326, and more recently, Skaladottir et al. (2021, 2023a)
and Placco et al. (2021) discovered two C-normal metal-poor stars ([Fe/H] < —4) in
Sculptor dwarf galaxy and in the Galactic halo, respectively, whose abundance patterns
are compatible with an enrichment from Pop III hypernova with Egxy = 10 x 10%!erg.
In this Chapter, which is based on Rossi, Salvadori, Skuladottir et al. (2023) (to be
sumbitted) we investigate the chemical signature of Pop III SNe with different energies

in UFDs, especially focusing on the best studied system, Bootes 1.

6.1 The energy distribution function of Pop III SNe

The energy of Pop III stars that end their life as SNe, as well as their Energy Distribution
Function (EDF) of the first stars are far to be constrained. The yield models by Heger
& Woosley (2010) predict that Pop III stars with masses [10 — 100] Mg can explode a

SNe with a variety of energies:
e faint SNe, with Egy = 0.3 — 0.6 x 10! erg;
e core-collapse (cc) SNe, with Esy = 0.9 — 1.5 x 10°! erg;
e high-energy SNe, with Egy = 1.8 — 3.0 x 10! erg;

e hypernovae with Egy = 5.0 — 10.0 x 10! erg;
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Figure 6.1: The different EDF assumed: four cases in which the EDF is a top-hat function centered in
each type on SNe (100% of probability), and the last case in which the EDF is spread among the different
SNe explosion energies. This equivalent to assume that each SNe type as the 25% of probability to be
selected. The purple histogram represent the probability to form PISN which depends on the assumed
Pop III IMF.

The EDF of these Pop III SNe is unknown, so here we consider five different scenarios
that are shown in Fig.6.1. In the first four cases we assume extreme scenarios in which
Pop IIT SNe are all of a single type, respectively only faint (orange), or only cc (red), or
only high(lightblue), or only hyper (dark blue). This correspond to assume four top-hat
EDFs in which the probability to form each type of SNe is 100% (see Fig.6.1). In the last
case we assume an EDF spread among all different explosion energies (grey histograms
in Fig.6.1), that coincides to assume that each type of SNe has 25% of probability to
be selected. Finally, regardless of the EDF assumed, every time that a Pop III SNe
forms we randomly assign to it an explosion energy. Finally, each time we have a SNe
we randomly select an internal stellar "mixing efficiency" (see Heger & Woosley 2002) in

between fy,i, = [0.039 — 0.063 — 0.100 — 0.158].

Note that the probablility to form very massive PISN is independent on the EDF (only
regulating SNe with [10 — 100] M) and it depends on the assumed Pop III IMF. As
shown in Fig.6.1 this probability is very low (~ 0.2%) for the assumed Larson PopIII
IMF with m.;, = 10 Mg.
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Model log(Ls/Le)sim | {[Fe/H)sim | x>

FAINT 4.60 + 0.01 —-3.00£0.01 | 1.5
CcC 4.59 +0.02 —2.60£0.01 | 0.9
HIGH 4.60 £0.01 —2.68+0.03 | 04
HYPER 4.40 £0.01 —3.20£0.01 | 4.8

all TYPE 4.54 +0.04 —270£0.01 | 0.5

Table 6.1: The simulated properties of Bodtes I (second and third column) obtained assuming different

EDF for Pop III SNe and x? value.

6.2 Testing different Pop III SNe energies

In Fig.6.2 we analize the impact of different of the different EDFs of Pop III SNe on
the MDF of Bodétes I. From the top to the bottom we show the comparison between the
observed MDF of Booétes I (black histogram) and the ones obtained by assuming the
EDFs shown in Fig.6.1. As we can see at first sight, all the model reproduce quite well
the observed MDF of Bodtes I except for the models “only hyper’and “only faint”. Since
faint SNe produce large amount of C and small of Fe (e.g. see Chapter 5, Rossi et al. 2021,
Vanni et. al. 2023) they produce a long low-Fe tail in the MDF that, at the moment,
it is not observed in Boo6tes I. On the other hand, the model “only hyper’produces a
MDF shifted towards low values of [Fe/H]. Indeed assuming that all SNe explode as
hypernovae has the effect that it became difficult to enrich the ISM with metals: because
of the low binding energy of Booétes I, the chemical products of these energetic Pop III
SNe are easily evacuated out of the galaxy, making the metal enrichment difficult. To
evaluate which model is able to best reproduce all the observed properties of Bootes I
(Luminosity, ([Fe/H]), MDF) we use a statistical approach based on x?, whose values
are listed in the Table 6.1. The model “only faint”, and “only hyper’produced a x?2
value greater than one, while the other models give a x? < 1. Among these model the
ones that minimize the y? are “only high ”and “all type "for which we obtain x? = 0.4,

2 = 0.5 respectively. However, the discrepancy between the two x2 values is too small
to put constraints on the model to be used. Indeed, we need to employ other observables

of Bootes I to discern the most suitable model to utilize.
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Figure 6.2: Comparison between the observed (balck histograms) and the simulated MDFs of Bodtes I
. From the top, first four simulated MDFs are obtained assuming that Pop III SNe are all of a single
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To make a step forward, we analize the impact of Pop III SNe with different energies
on some abundance ratios! [X/Fe|, measured in Bootes I stars. In Fig.6.3 we show the
[C/Fe| and [Zn/Fe] abundance ratio measured in 39 and 9 Bodétes I stars, respectively, as
a function of their [Fe/H]. For each model, the contours delineate the stellar populations
that have been enriched by a level higher than 75% by a unique type of SNe. By
inspecting Fig.6.3, the first thing to note is that the descendants of Pop III SNe with
different energy, occupy different regions in [X/Fe| versus [Fe/H] space. The location of
these Pop III stars descendants in [X/Fe]-[Fe/H] space depends on both the energy and
on the mass of the SNe that enriched the birth cloud in which the descendants formed
out (see Vanni et al. (2023)).The descendants of low-energy Pop IIT SNe (faint, cc) cover
a wide range in both [Fe/H] and [C/Fe], —7.5 < [Fe/H] < 0, and, —1 < [C/Fe] < 6,
and they are characterized by [Zn/Fe] < 0. On the other hand, Pop III star descendants
predominantly enriched by energetic SNe (high and hypernovae) exhibit a narrower range
in —1 < [C/Fe] < 3 and —4 < [Fe/H] < 0. Note that only stars imprinted by high-energy
SNe and hypernovae can reach super-solar [Zn/Fe| values, up to = 1.5. Finally, in Fig.6.3
we also show the regions covered by stars enriched by normal Pop II SNe, which typically
have [C/Fe] < 1 and they can reach high values of [Zn/Fe] = 0, comparable with those
obtained with hypernovae enrichment.

What do we need to reproduce the observed abundance ratio of Bodtes I stars? Combining
our model results with Bodtes I observational data it is evident (Fig.6.3), that none of
the individual models (only faint, only cc, only high, only hyper) is able to reproduce,
at the same time, the observed distributions of [C/Fe| and [Zn/Fe|. In fact assuming
that all pristine SNe evolve as low-energy SNe allows to reproduce the high values of
[C/Fe| observed in Bootes I stars but not the high [Zn/Fe| values. On the other hand,
energetic SNe (high and hypernovae) can reproduce the measured values of [Zn/Fe], but
fail to reproduce the values of [C/Fe|. Finally, even taking into account the contribution
of Pop II SNe, it is not possible to reproduce the data. In conclusion, to reproduce
the chemical some of the abundance ratios in Bodtes I stars we need the contribution
of Pop IIT SNe with different energies. Thus, we choose as the “ fiducial model ” the
“all type” model (see Fig.6.1) in which the theoretical EDF is spread among different

equiprobable energies.

1 [X/Fe] = log(Nx /Npe) — log(Nx,5/Nre,), where Nx and N, are the abundances of elements X and

iron and Nx ¢ and Nge o ,are the solar abundances of these elements (Asplund et al., 2009)
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Figure 6.3: The [C/Fe| (left panel) and [Zn/Fe| (right panel) abundance ratio of Bodtes I stars (yellow
stars) as a function of their [Fe/H]. Colored contours identify the the stellar populations enriched to a
level higher than 75% by Pop III SNe with different energies, faint (orange), cc (red), high (lightblue),
hyper (dark blue). For comparison we also show the expected chemical abundance ratios of stellar

population mainly enriched by normal Pop II SNe (dark purple shaded area)

6.3 The chemical signatures of Pop III SNe

Before investigating what are the key chemical signature of different Pop III SNe we
need to verify that using our fiducial model we are able to reproduce all the observed
abundance ratios measured in Bodtes I stars. In Fig.6.4 we show the [X/Fe] versus [Fe/H]
density maps for the stellar populations at z = 0 in BooGtes I. The first thing to note
is that all the simulated [X/Fe| density maps effectively reproduce the observed data.
Moreover, the peaks of the simulated density distributions for each chemical element
perfectly match the corresponding observed distributions. It is worth mentioning that
the simulated density maps cover a broader range in [X/Fe]-[Fe/H]| space compared to
the observations. Indeed, our model predicts regions of low density (Density < 20%),
representing rare stellar populations that are particularly intriguing for investigating the
signatures of the first stars.

Thanks to our semi-analytical model we are able to follow the evolution of single stars
with different metallicity (Pop III or Pop II). Thus, we can determine if the main drivers
of the enrichment of any stellar population of Bodtes I are Pop III or Pop II/I stars. Let’s
now investigate, if they exist, regions in [X/Fe| -[Fe/H]| space in which it is possible to
uniquely identify the fingerprints of first supernovae. In the top marginal plots we show
the comparison between the observed (yellow histograms) and the simulated (grey) MDF

of Bodtes I. In each top panel we also show the MDFs of stars predominantly enriched (at
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Figure 6.4: Density maps, [X/Fe| vs. [Fe/H], of the simulated stellar populations at z = 0. Yellow star

symbols are observed chemical abundances of Bootes I stars.
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level higher than 75%) by Pop III (on the right, dark purple) and by Pop II (on the left,
light purple) stars. As we already show in Fig.6.2 (bottom panel), in the range where data
are available, [Fe/H] > —4 (yellow shaded area) the simulated MDF nicely reproduce the
one of Boo6tes I. In this range the MDF is dominated by stars predominantly enriched by
normal Pop II stars which represent > 80% of the total stars while Pop III enriched stars
are extremely rare at [Fe/H] > —4 consisting in &~ 1% of the total number of stars. In
the low-metallicity tails of the MDF ([Fe/H] < —4), we find the imprint of both Pop II/I
and Pop III stars and the number of stars mainly enriched by Pop IIT SNe is of the same
order of magnitude as those enriched by Pop II stars. Fortunately, first stars descendants
can be easily distinguished from Pop II enriched stars thanks to their [X/Fe] abundance
ratio.

To identify the chemical signatures of the first supernovae in the right marginal plots
of Fig.6.4 we show the number of stars averaged over different runs, (N, ), as a function
of [X/Fe| abundance ratio, i.e. we derive the X-Distribution Function? (XDF). In the
marginal plot we show the comparison between the total XDF (light grey) and the ones
obtained selecting the stars predominantly enriched by Pop III (dark purple) or normal
Pop I1/1 stars (light purple).

First of all we can note that independently from the chemical abundance ratio, the peak
of XDFs corresponds to the density peak and it is dominated by stellar populations
mainly enriched by normal Pop II/I stars. On the other hand, in the low-density regions,
the fingerprints of the first supernova arise, i.e. the XDFs are dominated by Pop III
enriched stars. In particular, the precious descendants of the first supernovae appear at
[Fe/H] < —4, and they are charaterized by [C/Fe] 2 +1 and [C/Fe] < 0, [Mg/Fe] = +0.5,
[Na/Fe] 2 +0.5, [Si/Fe] 2 +1, [Ca/Fe] 2 +0.5, [Ni/Fe] 2 +0.5 and [Zn/Fe] < —1.

6.4 Looking for first stars descendants

The [C/Fe] ratio is commonly used as a diagnostic tool for identifying metal-poor stars
enriched by Pop III sources. A significant fraction of metal-poor stars exhibit an en-
richment of carbon, resulting in in the so-called CEMP stars (see Chapter 2, Sec.2.2.3).
Among these, the carbon excess measured in CEMP-no stars has been interpreted as
the fingerprint low-energy Pop III supernovae (see Chapter 2, Sec.2.3). Additionally, the
A(C) value is employed to discern the origins of distinct CEMP stellar populations: in
Chapter 5 (from Rossi et al. 2023) we show that, among CEMP-no stars, true Pop III
stars descendants appear for A(C) < 6 and [Fe/H] < —3.5.

2 XDF: the number of stars in bin of [X/Fe| averaged over different runs
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Figure 6.5: The A(C)(top panel) and [C/Fe| (bottom panel) versus [Fe/H]| diagram for Bootes I stellar
populations. The colored squares identify the probability to find, at fixed [Fe/H| and A(C) (of [C/Fe]),
stars predominantly enriched by Pop III or by Pop II stars (columns). Yellow stars represent the
Bootes I data, while double marked points identify stars for which the abundance ratio of different

chemical elements is available in the literature.

To unveil what are the key abundance ratios to unveil the chemical signature of Pop III
SNe among CEMP-no and C-normal stars in Bodtes I, we derived the probability that
a given stellar population has been imprinted by Pop IIT and Pop II SNe for different
[Fe/H] and [C/Fe| (or A(C)) values. The results are displayed in Fig.6.5. By inspecting
the A(C)-[Fe/H] diagram in Fig.6.5 it is evident evident that two separate branches exist,
both showing roughly constant A(C) values in the [Fe/H] range. The first branch, at
A(C) =~ 7 is dominated by stars predominantly enriched by Pop II stars. Complemen-
tary in the second branch, A(C) < 6, the enrichment is driven by Pop III SNe. The
two different branches are also evident in [C/Fe]-[Fe/H] space where we can note that
Pop IIT and Pop II enriched stars are located in two parallel branches that exhibit a

strong correlation with [Fe/H].
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As we already discussed in Chapter 5 Pop II enriched stars can be divided into two
different groups with different chemical enrichment sources: stellar populations with
[C/Fe] > 40.7 and [Fe/H] < —4, located in the branch at A(C) 2 7, are the so called
moderate CEMP-s stars, which formed from an ISM mainly enriched by Pop I AGB stars.
C-normal stars with [C/Fe] < +0.7 and —4 < [Fe/H] < —1 form in birth clouds pre-
dominantly enriched by Pop II SNe. Indeed, Pop II SNe stellar yields adopted (Limongi
& Chieffi 2018), do not allow to form stellar populations enhanced in carbon, i.e. with
[C/Fe] > +0.7. Finally, carbon-enhanced stars with —3.5 < [Fe/H] < —1 formed out
from gas enriched by both AGB and SNe Pop II stars.

Pop IIT enriched stars are located in the low-branch at A(C) < 6 of the A(C)-[Fe/H] dia-
gram or equivalently in the bottom branch of the [C/Fe|-[Fe/H]| diagram. The majority of
Pop III stars descendants are CEMP-no stars and the probability to find them increases
as [Fe/H] decreases and it is maximum for A(C) < 6 and [Fe/H] < —3.5. Furthermore,
it is predicted that Pop III star descendants can be found among C-normal stars. In
particular, at [C/Fe] < 0 and —4 < [Fe/H|] < —1, the probability is to find the chemical
signatures of pristine SNe exceeds = 50%.

In conclusion, exploiting both [C/Fe] and A(C) as diagnostics we can successfully predict
promising descendants among both CEMP and C-normal stars: carbon-enhanced Pop III
stars descendants are predicted to have A(C) < 6 and [Fe/H] < —3.5 while C-normal
stars imprinted by Pop III SNe have [C/Fe] < 0. and [Fe/H] 2 —3.5.

Now we go deep into understanding the origin of Pop III star descendants, exploring the
type of SNe that enriched their birth cloud. In Fig.6.6 we show the [C/Fe|-[Fe/H] diagram
for Bodtes 1 stellar populations predominantly enriched by different Pop III SNe type:
low-energy (faint, cc, left column) vs high-energy Pop III SNe (high, hyper, right column).
The first thing to emphasize is that the descendants of the first stars can be characterized
by a broad range of both —7 < [Fe/H] < —1 and —1 < [C/Fe] < 4. A significant
fraction (2 95%) of stars with [Fe/H] < —4 are CEMP stars, with approximately 20%
originating from environments enriched by Pop III SNe (i.e. faint, cc, high). Conversely,
direct descendants of hypernovae are uncommon within this range. As [Fe/H]| values
increase, the population of CEMP stars enriched by low-energy Pop III SNe decreases,
while the population of C-normal stars enriched by energetic (high and hyper) Pop III
SNe increases. This can be seen by looking at the top marginal plots in Fig.6.6 in which
we show the average number of stars, (N,), enriched at a level higher than 75% by
Pop IIT SNe with different energy, distinguishing between CEMP and C-normal stars.
At [Fe/H] < —3.5 we can find the chemical imprint of Pop III SNe with Egy < 3x 105 erg
among both CEMP and C-normal stars while for [Fe/H] > —3, the chemical traces of
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Figure 6.6: The [C/Fe] vs [Fe/H| diagram of Bodtes I stellar populations mainly enriched by Pop III
SNe with different energy: low-energy (first column), high-energy (second column). marginal plots show
the average number of stars, (N, ), as a function of their [Fe/H| of CEMP (solid) and C-normal (dashed)
stars enriched at level higher than 75% by different Pop III SNe types, as well as the distribution of
overall stars in Bodtes I. Yellow stars represent the Bodtes I data, while double marked points identify

stars for which the abundance pattern is available in the literature.
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more energetic Pop III SNe become noticeable within the C-normal stars. Although the
chemical imprint of the first SNe is present across the entire range of [Fe/H|, Pop III
stars descendants are rare, representing 2% of total stars in Bootes I. Therefore, how can

we identify them?

6.4.1 CEMP stars

In Fig.6.7 we present the A(C)-[Fe/H] diagram for CEMP stars where colors highlight
the different Pop III SNe types that predominantly (a level higher than 75%) contributed
to the enrichment of their birth clouds. To provide a comparison, we additionally show
the stellar population in Bootes I mainly enriched by Pop II stars. At [Fe/H| < —4,
the fraction CEMP star enriched by faint, cc, high Pop III SNe are roughly comparable.
On the other hand, CEMP stars predominantly enriched by Pop III hypernovae are
rare since they only reveal themselves for [Fe/H] 2 —4. Indeed, hyperonavae not only
contribute with a significant amount of carbon injected into the ISM, but they also enrich
the medium with a substantial quantity of iron (over ten times greater than other types
of Pop IIT SNe), resulting in higher [Fe/H] values and [C/Fe] < 40.7. As previously
mentioned, CEMP stars predominantly enriched by very first supernovae can be well-
identified among metal-poor stars through their A(C) value: A(C) < 6. This distinction
becomes especially clear looking at the A(C)-DFs in the right marginal plot, where we
separate the contribution of different Pop III SNe and Pop II stars. Form Fig.6.7 it is
evident that CEMP stars with A(C) < 6 have a variety of Pop III progenitors: from low
to energetic Pop IIT SNe. These Pop III star descendants have been enriched by a single
(or few) Pop III SNe that release a mass of carbon M¢ < 1 Mg which is diluted in a total
mass of gas Mgas ~ 10%/10° M, thus leading to A(C) ~ 6. Pop III stars descendants
with A(C) < 5 have low-mass SNe progenitors, m, < 40 Mg and high mixing value
(fmiz = [0.100,0.158]), which eject, on average, a total mass of carbon Mc ~ 1072 Mg,.
On the other hand, CEMP stars with A(C) = 6 have been imprinted on average by
more massive Pop III SNe with m, > 50 Mg, which release into the ISM M¢ ~ 1 Mg
independently from the f,;;,. In conclusion, the distinctive fingerprints of Pop III SNe
appear at [Fe/H] < —4 and A(C) < 6, where we can discover the chemical signatures of

both low-energy supernovae, faint and cc, and high-energy Pop III SNe.
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Figure 6.7: The A(C) versus |[Fe/H]| diagram for CEMP-no stellar populations. Colors highlight CEMP-
no stars enriched to a level higher than 75% by different stellar populations: Pop II (light purple) and
Pop III SNe with different energies, faint (orange), cc (red), high (light blue) and hypernovae (blue),
respectively. In the marginal plots we show the number of stars averaged over the different runs, (N)
as a function of [Fe/H] (top) and A(C) (right). The different color in the marginal plot represent the
distributions of CEMP star predominantly enriched by Pop II (light purple) and Pop III (purple) stellar
populations as well as by Pop III SNe with different energies. Yellow stars represent the Bodtes I data,

while double marked points identify stars for which abundance pattern is available in the literature.

6.4.2 C-normal stars

The chemical signature of pristine SNe can be also found among C-normal stars. In
Fig.6.8 we show the A(C)-[Fe/H| diagram for C-normal stellar populations in Bodtes I
enriched by different Pop III SNe types. The first thing to note is that C-normal stars are
preferentially found at [Fe/H] > —4, where the the chemical enrichment is dominated
by Pop II stars (see top right marginal plot of Fig.6.4). This is particularly obvious
inspecting the top marginal plot of Fig.6.8: at [Fe/H] > —4 C-normal stars predominantly
enriched by Pop II stars represent = 70% of the total stars, while Pop III star descendants
are only 6%. In this range, we can detect the chemical signatures of all Pop III SNe

types, including hypernovae, even if catching their imprint is challenging because they
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Figure 6.8: Same as Fig.6.7 but for C-normal stellar populations.

are hidden by C-normal stars enriched by Pop II stars. Fortunately, C-normal Pop III
enriched stars can be identified due to their A(C) value. As we can see in the right
marginal plot C-normal Pop IIT star descendants are predicted to have A(C) < 5, where
82% of C-normal stars have been enriched by Pop III SNe. Furthermore, pure descendants

of hypernovae, become recognisable, representing =~ 6% of C-normal stars.

6.4.3 Testing our predictions

Based on the predictions of our model, CEMP stars with [Fe/H] < —3.5 and A(C) < 6
are expected to be progeny of Pop III SNe with Egy < 3 x 10%Lerg. Towards high [Fe/H|
values, the probability to find direct descendants of Pop III stars declines due to the
chemical pollution caused by subsequent Pop II stellar populations. Therefore, we ex-
pect that the majority of stars with [Fe/H] 2 —3.5 have originated from gas that has
been enriched by multiple generations of Pop II stars. In particular, C-normal stars with
—3.5 < [Fe/H] < —1 and [C/Fe] 2 0.0 are predicted to be normal Pop II stars descen-
dants. Nevertheless, among C-normal stars with [C/Fe] < 0 and A(C) < 5 we expect to

find the imprint of Pop IIT SNe of different energies, including hypernovae.
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To test our predictions, we select four Bootes I stars that exhibit distinct [C/Fe| values
(double marked point in Fig.6.6) and for which the abundant pattern is present in the
literature.

In Fig.6.9 we show the comparison between the observed abundance patterns of Bootes
I stars and our “best-fit models ”. To find the best model that is able to reproduce the
observed stellar abundance pattern, we use a statistical approach based on x?: our initial
step involves choosing stellar populations, among our predicted stars in Bootes I, with
[Mg/Fe| and [Fe/H]| consistent with the measured values. From these selected models,
the one that minimizes the chi-square value is considered the best-fit model. The decision
to use [Mg/Fe] as a constraint for the model instead of [C/Fe] is influenced by the fact
that the published abundances of C and Fe have not been corrected for non-LTE and
3D effects, which can have a significant impact on the [C/Fe] value which can vary by
-1 to +1 dex (Nissen et al. 2014; Skaladottir et al. 2015; Amarsi et al. 2021). Similarly,
the 3D and non-LTE corrections also affect the Mg abundance, resulting in a potential
variation of £ 0.27 dex in [Mg/Fe|. However, this correction is smaller than the measured
observational error, which justifies the use of [Mg/Fe] to identify the best-fit model.
From top to bottom in Fig.6.9 we present the abundance patterns of one CEMP star, two
C-normal star and a C-low star. The “star’symbols indicate the measured abundance
ratio, while the colored square points correspond to our best-fit model. For comparison,
the abundance pattern of a star with [Mg/Fe] and [Fe/H] consistent with those observed
but enriched by 100% Pop II stars is also shown in the figure (top and bottom panel,
grey squared point). Additionally, the red data point represents the carbon abundances

that have been corrected using the online tool® introduced in Placco et al. (2014).

e CEMP star: Boo-119 - Based on our findings, the measured abundance pattern
of the CEMP star Boo-119 (Gilmore et al. 2013), is consistent with 100% faint
Pop III SNe enrichment. As we can see, our best fit nicely reproduces that ob-
served except for [C/Fe| and [Ti/Fe|. It is important to note that the observed
values have not undergone non-LTE corrections, which would enhance the agree-
ment between the model and observations. As already said, accounting for 3D
non-LTE effect would decrease [C/Fe]. As can be seen, the abundance pattern
arising from an enrichment only produced by Pop II stars is well distinguishable
from the one of Pop III SNe. Moreover, by comparing the predicted abundance
patterns for 100% faint Pop III SNe and 100% Pop II SNe enrichments, we can

identify the key abundance ratios that enable us to differentiate between the two

3 http:/ /vplacco.pythonanywhere.com/
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types of enrichment. Specifically, the ratios [N/Fe|, [O/Fe|, [Na/Fe|, and [Al/Fe]
exhibit differences exceeding 1 dex. Lastly, it is important to note that when we
refer to a 100% enrichment by faint Pop III SNe, we are indicating that the star
formed in an environment enriched solely by faint supernovae. However, this does
not imply that the star has been enriched by a single supernova, i.e. that is a mono-
enriched Pop III star descendant. In fact, according to our predictions, Boo-119
was enriched by two faint SNe: the first one with Egy = 3 x 10%° erg, m,, = 55 Mg,

and the second one with Egy = 6 x 10°0 erg, m, = 58 M.

e C-normal stars: Boo-94 and Boo0-33 - Towards lower [C/Fe| values, we anal-
ysed the abundance pattern of Boo-94 (Ishigaki et al. 2014) and Boo-33 (Gilmore
et al. 2013) abundance patterns (middle panel Fig.6.9). The first thing to note is
that the abundance patterns measured for these stars are very similar. Further-
more, they are in agreement with an enrichment predominantly driven by Pop II
SNe, accounting for 62% in the case of Boo-94 and 82% for Boo-33, respectively.
It is worth noting that both of these stars experienced some level of enrichment
from Pop III SNe hypernovae and core-collapse SNe, which, however, did not leave

particularly distinct signatures in their abundance patterns.

e C-low star: Boo-991- Among the stars exhibiting [C/Fe] < 0, the star Boo-991
(Ishigaki et al. 2014) was found to reside in a region of [C/Fe| vs [Fe/H] where it
is highly probable to have been enriched by Pop III SNe. Indeed, the abundance
pattern of Boo-991 is consistent with 95% enrichment by Pop I1I stars, in particular
~ 84% by Pop III hypernovae and ~ 13% by high-energy Pop III SNe (bottom panel
Fig.6.9). Again, we have included the abundance pattern of a star enriched by 100%
Pop II SNe for comparison. As is evident, it fails to accurately reproduce several

[X/Fe| ratios.

In conclusion, by combining our model with the observed data, we can not only identify
the promising regions where the descendants of the first stars are more likely to be found,
but also we are able to reveal which Pop III SNe type has predominantly contributed to

their chemical enrichment.
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symbols) and our best-fit model (squared symbols). From top to bottom panel we show the data of

CEMP Boo-119 star (Gilmore et al. 2013), two C-normal stars Boo-94 (Ishigaki et al. 2014) and Boo-33
(Gilmore et al. 2013) and C-low star Boo-991 (Ishigaki et al. 2014). Red points represent the Placco

et al. (2014) corrections for [C/Fe] ratio.

107



Deciphering the signatures of first Pop III SNe

6.4.4 Mono-enriched stars

In the previous sections, we have seen that [C/Fe] and A(C) are the key diagnostic to
identify the direct descendants of the first supernovae with different energies. However, to
make further progress and effectively constrain the properties of Pop III supernovae, such
as their energy and mass, it becomes essential to detect the mono-enriched descendants
of Pop III stars. Here, we define “mono-enriched “stars as those that have originated
from gas enriched by exactly one Pop III supernova. Where can mono-enriched stars be
found in Bodtes I?

Let’s inspect again Fig.6.6, where the squared symbols correspond to stellar populations
that have been enriched by a single Pop III SNe. We see that in Bodtes I we can find
mono-enriched stars by different type of Pop III SNe which cover wide ranges of [Fe/H]
and [C/Fe]. In line to what we discussed already, for [C/Fe] > +0.7 and [Fe/H] < —4,
we find predominantly mono-enriched stars imprinted by faint, cc and high, while mono-
enriched stars by hypernovae are found at [C/Fe] < +0.7 and [Fe/H] > —4.

How many are these peculiar stars with respect to the overall stars in Bodtes I? And how
can we individually identify them? To determine the frequency of mono-enriched stars, in
the first two panels of Fig.6.10 we show, the average number of stars, (N,), as a function
of their [Fe/H] of stars solely (100%) enriched by Pop III SNe (top panel) and mono-
enriched stars (middle panel). It is important to recall that a star 100% enriched by a
unique Pop IIT SNe type is not necessarily a mono-enriched star. From the top panel we
can clearly see that 100% of the low-energy Pop III-enriched stars can be found in overall
[Fe/H] range, with a peak between —4 < [Fe/H] < —3. On the other hand, high-energy
and hypernovae Pop I1l-enriched stars are predominantly located at higher [Fe/H| values
([Fe/H] > —4), with the distribution peak around [Fe/H] ~ —2.5. Among 100% Pop III
SNe enriched stars, a fraction are mono-enriched stars. In the middle panel of Fig.6.10 we
present the comparison between the distribution of 100% Pop III SNe enriched (dashed
histograms) and mono-enriched stars (solid histograms). The distribution of the mono-
enriched stars follows that of the one of 100% Pop III enriched stars, but mono-enriched
stars are obviously fewer in number. Finally, in the bottom panel, we show the fraction
of mono-enriched stars, fion0, With respect to the total number of stars Boo6tes I in each
iron bin, as a function of [Fe/H]. As can be seen, mono-enriched stars are very rare and
their fraction reaches a maximum of ~ 20% at [Fe/H] < —4. In this range 3% of the
total stars are predicted to be mono-enriched by faint, 4% by cc, 2% by high-energy and
0.01% by hypernovae. As [Fe/H] values increase, the fraction of mono-enriched stars
exhibits a rapid decline, paralleling the rise in the total number of stars in the metallicity
distribution function. At [Fe/H] > —4 the fraction of mono-enriched by hypernovae

grows up to reach ~ 1% at [Fe/H] ~ —2.5 where the peak of Bodtes I resides.
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Figure 6.10: The average number of stars, (N,), as a function of their [Fe/H] of 100% enriched (top

panel) and mono-enriched stars (middle panel), by Pop III SNe with different energies: faint (orange), cc

(red), high (lightblue), hypernovae (blue). In the bottom panel, we show the fraction of mono-enriched

stars compared to the total number of stars in Bodtes I, as a function of [Fe/H].

Although mono-enriched stars are very rare, finding them would allow us to make progress

in understanding the nature of the first stars and to constraints the Pop III IMF. How

can we detect them?

By exploiting the new diagnostic proposed by Hartwig et al. (2018) to identify stars mono-
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enriched by a single Pop III SNe, in Fig.6.11 we show the [Mg/C| vs [Fe/H] diagram for
Bodotes I mono-enriched stars. In each panel of Fig.6.11, mono-enriched stars are color-
coded according to their progenitors properties: SNe energy, (top), stellar mass m
(bottom). Consistent with the findings of Hartwig et al. (2018), our predictions indicate
that mono-enriched stars are located within the range of [Mg/C] ~ —1.5 to [Mg/C] ~ 0.7.
Let’s stars inspecting the properties of the Pop III star progenitors of mono-enriched stars.
Examining the top panel of Fig. 6.11 reveals that there is a correlation with energy.
Particularly, hypernovae mono-enriched stars appears at [Fe/H| > —2.5, and they are
precisely located within the [Mg/C| diagram: —0.5 < [Mg/C] < 0.5. With decreasing
iron abundance, —3.5 < [Fe/H] < —2.5, we observe a predominance of mono-enriched
stars originating from high-energy supernovae, characterized by —1 < [Mg/Fe] < 0.5.
Finally, at [Fe/H] < —3.5 and —1.5 < [Mg/C] < 0, we find mono-enriched stars imprinted
by both faint and cc Pop III SNe.
The [Mg/C] diagnostic also correlates with the mass of Pop III SNe progenitors. This
is evident by analysing the bottom panel of Fig.6.11: as can be seen, there are three
main branches in which [Mg/C] correlates with [Fe/H] that are characterized by fixed
progenitor mass range. Pop III descendants with [Mg/C] = 0 are predominantly enriched
by massive SNe with m, > 75 M. Those with —0.5 < [Mg/C] < 0 originate from
progenitors with masses between 50 Mg < m, < 75 Mg, while mono-enriched stars,
imprinted by Pop III supernovae with 25Mg < m, < 50Mg exhibit —1.5 < [Mg/C] < 0.5.
Finally, mono-enriched stars imprinted by low-mass Pop III are found in —4 < [Fe/H] <
—2 and —1 < [Mg/C] < 0.5.

Finally, comparing our results with Bootes I data, we can note that that our predicted
multi-enriched Pop III star descendants Boo-119 (orange), and Boo-991 (dark purple)
(see Sec.6.2) actually reside in regions where there are no mono-enriched Pop III stars.
It should be noted that in Fig.6.11, we specifically focus on illustrating mono-enriched
stars by Pop III supernovae, and we have not included the regions occupied by stars
enriched by normal Pop II stars nor predominantly Pop III star descendants. So even
if Boo-119 and Boo0-991 are not consistent in being mono-enriched, they are located in
a region of the [Mg/C]-[Fe/H| diagram where they are likely to have been enriched by
Pop III stars. Similarly, Boo-94 and Boo-33 seems to be located in regions where there
are mono-enriched stars, in reality at the same [Fe/H| and [Mg/C] Pop II-enriched stars

can also be found.
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Figure 6.11: Predicted abundance ratios [Mg/C]| vs. [Fe/H] for mono-enriched Pop III star descendants.
In each panel mono-enriched stars are color-coded according to their progenitors properties: SNe energy,

(top), stellar mass my (bottom).
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6.5 Discussion and conclusions

In this work we investigate the chemical signature of Pop III SNe with different energies in
UFDs, by exploiting our semi-analytical model capable to follow the chemical enrichment

star-by-star. Our key results are:

e Through analysis of the different Energy Distribution Functions (EDFs) of Pop III
SNe, we show that to reproduce the measured chemical of the abundance ratios in
Bodtes I stars we need the contribution of Pop III SNe with different energies, from

low to high energies;

e The descendants of the first supernovae are predicted to be have [Fe/H| < —4,
and they characterized by key abundance ratios: [C/Fe] 2 +1 and [C/Fe] < 0,
[Mg/Fe] 2 +0.5, [Na/Fe] 2 +0.5, [Si/Fe] 2 +1, [Ca/Fe] 2 40.5, [Ni/Fe] 2 +0.5
and [Zn/Fe] < —1;

e Exploiting A(C) and [C/Fe] as key diagnostics, we find that the probability to
find true Pop III star descendants increases toward lower value of [Fe/H], and it is

maximum for A(C) < 6 and [Fe/H] < —3.5;

e Our results show that Bodtes I is an ideal environment to find the chemical fin-
gerprints of Pop III SNe with progenitors masses [10 — 100] M. These peculiar
signatures arises among both Carbon-Enhanced Metal Poor (CEMP) stars and C-

normal stars;

e We proved that CEMP stars imprinted by the first stars have Pop III progenitors
with different energy: faint, core-collapse, and high-energy SNe, and we identified
a star purely imprinted by faint Pop III (100% of metals from its birth cloud) in
Bodotes I;

o At [C/Fe] < 0 and [Fe/H] > —4, the chemical signatures of hypernovae became
visible and we identified a star Boo-991 (Ishigaki et al. 2014) whose measured
abundance pattern is consistence with a 95% enrichment by the first stars, in

particular ~ 84% by Pop III hypernovae and ~ 13% by high-energy Pop III SNe;

e We show that mono-enriched stars are very rare and their fraction reaches a maxi-
mum of &~ 20% at [Fe/H] < —4, where the chemical imprint of faint, core—collapse
and high — energy Pop III SNe can be found. As [Fe/H]| values increase, the frac-
tion of mono-enriched stars exhibits a rapid decline, paralleling the rise in the total
number of stars in the metallicity distribution function. Finally, at [Fe/H] > —4 the
fraction of mono-enriched by hypernovae grows up to reach ~ 1% at [Fe/H] ~ —2.5,

where the peak of Bootes I MDF resides.
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e By exploiting the new [Mg/C]| diagnostic proposed by Hartwig et al. (2018), we
find that mono-enriched stars are located within the range of [Mg/C] ~ —1.5 to
[Mg/C] ~ 0.7, and they show a clear relation with the energy and masses of Pop III
progenitors: hypernovae mono-enriched stars appears at [Fe/H] > —2.5 and [Mg/C|
—0.5 < [Mg/C] < 0.5. With decreasing iron abundance, —3.5 < [Fe/H] < —2.5,
we observe a predominance of mono-enriched stars originating from high-energy
supernovae, characterized by —1 < [Mg/Fe] < 0.5. Finally, at [Fe/H] < —3.5
and —1.5 < [Mg/C] < 0 we find mono-enriched stars imprinted by faint and core-
collapse Pop IIT SNe. Moreover, Pop III stars descendants with [Mg/C] 2 0.0 are
predominantly enriched by massive SNe with m, > 75 Mg. Those with —0.5 <
[Mg/C] < 0 originate from progenitors with masses between 50Mg < my < 75Mg,
while mono-enriched stars, imprinted by Pop III supernovae with 25 Mg< m, <
50 Mg exhibit —1.5 < [Mg/C] < 0.5. Finally, mono-enriched stars imprinted by
low-mass Pop IIT are found in —4 < [Fe/H] < —2 and —1 < [Mg/C] < 0.5.
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CHAPTER 7

Beyond Ultra-Faint Dwarfs: the Galactic Bulge

In the previous Chapters, we have seen how to derive constraints on the properties of
the first stars through the ultra-faint dwarf galaxies. Now we extend our investigation
to include ancient region within the Milky Way, i.e. the Galactic bulge with the aim of
further understanding the nature of Pop III stars. The following contents are based on

the paper by Pagnini, Salvadori, Rossi et al. (2023).

7.1 The Galactic Bulge

In the previous Chapters, we demonstrated that CEMP stars are, among the oldest stars,
the direct descendants of the first SNe. Ultra-Faint Dwarf galaxies and the Milky Way’s
halo have been discovered to host a significant fraction of CEMP stars. Conversely,
CEMP stars appear to be relatively uncommon in more luminous classical dwarfs (dSph)
and in the Galactic bulge. According to the ACDM model and numerical simulations of
Milky Way formation (White & Springel 2000; Diemand et al. 2005b; Tumlinson 2009;
Salvadori et al. 2010; Starkenburg et al. 2017) the Galactic bulge is expected to contain
the oldest stars, making it a promising environment to search for the descendants of Pop
III stars. However, the Galactic bulge presents difficulties due to its dusty and densely
populated environment, which is predominantly populated by stars rich in metals. As a
result, detecting metal-poor objects in this area becomes a challenging task. Dedicated
surveys such as the EMBLA Survey (Extremely Metal-poor bulge stars with AAOmega)
(Howes et al. 2014; Howes 2016) and more recently the Pristine Inner Galaxy Survey
(PIGS) (e.g. Arentsen et al. 2020) attempt to discover candidate metal-poor stars in this
inner region, however both surveys seems to confirm a dearth of CEMP-no stars with
high [C/Fe] values in this region. In EMBLA sample in fact, only one CEMP-no star was
found, having [Fe/H] = —3.48 and [C/Fe] = +0.98. On the other hand PIGS, identified
24 new CEMP-no candidate stars in the Galactic bulge, with moderated C-enhancement,

+0.7 < [C/Fe] < +1.2 . Still, the overall fraction of CEMP-no stars obtained by PIGS
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Figure 7.1: Measured [C/Fe] vs [Fe/H] for stars in the Galactic halo (black and grey points; JINAbase)
and the bulge PIGS sample (orange and red points; Arentsen et al. 2021).

is only < 6% at [Fe/H|< —2, i.e. much lower than what is found in the Galactic halo
(= 20%, see Arentsen et al. 2021).

To get a clear overview, Fig.7.1 shows the measured [C/Fe| vs [Fe/H] for a sample of 984
halo stars with carbon measurements from JINAbase!(Abohalima & Frebel 2018) and the
bulge PIGS sample. Fig. 7.1 clearly shows how the [C/Fe] values in Galactic halo stars
are higher at [Fe/H] < —3 compared to stars in the bulge, and how in general CEMP-
no stars are more frequent in the halo, although we cannot exclude that this can be
due to a statistical effect, given the rarity of extremely metal-poor stars in the Galactic
bulge. What is the reason behind the apparent scarcity of CEMP-no stars within the
Galactic bulge? One possible explanation for the absence of stars exhibiting high [C/Fe]
values in the Galactic bulge is that this ancient region underwent distinct formation and
evolutionary processes compared to other environments. Our study aims to explore the
underlying physical factors responsible for the observed dearth of CEMP-no stars within
the Galactic Bulge. We specifically investigate whether there are any processes that
actively reduce the fraction of CEMP-no stars in this region. By doing so, we aim to

constrain the primordial IMF of the first stars.

Ihttps://jinabase.pythonanywhere.com/
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7.2 Model

To investigate the nature of the first stars in different environments, such as the Galactic
bulge and the Milky Way’s halo, it is essential to use cosmological simulations, which can
trace the formation and evolution of the various component of the MW. Therefore, in
this section, we provide an overview of the cosmological model utilized for our analysis

in Pagnini et al. (2023).

We employ a model that integrates a N-body simulation that follows the hierarchical
assembly of a Milky Way - like galaxy (used also in Salvadori et al., 2010; Pacucci et al.,
2017) with a semi-analytical model (GAMETE, Salvadori et al., 2007, 2015) that trace the
evolution of baryons, from the formation of the first stars to the present day. The semi-
analytical model allows us to follow the star formation and metal enrichment history of
the Milky Way from early times (2 ~ 20) until now (z = 0), and thus to link the chemical

abundances of present-day stars with the properties of the first stellar generations.

e N-body simulation: The N-body simulation used to study the hierarchical for-
mation of the MW has a low-resolution region corresponding to a sphere of radius
10h~! Mpc (see Scannapieco et al., 2006). The region of the highest resolution
is a sphere of radius 1h~! Mpc, i.e. four times the virial radius of the MW at
z =0 (ryir = 239 kpc). A low-resolution simulation including gas physics and star
formation has been used to confirm that the initial conditions will lead to a disk
galaxy like the Milky Way. The system consists on about 10° dark matter (DM)
particles within r,;. with masses of 7.8 x 105M®; its virial mass and radius are
respectively Myi, = 7.7 x 1011M, and 7, = 239 kpc, roughly consistent with the
observational estimates of the MW, M,;. ~ 10'?Mg, (e.g. McMillan, 2011). The
softening length is 540 pc. The simulation data is output every 22 Myr between
z =8 — 17 and every 110 Myr for z < 8. At each output, the virialized DM halos
have been identified using a friend-of-friend group finder with a linking parameter
b = 0.15, and a threshold number of particles constituting virialized halos equal
to 50. The N-body simulation enables to reconstruct a hierarchical history of the
MW that proceeds through the consecutive merging of DM halos maintaining the

information about the spatial distribution of DM particles belonging to them.

e Star formation: At the initial redshift of the simulation, z = 20, gas in DM
halos is assumed to have a primordial composition, and only objects with virial

temperatures T,;, > 10* K are considered to be able to form stars. This choice,
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which is equivalent to assuming that the star formation activity is rapidly quenched
in mini-halos, is dictated by the limited DM resolution of the N-body simulation
(Graziani et al. 2015). At each time-step, stars form in a single burst, proportional

to the available cold gas mass, Mg,s. The constant of proportionality is a redshift-

At(z)
tef (Z) )

At(z) the N-body time-step and e, a free parameter of the model, physically cor-

dependent star-formation efficiency f,(z) = e. where tg is the free-fall time,

responding to a “‘local” star formation efficiency.

e PopIII stars: PopIlI stars form according to a Larson IMF: ®(m) = dN /dm x
m~23%exp(—m.p/m), biased towards more massive stars as it is expected for the
first stellar generations. In particular, following the latest data-driven results from
stellar archaeology (Rossi et al. 2021), we assume a minimum mass of Pop III stars
equal to My, = 0.8 Mg, a maximum mass Myq, = 1000 Mg, and we explore
different characteristic masses, m., € {1,10,100 }Mg. This allows us to account

for the contribution to chemical enrichment of Pop III stars exploding as both faint

SNe and PISN and to vary their relative proportions.

e Pop ITI-to-Pop II transition: Following the critical metallicity scenario (Bromm
et al. 2001; Schueider et al. 2003), we assume that the IMF of newly formed stars
depends upon the initial metallicity of the star-forming clouds. Therefore, a star
forming halo with a gas metallicity Z < Z will form PoplII stars, otherwise,
if Z > Zey, it will form PopII/I stars. Exploiting the data driven constraints of
de Bennassuti et al. (2017), we set Ze, = 1074°Zg. Normal PopII/I stars are as-
sumed to have masses in the range [0.1, 100] Mg and to form according to a standard
Larson IMF (Larson, 1998), which peaks at the characteristic mass mq, = 0.35Mg
and rapidly declines with a Salpeter-like shape towards larger masses (Salpeter

1955).

e Metal enrichment: The newly formed stars are assumed to instantaneously
evolve at the following snapshot of the simulation (Instantaneous Recycling Ap-
proximation, IRA), since the time elapsed between two neighbouring steps is larger
than the lifetime of the least massive stars evolving as SNe. For Poplll stars
exploding as PISN we assume the yields of Heger & Woosley (2002), while for pri-
mordial faint SNe we assume those of Iwamoto et al. (2005). For Pop I1/1 stars we
adopt the yields from Woosley & Weaver (1995). To not overestimate the contri-
bution of carbon due to AGB stars that also produce slow neutron-capture process

elements and, even if not in binary systems, can lead to the formation of "moder-
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ate” CEMP-s stars (Rossi et al. 2023), we only considered the chemical products
of PopII/T that evolve as core-collapse SNe in short timescales (3 — 30 Myr). After
SNe explosions the newly produced/injected metals are assumed to be instanta-
neously and homogeneously mixed within the ISM, eventually reaching the Inter

Galactic Medium (IGM) via supernova driven outflows.

e Gas and metals dispersal: Supernovae may release a high amount of energy,
which may overcome the binding energy of the hosting halo leading to a partial
gas and metals removal from the galaxy. The mass of gas ejected into the IGM,

MELS, depends on the balance between the escape velocity of the halo, ves., and the

2

esc?

kinetic energy released during the explosion, namely: M%_ = (2Egn)/vZ,., where

gas
Esn = €w Nsx (Esn), with Ngy number of SNe explosions and (Egy) the average
explosion energy. For a typical PISN (E%gl{\}[@} ~ 2.7 x 1052 erg (Heger & Woosley,
2002), while a typical faint SNeprovides (E5ii ) ~ 0.7 x 10°! erg (Iwamoto et al.
2005; Marassi et al. 2014), which is lower than the energy released by a normal
25 Mg core-collapse SN, Egg\ ~ ~ 10°' erg. The quantity €,, representing the

second free parameter of the model, is the wind efficiency, that is the fraction of

the explosion energy converted into kinetic form.

e Chemical evolution: Due to mechanical feedback, the mass of gas and metals
in a halo can decrease substantially. At each simulation time-step the gas mass

in

reservoir in each halo, Mgas, is updated with respect to the initial gas mass, Mg,

to account for the mass of stars locked into newly formed stars, M,, and the gas
mass ejected out of the halo, M8 : Mg,s = M, — (1 4+ R)M, — Mg, where R
is the returned fraction, which is equal to 1 only for PISN and lower than unity
otherwise. Similarly, the mass of metals, Mz, in each hosting halo is updated as
follow: Mz = Mil' ++Y M, — Zit, M, — Z'}gMMgJ;S, where M is the initial mass of

metals, Y7z the metal yield, and Zi%,, the initial metallicity of the ISM.

e Model calibration: To set the best values of the two model free parameters, e,
and €, the observed properties of the MW have been used as a benchmark. In
particular, the results of the simulations at redshift z = 0 have been compared with
the gas/stellar mass and metallicity of the MW, the baryon-to-dark matter ratio,
and the metallicity of high-velocity clouds (see for more details Salvadori et al.

2007; Salvadori et al. 2010).
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7.2.1 The progenitor halos of the Bulge

Firstly, using the cosmological model (Sec.7.2) we reconstructed the hierarchical tree
in the Milky Way analogue by combining the positions of the DM particles where star
formation took place. Subsequently, we identified the halos that reside within the inner
region of the Galaxy, i.e. the bulge, which exhibit the presence of the oldest Pop II/I
stars. Figure 7.2 shows the present-day, z = 0, spatial distribution of DM particles, color-
coded with their star-formation rate (SFR) during the first ~ 800 Myr, i.e. averaged over
the cosmic time between z = 15 and z = 8, which corresponds to the lowest redshift for
which we have Pop III star formation. Then, we computed the final (SFR) by averaging
among the results of all DM particles in the considered pixel. This results in a wide range
of average star formation rates (Fig. 7.2), (SFR) ~ (10~* — 1.4) My, /yr. The spatially
resolved region with the highest mean SFR at z > 8 is the innermost one, i.e. the Galactic
bulge. This result, which is in agreement with previous theoretical (e.g. Cescutti &
Matteucci, 2011) and observational (e.g. Lucertini et al., 2022) findings, suggests that the
progenitors of the Galactic bulge experience, on average, a more intense star formation at
early times with respect to the progenitors of the Galactic halo. Finally, we select pristine
and star-forming halos for which more than 80% of particles are predicted to dwell in the
Galactic bulge at the present time (8 halos). Their halo mass and redshift of formation
range between My, = (5.5 x 107 — 1.7 x 10%) My, and 11.4 < z < 16.3. The predicted
star-formation rate for these first star-forming halos is SFR < 1.8 x 1072 Mgyr~*, which
in all cases is less than the threshold value for a fully populated Pop IIT IMF, SFR iy ~
10~ *Mgyr~! (Rossi et al. 2021). Thus, it is fundamental to include incomplete sampling
of the adopted Pop III IMFs.

7.2.2 Pop III enrichment

To evaluate the PopIII star enrichment within the first star forming halos, we assume
that Pop III stars form according to the Larson IMF (see Chapter 3 Eq.3.3), and we
explore different characteristic mass, me, = [1,10,100] Mg. For each of our selected
first star-forming halo, we derived the effective PopIII IMF associated to each burst of
primordial star formation to account for the stochastic and incomplete IMF sampling.
Figure 7.3 shows, for different m., the comparison between the theoretical Pop III IMFs
and effective ones, which have been obtained in one run of the random sampling. The
mass range covered by faint SNe, [8 — 40] Mg; PISN, [140 — 260] M; and other stars
that do not end their lives as supernovae are identified using different colours. Note that
the average mass fraction of stars exploding as faint SNe (and PISN) strongly varies,

not only with m., but also as a consequence of the incomplete IMF sampling. In the
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Figure 7.2: Present-day spatial distribution of DM particles in the cylindrical coordinate plane of the

simulated galaxy, color-coded with their SFR averaged over the cosmic time between z = 15 and z = 8.

mass range of faint SNe, the Pop III IMFs are almost completely sampled, except in the
extreme case m., = 100 Mg. On the contrary, in the typical mass range of PISN the
Pop ITI IMF is only partially populated. As expected, however, the mass range of PISN

becomes more densely populated as the characteristic mass increases.

Now, let’s analyze how different IMFs impact the chemical enrichment of the bulge. In
Fig. 7.4 we show the [Fe/H|] and [C/Fe] of the ISM in the 8 first star-forming halos
currently dwelling in the Galactic bulge as obtained with our incomplete IMF sampling
procedure (see Chapter 3), and as a function of the five different Pop III IMFs assumed.
The abundance ratios for the different halos are colour-coded according to the halo mass
and, for comparison, we also show the results obtained considering the fully sampled
IMFs as solid grey lines. For each m,;, the average abundances over all halos are shown
as empty black symbols together with their errors. The observed ranges of [C/Fe| within
the Galactic halo and bulge are highlighted as well in Fig. 7.4 (respectively as grey and

orange shaded areas).

First, we note that for all IMFs, the total gas metallicity after the Pop III star enrichment
is Zism > Zer = 10’4'5Z@, which implies that normal low-mass long-lived stars will
be able to form in such environments. Furthermore, when we only account for the
contribution of faint SNe, we get a very low value of [Fe/H] ~ —5.6 and an extremely
high [C/Fe] ~ +4, which is close to the maximum value observed in the Milky Way halo

(Keller et al., 2014). As soon as the chemical contribution of PISN is also considered,

121



Beyond Ultra-Faint Dwarfs: the Galactic Bulge

10(!
.
1072
7.00 % 4.96 % 1.76
1074 ‘
1071; ‘
107! 10.54 ¢
29.25 9.21 % 7.60 %
g 1073
s
1073
1077
107 2479 % 2].28% $1.04 %
. L1
; Faint
107 PISN
no SN
1077

1 Y
10 m+ (Mg) 10

Figure 7.3: Theoretical (solid lines) and effective (coloured histogram) Larson IMFs of Pop III stars with
increasing characteristic masses, from top to bottom (m¢, = 1,10,100 Mg ), obtained from one run of
the random sampling. In each panel, the mass range covered by faint SNe, (8 — 40) Mg (orange); PISN,
(140 — 260) M (red); and other stars that do not end their lives as supernovae (grey), are specified.
The total mass fractions are also listed for each mass range. The total mass of the burst of Pop III is

7.7 x 103 Mg.

namely for mq, = 1 Mg, the [C/Fe] value drops dramatically by at least 2 orders of
magnitude. As we can see at fixed m¢p, as the halo mass increases, the abundances
approach the fully sampled case, that is, [Fe/H] increases and [C/Fe| decreases. This
result can easily be explained as a consequence of the PopIII IMF sampling: in the
lower-mass halos, which have lower star formation rates, on average only one PISN
explodes, thus only partially lowering the [C/Fe] value obtained in the case of faint SNe
only. Still, even a single PISN is able to inject into the ISM 50% of its total stellar mass
in form of heavy elements, thus strongly affecting the final [C/Fe] value of the ISM. In
the most massive halo more PISN can actually form and explode, thus further lowering
the expected [C/Fe| value. For increasing m.p, the mean [C/Fe] values become even
lower, since PISN production starts to dominate the chemical enrichment. When only

PISN explode, no CEMP stars are able to form, regardless of the halo mass.

In conclusion, the measured [C/Fe] values in the Galactic bulge suggest that massive
Pop IIT stars exploding as PISN have likely formed in this environment, washing out the
high [C/Fe] signature left by low-energy primordial SNe. Furthermore, by comparing our
predicted [C/Fe] with the values observed in the bulge (Fig. 7.4), we can exclude the two
extreme IMF cases, where Pop III stars explode either only as faint SNe or only as PISN,
and suggest that the IMF that best reproduces the observations is a Larson type with a

characteristic mass possibly 1 Mg < me, < 10 Me.
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Figure 7.4: Average [Fe/H] and [C/Fe] of the ISM in 8 first star-forming halos (colour-coded according
to the halo mass), obtained through the random sampling of different Pop III IMFs. The characteristic
masses (mcp) are in solar masses (M) and error bars are lo confidence intervals. The values are
computed assuming a time step At = 1 Myr of star formation, consistent with Rossi et al. (2021).
For comparison, the grey solid lines are related to the fully sampled IMFs. For each m.; the average
abundances over all halos are shown as empty black symbols together with their errors. Observed ranges

of [C/Fe] within the Galactic halo (grey) and bulge (orange) are shown as shaded areas.

7.2.3 Discussion and conclusions

The aim of this work is to investigate the apparent dearth of carbon-enhanced metal-poor
stars with high [C/Fe] values in the Galactic bulge with respect to other environments,
such as the Galactic halo and ultra-faint dwarf galaxies (e.g. Howes et al. 2015; Howes
2016; Arentsen et al. 2021). This lack is particularly puzzling since the bulge is sup-
posed to be the oldest Galactic stellar component (White & Springel 2000; Diemand
et al. 2005b; Tumlinson 2009; Salvadori et al. 2010; Starkenburg et al. 2017) and CEMP
stars are predicted to be among the most ancient observable stars, most likely being the
direct descendants of first stars with intermediate masses that exploded as low-energy
faint supernovae (e.g. Iwamoto et al. 2005; Bonifacio et al. 2015; de Bennassuti et al.
2017). A reason for the dearth of CEMP stars in the Galactic bulge could be linked
to a bias introduced by the photometric selection performed by the surveys that have
targeted metal-poor stars in this environment (Howes et al. 2015; Howes 2016; Arentsen
et al. 2021). Despite these caveats, this issue still persists even though progress has been
achieved over the years in detecting these types of stars leading to an actual increase in
the number of their observations. Therefore, we asked ourselves: could this scarcity of
CEMP stars be a consequence of the low statistics of metal-poor stars in the more metal-

rich and dusty bulge? Could it suggest an intrinsically different formation mechanism of
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this region compared to the other environments?

The key results can be summarised as follows:

o We investigate whether the lower [C/Fe] values of CEMP stars in the Galactic
bulge reflects the different formation and evolution of this ancient environment.
To address this question, we focused on the predictions derived from the ACDM
cosmological model, through the use of a N-body simulation that follows the hier-
archical formation of a MW-like galaxy combined with the semi-analytical model
GAMETE (Salvadori et al. 2007; Salvadori et al. 2010; Salvadori et al. 2015; Graziani
et al. 2015; Pacucci et al. 2017). If we assume that all Pop III stars explode as faint
SNe, we find that the mass fraction of CEMP stars with [C/Fe] > +2 increases at
decreasing Galacto-centric radii and it is maximum in the Galactic bulge, which
is the region of the simulation containing the most ancient stars, which is at odd
with observations. However, the N-body simulations reveal that the stars dwelling
into the present-day bulge form in halos that experienced the highest mean star-

formation rate at high-redshifts (z > 8).

e We inferred that the dearth of CEMP stars with [C/Fe] > +2 in the Galactic bulge
might be linked with the higher star-formation rate of its early progenitor halos,
which hosted the first stars. Indeed, star-formation rates > 10~2Mg, /yr in pri-
mordial environments might allow the formation of rare very massive Pop III stars

(Rossi et al. 2021), which evolve as energetic PISN.

e We thus explored how the chemical enrichment of the bulge progenitors depends
upon the properties of rare PopIII stars that can effectively form in these highly
star-forming systems. To this aim, we performed analytical calculations and com-
puted the chemical properties of the ISM in the bulge progenitors after the con-
tribution of PopIII stars. More specifically, we investigated how different Pop III
IMFs affect the [C/Fe] and [Fe/H] values of the ISM by assuming various char-
acteristic masses (meq, = 1,10,100 Mg ), by including the contribution of Pop III
stars exploding as PISN, and by accounting for the incomplete sampling of the
PopIII IMF (Rossi et al. 2021). Our results show that very massive Pop III stars
can effectively form in the bulge progenitors, and that their contribution to the
chemical enrichment as energetic PISN can partially wash out the distinctive sig-
nature of faint SNe, lowering the carbon overabundance down to [C/Fe] < +2. In

particular, we show that the higher the probability to form very massive Pop III
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stars, i.e. the larger the mep, the lower is the [C/Fe] value of the ISM after the
contribution of PopIII stars. By exploiting the available data we thus tentatively
infer 1 Mg S men, S 10Mg), consistent with the constraints found by Rossi et al.

(2021) based on ultra-faint dwarfs.

e We conclude that the modest [C/Fe| values of CEMP stars identified in the bulge,
[C/Fe] =~ 40.8, along with the dearth of CEMP stars with [C/Fe] > 42 could be an
indirect probe of very massive first stars exploding as PISN, which are extremely

rare and hence can only form in highly star-forming progenitors of the MW bulge.

Through careful analysis of observational data and theoretical simulations, we thus sug-
gest that the dearth of CEMP stars in the bulge might be intrinsic, and not only a
consequence of systematic observational effects. Furthermore we have shown that the
first star forming halos that end up in the bulge have typically significantly higher star-
formation rates than those in the outskirts of the galaxy. This means that the Pop III
IMF is better sampled in these systems, enabling the formation of rare populations such
as very massive first stars that explode as PISN. Ultimately, our analysis showed this to
be a very plausible explanation for the dearth of CEMP stars in the bulge, as added PISN
contribution will lower the observed [C/Fe|. Furthermore we suggested a new promising
method that exploits the lack of CEMP stars to constrain the characteristic mass of the

first stars.
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CHAPTER 8

Beyond Ultra Faint Dwarts: Galactic Halo

The presence of metal-poor stars in the halo of the Milky Way offers valuable insights
into the properties of Pop III stars. In this Chapter, we undertake an extensive analysis
of the properties exhibited by metal-poor stars within the Galactic halo, with the aim
of unveiling the nature of the first stars. The following contents are based on the paper
by Koutsouridou I., Salvadori S., Skaladottir A., Rossi, M. et al. (2023) and Vanni I,
Salvadori S., Skaladottir A., Rossi, M. et al. (2023).

8.1 Milky Way’s Halo

Within our Galaxy, the halo of the Milky Way stands out as the most ancient and metal-
poor environment, and for this reason it has been the subject of extensive surveys over the
past two decades, which led to the discovery of a multitude of metal-poor stars (Beers &
Christlieb 2005; Caffau et al. 2011b; Yong et al. 2013a; Bonifacio et al. 2021, see Chapter
2 ). The ancient stars, characterized by exceptionally low metallicities, provide crucial
insights into the early stages of our galaxy’s formation and the nature of the Universe
itself. As remnants of the earliest stellar generations, they offer a unique window into
the conditions prevailing during the formation of the Milky Way and the early Universe.
For these reasons the Galactic halo is an ideal place to study the chemical signatures left
by Pop III stars, and thus constrain their properties. In this Chapter, we undertake an
extensive exploration into the nature of the first supernovae. We demonstrate how we
can constrain the properties of primordial SNe by comparing our model predictions with

observations of very metal-poor stars in the Galactic halo.

8.2 Model implementations

The model described in Chapter 7, Sec.7.2 has been further implemented (for a complete
description see Koutsouridou et al. 2023). Here, we provide an overview of the key

implementations:
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e Relaxing the Instantaneous Recycling Approximation: in all the previous work in
which was employed the N-body simulation coupled with GAMETE, the chemical
evolution was computed assuming the IRA; i.e., that all stars that do not survive
until z = 0, die and return gas and metals into the ISM instantaneously. Here
we relax the IRA approximation and we follow the evolution of each individual
star, depending on its initial mass and metallicity. We adopt the stellar lifetimes of
Raiteri et al. (1996) for Pop II/T stars and the stellar lifetimes of Schaerer (2002)

for Pop III stars.

o The energy distribution of Pop III SNe: Currently, there is no theoretical constraint
on the explosion energies of Pop III SNe with m, = [10 — 100] Mg, and while
observations suggest that they could have spanned almost two orders of magnitude,
their distribution remains completely unknown. We assume a mass-independent
energy distribution function (EDF) of the form, dN/dE, x E_“°, where E, is the
explosion energy and «. is a free parameter of the model. Based on the distribution,
we assign randomly an energy to each Pop III SNe which then determines the
supernovae types from the following options: faint SNe(Es5;! = [0.3, 0.6]), a core-
collapse SNe(ccSN; Es; = [0.9, 1.2, 1.5]), high energy SNe(E5; = [1.8, 2.4, 3]) or
hypernova (E5; = [5,10]).

o Metal enrichment: The chemical enrichment of the ISM is influenced by both
Pop IIT and Pop II/I stellar populations. The metal yields and remnant masses
of Pop IIT stars are adopted from Heger & Woosley (2002) for PISN (140 <
m./ Mg < 260) and from Heger & Woosley (2010) for less massive Pop III SNe
(10 < my/ Mg < 100). For Pop II/T stars we adopt the yields Limongi & Chieffi
(2018) for massive stars evolving as core- collapse SNe (ccSNe) and the van den
Hoek & Groenewegen (1997) yields for low and intermediate mass (m, < 8 Mg)
Asymptotic Giant Branch (AGB) stars.

8.3 Results

We investigate how the Metallicity Distribution Function (MDF), the Carbonicity Distri-
bution Function (CDF), and the fraction of CEMP-no stars in the Galactic halo depends
on the unknown energy distribution function (EDF) of the first Pop III supernovae. We
examine, respectively, the degeneracy between the EDF and the other unknowns related

to Pop III stars, especially the primordial IMF.

1Es = E*/10516rg

128



Beyond Ultra Faint Dwarfs: Galactic Halo

mepn=1Mg mep =10M o

1} mE™=1000M, L miy™=1000M
4.0
2F
iy
g -3 [ 4 2.5
o~ —
| 4f —_—d
Il T
=) F2.0
> | .
el S
Z o , , g
~ Mmep =100 M mep =10M ¢
*Z 1L mEm=1000 M, L mIx =100 M, 1.5
o0
Q
—
2+F
F1.0
3F
0.5
4t
,5 -

-6 -5 —4 -3 -2-6 -5 -4 -3 -2

Figure 8.1: Mean metallicity distribution functions of very metal-poor, inner halo stars, normalized at
[Fe/H] = —2.05, in comparison to the observations by Bonifacio et al. (2021) for the four Larson-type
Pop III IMFs considered. For each IMF, results are shown for different values of the Pop III EDF
exponent, ae, as denoted by the color. All mixing values of the Heger & Woosley (2010) yields are

assumed to be equally probable.

8.3.1 Pop III stars: Energy Distribution Function vs IMF

This Section explores how the properties of the surviving halo stars in our model change
when we vary the EDF of the first SNe. We assume that all different Pop III mixing
parameters given by Heger & Woosley (2010) are equally probable and assign them
randomly to each Pop III SNe. We consider four Larson-type IMFs: (i) with characteristic
mass M.y, = 1 Mg and maximum mass for Pop III stars my,q.. = 1000 Mg, (i) with
men, = 10 Mg and mypnqa. = 1000 Mg, (iil) with me, = 100 Mg and my,q. = 1000 Mg,
and (iv) with m., = 10 Mg and my,e, = 100 Mg.

Figures 8.1 and 8.2 show the predicted MDFs for the four cases assuming different EDFs
as denoted by the color. We find that at [Fe/H] > —3 the halo MDF is essentially
independent of the assumed Pop III IMF and EDF and it is in almost perfect agreement
with the one derived by Bonifacio et al. (2021). It is worth noting that the MDF is
a genuine prediction of our model since no free parameter was tuned to reproduce it
the assumed Pop III IMF and EDF. At lower metallicities [Fe/H] < —3 there is a clear
trend: the MDF steepens as we move both to a higher characteristic mass m., (or higher

Mmaz) at fixed EDF or to a lower a. at fixed IMF, i.e., as more Pop III stars with high
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Figure 8.2: Same as Figure 8.1 but normalized to [Fe/H] = —4.25 and compared to the ultra metal poor

MDF from the SAGA database. The downwards pointing arrows indicate the possibility that the SAGA
MDF might be biased towards the lowest metallicities.

masses and explosion energies are formed. This is to be expected, since high energy SNe,
hypernovae and massive PISN yield more iron than faint and ccSNe and, thus, accelerate
the chemical enrichment in their host halos resulting in a steeper MDF. Nevertheless, all

MDFs are in agreement with the Bonifacio et al. (2021).

In addition, all model MDFs are in agreement with the SAGA MDF at [Fe/H] < —4
within errors (Figure 8.2). Yet, the ones predicted by the [mep, Mmaz] = [1,1000] Mg
and the [mep, Mmax] = [10,100] Mg models, which result in less (or zero) PISN formed,
lie above the observational data-points in most metallicity bins. Instead the others IMFs
lie below the observations. It is probable that the number of stars at [Fe/H] < —4.5 with
respect to the number of stars at [Fe/H] ~ —4 will decline in the future as more stars
in the range —4.5 < [Fe/H] < —4 will be followed up with high-resolution observations.
Therefore, we could say that the latter two models are preferable here, or else that PISN
are required to steepen the ultra metal-poor tail of the MDF. However, this could be a
premature conclusion, given that only 14 stars with [Fe/H] < —4.5 have been observed

to date.

In Figure 8.3, we compare our predicted CEMP fractions to the observations. All halo
stars with [Fe/H] < —5 are predicted to be carbon enhanced, [C/Fe] > +0.7. At higher
metallicities, and for a given Pop III IMF, we find that EDFs skewed towards high
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explosion energies (i.e. with smaller o) result in lower CEMP fractions; naturally, since
more energetic Pop IIT SNe yield less [C/Fe| at fixed mass and mixing level (e.g. see
Vanni et al. (2023)).

The dependence of the yielded [C/Fe] on the Pop III stellar mass is not straightforward.
At 10 < m, /Mg < 100 and at a given explosion energy, the ejected [C/Fe| appears to
increase with mass, especially at low mixing levels, but the relation is not monotonous and
tends to reverse at the highest explosion energy E, = 10 x 10%! erg (Heger & Woosley,
2010). The opposite is true for PISN; the yielded [C/Fe| decreases dramatically with
stellar mass from ~ 1013 at m, = 140 Mg to < 10~1 at my, = 260 Mg (Heger & Woosley,
2002). In addition, only the lowest explosion energies (E, < 1.5 x 10°!erg) and the lowest
mixing levels produce [C/Fe| that exceed those of the least massive PISN (m, < 170Mg).

~

Yet, all non-PISN yield higher [C/Fe| than PISN with m, 2 195 Mg. Nevertheless,
Figure 8.3 reveals a clear trend. As we increase the characteristic mass from m., = 1 Mg,
to mep, = 10 Mg, and me, = 100 Mg (resulting in Mpisn/Mpopir = 0.04,0.11, and 0.22,
respectively) the predicted CEMP fraction for a given EDF decreases. For m., = 1 Mg
we can reproduce the observed Fopmp for a, > 1 while for mq, = 10 Mg we need a
higher a. 2 1.5. That means that as the number of PISN increases, the number of
hypernovae should drop (from < 22% for m¢, = 1 Mg, to < 8% for m., = 10 My). For
mep, = 100 Mg even the EDF with o, = 4 (giving ~ 99% faint SNe) cannot produce
enough CEMP stars to meet the observations. This is because when m., = 100 Mg
PISN dominate the ISM enrichment, thus washing out the high [C/Fe] yielded by faint
SNe (Pagnini et al., 2023). Indeed, in the case where m, ., = 100 Mg, i.e., when no
PISN are allowed to form, our model fits the observations for o, ~ 1.5 — 2. Finally, in
Figure 8.4, we compare the cumulative CDFs, for stars with [Fe/H|< —2, predicted by
our models with observations from the SAGA database. We find that the CDFs become
steeper as the mgj, of the Pop IIT IMF increases, or else as more PISN form. Models with
men, = 100 Mg (bottom left panel) significantly underpredict the number of stars with
[C/Fe|>-+4, yet all other models are in agreement with the observations within errors. At
fixed IMF, we see that when the model CDFs are normalized to [C/Fe|=+2, they show
no clear dependence on the assumed EDF. That is not true, however, when we consider
the CDFs extending down to lower [C/Fe|. There, our now-familiar trend is evident; the

higher the energy of Pop III SNe (or else the lower the «.), the lower the yielded [C/Fe]
and, therefore, the steeper the resulting CDF.
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[C/Fe]=+2, in comparison with observations from the SAGA database.
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8.3.2 Metal contribution from Pop III stars

It became clear that there exist degeneracies between the EDF and the IMF of Pop III
stars. Given the currently large errors in the observational data, it is hard to single out
a preferred model. It is useful to examine the average behaviour of all our "successful"
models, see Table 8.1, i.e., those that are in better agreement with the observed MDF,
CDF and Fcgpump-

Table 8.1: Pop III stellar parameters for the models that successfully reproduce the observed MDF
(Bonifacio et al. 2021), the CDF and the CEMP fractions (Yong et al. 2013a; Placco et al. 2014) of very
metal-poor stars in the inner halo. In all models below, all values of stellar mixing given by Heger &

Woosley (2010) are assumed to be equally probable.

Model 1  Model 2 Model 3

Mch 1 M@ 10 M@ 10 M@
IMF

max | 1000 Mg 1000 Mg 100 Mg,

EDF | a. 1.0-2.0 1.5-25 1.5-2.0

Figure 8.5 (left) shows the present-day distribution of very metal-poor, inner halo stars
in the [C/Fe]-[Fe/H| diagram. The main bulk of the observed C-normal population
is in very good agreement with our model predictions, and coincides with the region
predicted to have the highest density of stars. Furthermore, the CEMP-no stars are also
well represented by our models. Similar to the observations, our models show a sharply
decreasing [C/Fe] with increasing [Fe/H]. However, our [C/Fe|-[Fe/H] relation appears
shifted towards lower [Fe/H| compared to the observed one. As a result the CEMP stars
with the highest carbonicities in each [Fe/H] bin are not reproduced by our models. This
is a problem faced by several other works (e.g. Cooke & Madau 2014; Komiya et al. 2020;
Jeon et al. 2021). The right panel of Figure 8.5, depicts the minimum metal fraction
contributed by Pop III stars, as a function of metallicity and carbon enhancement. In
particular, the colors denote the minimum fg
to each [C/Fe]-[Fe/H| bin in our models (Table 8.1), where migt = mpP " 4 0P !

is the total mass of metals in a star and m?p I and m?p ' the metals’ mass that it

111 Pop 111 :
P =m P /migt of all stars belonging

has inherited from Pop III and Pop II progenitors, respectively. We find that all C-
enhanced stars at [Fe/H] < —3, are at least ~ 20% enriched by Pop III progenitors.? As
we go towards higher [C/Fe|, this value increases rapidly, up to > 50% for stars with
[C/Fe] > +1, and up to > 80% for stars with [C/Fe] > +1.5 (at the same [Fe/H] < —3).

2 Note that our model does not include binary transfer, i.e., CEMP-s stars.
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Figure 8.5: Left: Distribution of very metal-poor, inner-halo stars on the [Fe/H]-[C/Fe| diagram. The
color denotes the probability P; = NZ/NZt°t of stars to belong in each bin i, where N is the number
of stars in the bin and N!°% is the total number of [Fe/H] < —2 stars. Right: Same as left panel only
here the color denotes the minimum metal fraction inherited by Pop III ancestors for all the stars in
each [Fe/H]-[C/Fe| bin. Data points in both panels, show the C-normal and CEMP-no stars from the
samples of Yong et al. (2013a; X points), Placco et al. (2014; points), and various authors (diamonds;
Christlieb et al. 2002; Norris et al. 2007; Caffau et al. 2011a; Keller et al. 2014; Hansen et al. 2015; Frebel
& Norris 2015; Li et al. 2015; Bonifacio et al. 2015; Caffau et al. 2016; Bonifacio et al. 2018; Frangois
et al. 2018; Aguado et al. 2018c; Starkenburg et al. 2018; Aguado et al. 2019; Ezzeddine et al. 2019;
Nordlander et al. 2019).

Moreover, all stars with [C/Fe] 2 +2 and/or [Fe/H] < —4.7 are pure Pop III descendants;
their abundance patterns are less than 5% contaminated by Pop II stars. In addition to
the Pop III enriched CEMP stars, there is a group of C-enhanced stars that have been
entirely enriched by Pop II stars, at [Fe/H] > —2.8 and [C/Fe] < +2 (dark blue area in
Figure 8.5). Our adopted Pop II SNeyields (Limongi & Chieffi, 2018) have a maximum
[C/Fe] = +0.69 at [Fe/H|< —2, and are, therefore, not able to beget very metal-poor
CEMP stars. Instead, we find that such Pop II CEMP stars are formed in minihalos
enriched to high [C/Fe] by Pop II AGB stars, after SNeexplosions have removed all gas
from the halo and with it the iron rich signature of more massive Pop II stars (see also
Rossi et al. 2023). The stars at 0 < [C/Fe] < +0.7 are predominantly enriched by Pop II
progenitors. They correspond to the highest density region of Figure 8.5 (left), which
implies that most of the observed C-normal stars are not Pop III star descendants. Yet,
at low [C/Fe] < 0, the Pop IIT metal contribution starts dominating again. This is a

natural consequence of the fact that Pop II stars yield a minimum [C/Fe] ~ 0.07 at
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[Fe/H] < —2 (Limongi & Chieffi, 2018), while energetic Pop III SNe can reach down to
[C/Fe] = —1.3 (Heger & Woosley 2002; Heger & Woosley 2010).

8.3.3 Discussion and conclusions

For the first time, we explore the energy distribution function, EDF, of the first SNe in the
context of a cosmological galaxy formation model of a MW-analogue. Our model follows
the formation and evolution of individual Pop III stars, which is uniquely determined
by their initial mass, stellar mixing and explosion energy. Their contribution in the
chemical enrichment of their host minihaloes is imprinted in the present-day properties
of very metal-poor Galactic halo stars, such as their MDF, CDF, and CEMP fractions.
We have demonstrated that the Pop III EDF can be equally important to their IMF in
shaping the abundances of extremely metal poor halo stars. We find that only EDFs that
are weighted towards low explosion energies combined with bottom heavy IMFs (even
if they extend to 1000 M) can reproduce simultaneously the MDF, the CDF and the
fraction of CEMP stars in the Galactic halo. However, this comparison alone does not

allow a tighter constraint on the Pop III IMF. We draw the following main conclusions:

e Pop III Energy Distribution Function. The fraction of CEMP stars, Fogwmp, iS
highly sensitive to the primordial EDF, especially at [Fe/H] < —3. Assuming an
EDF of the form: dE/dN « E~%, we find that we can reproduce the observed
CEMP fractions for a, ~ 1 — 2.5, depending on the adopted IMF for Pop III stars
(Figure 8.3). This value corresponds to a ~ 40 — 90% probability for Pop III stars
with m, = [10 — 100] Mg to explode as faint SNe, and a 20 — 0.5% probability for
them to explode as hypernovae. The effect of the Pop III EDF (and of their IMF)
on the halo MDF is only prominent at [Fe/H] < —3, but there the observational
uncertainties are so large that they render any comparison inconclusive (Figures 8.1

and 8.2).

e Pop III Initial Mass Function. A top-heavy primordial IMF (with characteristic
mass mep, = 100Mg in the range [0.1-1000] M) is disfavoured, as it underestimates
the CEMP fraction and results in a too steep CDF, even if all Pop III stars with
m, = 10 — 100 My explode as faint SNe (Figures 8.3 and 8.4).

e Pop II descendants. The great majority of very metal-poor stars lie at 0 < [C/Fe] <
+0.7, i.e. they are C-normal. We predict that these stars have been predominantly
polluted by normal Pop II SNe, in agreement with recent studies investigating the
abundance patterns of C-normal stars and their small star-to-star scatter (Vanni
et al. 2023). In addition, we find a population of CEMP stars at [Fe/H] 2 —2.8,
which were born from gas enriched by Pop II AGB stars.

135



Beyond Ultra Faint Dwarfs: Galactic Halo

e Pop III descendants. Regardless of the assumed model, all CEMP stars at [Fe/H] <
—2.8 have been enriched to > 20% by Pop III progenitors. This value increases
to > 95% at [C/Fe] 2 +2 (Figure 8.5). At fixed [C/Fe], CEMP stars with the
lowest metallicities are faint SNe descendants, while as we move to higher [Fe/H]
the contribution of higher energy Pop III SNe prevails. According to our results,
very metal-poor stars with [C/Fe] < 0 are predominantly imprinted by primordial

hypernovae (at [Fe/H] < —2.5) and PISN (at [Fe/H] 2 —2.5)

8.4 A general parametric model

In previous Sections, we have seen how to infer the properties of Pop III stars by exploiting
cosmological simulations of Milky Way formation. Here we present a novel parametric
model which is suitable for applications on a broad range of topics related to early
chemical enrichment. Indeed, it can interpret the chemical fingerprints left by the first
SNe explosions in both long-living stellar descendants (e.g. Skuladottir et al. 2023a) and
in more distant gas clouds, which can be observed as absorption systems (Salvadori et al.

2023).

8.4.1 The model

We briefly summarize the simple and general parametric study presented by Salvadori
et al. (2019) and further implemented by Vanni et al. (2023). The model aims to
chemically characterize the descendants of Pop III stars: long-lived stars formed in en-
vironments predominantly polluted by Pop III SNe, i.e. where the metals from Pop III
SNe account for > 50% of metals in the ISM. The model assume that a single Pop III star
can form in primordial star-forming halos. Then, we evaluate the chemical enrichment of
the ISM after: (i) the injection of heavy elements by Pop III SNe with different explosion
energies and progenitor masses; and (ii) the subsequent contribution of "normal” Pop II
stars exploding as core-collapse SNe. We adopt the yields by Heger & Woosley (2002)
for very-massive Pop III stars, m, = [140 — 260] Mg, that explode as Pair Instability SNe
and by Heger & Woosley (2010) for intermediate-mass Pop III stars, m, = [10—100] Mg,
exploding as faint, core- collapse, high-energy SNe and hypernovae, whose explosion en-
ergy is respectively equal to Esy = (0.6,1.2,3.0,10.0) x 10°! erg. For Pop II stars we
adopt the yields of Woosley & Weaver (1995) and Limongi & Chieffi (2018).
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8.4.2 Birth environments of Pop III descendants

In Fig. 8.6 we show the [C/Fe| vs [Fe/H]| density maps for Pop III descendants which
have been only enriched by Pop III SNe and which have also been partially enriched
by normal Pop II stars. First, let’s start by inspecting the chemical abundances of
an ISM solely imprinted by Pop III stars (first column of Fig. 8.6). The C element
is particularly informative because it is sensitive to the mass and explosion energy of
Pop III stars. In the first four rows of Fig. 8.6 we show the chemical enrichment of an
ISM imprinted by Pop III stars in the mass range [10 — 100]Mg (faint SN, core-collapse
or CC SN, high-energy or HE SN, and hypernovae) and in the bottom row by PISN, with
[140 — 260]M and Egn € [10°2;105%%] erg. By inspecting Fig. 8.6 we notice that high-
energy SNe and hypernovae (rows 3 and 4) pollute the ISM with large quantities of Fe.
The abundances of their descendants are, therefore, peaked at relatively high [Fe/H] > —4
and [C/Fe] € (—1,0). The descendants of high-energy SNealso have very small (but non-
zero) chances for being C-enhanced. Thus, high-energy SNe and hypernovae alone cannot
reproduce all the chemical abundances observed in metal-poor halo stars. On the other
hand, the second generation stars formed from the ejecta of faint SNe, CC SNe, and PISN
span —8 < [Fe/H] < —1, and can, therefore, reproduce the iron abundances of all the
literature halo sample. Furthermore, they cover a wide range of —1 < [C/Fe] < +5. The
peaks of the [Fe/H| and [C/Fe| distributions are, however, located at different values for
different progenitors. The faint SNe descendants show a prominent peak at [Fe/H] ~ —7
and [C/Fe|] = 43.5; the CC SNe descendants are more equally distributed in the whole
|[Fe/H] and [C/Fe| range, showing different peaks at both low and high [C/Fe|; while PISN
descendants have the strongest peak at [Fe/H| > —2 and [C/Fe] < 0. The [C/Fe| values
of the second generation stars strongly depend on the mass of the Pop III progenitor.
For a fixed mixing parameter, fi,ix, when the progenitor star explodes as a faint or CC
SN, the descendants of the most massive Pop III stars show the highest values of [C/Fe]
(and [O/Fe], [Mg/Fe] (see Fig.6 in Vanni et al. 2023). If, on the other hand, it explodes
as a PISN, this trend is the opposite; the more massive is the progenitor, the lower are
the [C, O, Mg/Fe| values of the descendants. Yet, if we vary the mixing efficiency, this
relation between the progenitor masses and the [C/Fe] values of the descendants is not
straightforward. Indeed, depending on the mixing efficiency, we find that descendants
of progenitors with different masses can have the same [C/Fe| values. We can therefore
conclude that the metal-poor Milky Way halo stars with [C/Fe] > 42.5 agree with the
chemical abundances predicted for the descendants of Pop III low-energy SNe, which
are also predicted to imprint the ISM with an over-abundance of other light elements:
[O/Fe|> +2, [Mg/Fe|> +1.8, [Si/Fe|> +1.8. The carbon abundances of these CEMP-no

halo stars also agree with the descendants of the least massive PISN, m, = 140Mg.
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Figure 8.6: Density map of the predicted ISM [C/Fe| abundance ratios as a function of [Fe/H| with
different Pop III enrichment level: 100%, 90% , 70%, 50%. Explosion energies of Pop III stars increase
from top to bottom. The results obtained with the two sets of Pop II yields are shown together (Woosley
& Weaver, 1995; Limongi & Chieffi, 2018). Star symbols are observed chemical abundances of CEMP-no
(filled, the sizes are proportional to the [C/Fe| values) and C-normal (open) halo star. The dash-dotted
line in the [C/Fe| diagrams is at Zigsm = Zer-
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However, this doesn’t hold for the abundances of the other chemical elements.

At [C/Fe] < +2.5, the abundances of the metal-poor halo stars are also consistent with
being the descendants of Pop III stars exploding as more energetic SNe [10 — 100] Mg,
with Egy up to 10°2erg, but not of PISN. However, determining the progenitors of
moderately C-enhanced and C-normal metal-poor halo stars is complicated by possible
contribution of Pop II stars. From the first column of Fig. 8.6 it is evident that, inde-
pendent of the explosion energy (and progenitor mass), the metals yielded by individual
Pop IIT SNe typically enable the ISM to reach Zisn > Zer, which implies that long-lived
Pop II second-generation stars can form in these environments but also that massive
Pop 1II stars can start contributing to the ISM enrichment.

For increasing Pop II contribution to the chemical enrichment (columns from two to four
in Fig.8.6), [Fe/H]| increases while |[C/Fe| decreases, moving towards the abundances of
the C-normal stars. As shown in Fig. 8.6 (second column), a small relative enrichment of
10% from Pop II stars is enough to limit the maximum [C/Fe] < +2.5, even in environ-
ments predominantly imprinted by low-energy Pop III SNe. This strongly suggests that
halo stars with [C/Fe| 2 +2.5 have been enriched only by low-energy Pop III stars, and
are thus true second generation stars. Indeed, their extreme C-enhancement cannot be
reproduced with any contribution (>10%) of Pop II stars, or higher energy Pop III SN,
the only exception being PISN with the lowest mass which however do not produce the
other observed abundance ratios. On the other hand, we can reproduce the halo stars
with [C/Fe] < +2.5 with products of low-energy Pop III SNe and a >10% pollution from
Pop II stars. In particular, from Fig. 8.6 it is evident that the probability of producing
a C-enhanced ISM with the products of low-energy Pop III SNe decreases as the contri-
bution of Pop II stars to the chemical pollution increases. We also see that high-energy
Pop III SNe can, with small probability, imprint the ISM up to [C/Fe|]~ +1.5 if the con-
tribution of Pop II stars is < 10%. The same is true for PISN enrichment but in this case
it is limited to [Fe/H| > —4. Finally, we note that gaseous environments predominantly
imprinted by Pop IIT hypernovae cover a broad iron range, [Fe/H] > —4.5 but always
have [C/Fe] < 40.7, regardless of the Pop II contribution.

Based on the [C/Fe| abundance ratio, we can only conclude that the most C-enhanced
halo stars are true second generation stars. On the other hand, the CEMP-no stars with
[C/Fe] < 4+2.5 could be polluted by Pop III stars exploding with different energies and
Pop II stars at different levels. Thus, we need to investigate the imprint of the first stars

also with heavier chemical elements.
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8.4.3 Other chemical elements

In Fig. 8.7 we show the predicted range of [X/Fe] vs [Fe/H] for the a-elements O, Mg and
Si, with varying Pop III contribution (from 100% down to 50%), and for increasing ex-
plosion energy of Pop III SNe (top to bottom rows). In general, the predicted abundance
ratios for elements lighter than Ca follow a similar trend to [C/Fe|, i.e. the maximum
[X/Fe] values decrease as the Pop II contribution increases, moving towards the abun-
dances of C-normal stars. Most of the highly C-enhanced halo stars ([C/Fe] > +2.5,
largest points in Figs. 8.7) also have high values of [O, Mg, Si/Fe| and these enhance-
ments agree only with 100% enrichment from Pop III SNe, either faint, core-collapse or
high-energy SNe. On the other hand, we predict too high [Al/Fe| values for the highly
C-enhanced stars. The highly C-enhanced stars of our literature sample also show high
[Zn/Fe| values (= 0.8), though there is only one star with a [Zn/Fe| measurement (Ezzed-
dine et al., 2019) while for the other there exist only upper limits. Our predictions for
faint, core-collapse, and high-energy SNe descendants are therefore consistent with the
|Zn/Fe| values of the highly C-enhanced halo stars. To conclude, the abundance ratios
of the descendants shown in Figs. 8.7, confirm that the most C-enhanced and Fe-poor
halo stars have been most likely imprinted by a single or few Pop III low-energy SNe
(Esn < 3 x 10°terg). The C-enhanced stars with [C/Fe] < +2.5 have [O, Mg, Si, Al
Ca/Fe| values in agreement with the descendants of Pop III SNe, either faint, core-
collapse or high-energy, with a contribution from Pop III stars down to 70%, for the ones
with [C/Fe] > +1.5, and down to 50%, for the ones with [C/Fe] < 4+1.5. To conclude,
while the progenitors of the most C-enhanced stars are likely single or few massive pri-
mordial SNe, the abundances of moderately C-enhanced ([C/Fe] < +2.5) and C-normal
stars are consistent with both the enrichment from primordial Pop III SNe and/or from

a subsequent generation of Pop II stars.

8.4.4 The complete abundance pattern

In the previous Sections we investigated how a single Pop III star pollutes with its chem-
ical products the ISM in which it explodes and how the resulting chemical abundances
change with the Pop II contribution. Our results show that C-normal environments (or
stars) can be either imprinted by single Pop III SNeor predominantly polluted by normal
Pop II stars. Here we aim at discriminating among these two possibilities by exploiting
all the different chemical elements measured. In Fig. 8.8, we show the mean chemical
abundance patterns of all predicted Pop III 100% and 50% descendant stars, distinguish-
ing between the CEMP-no ones with [Fe/H] € [-7.5; —4] (top left) and € (—4; —2] (top
right) and the C-normal ones with [Fe/H] € (—4; —2] (bottom right). For the CEMP-no
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Figure 8.7: Predicted ISM abundance ratios [X/Fe| vs. [Fe/H], for the elements O, Mg, and Si, after the
explosion of Pop IIT and Pop IT SNe. Colored areas show different Pop III contribution to the chemical
enrichment: 100% (yellow), 90% (orange), 70% (magenta) and 50% (purple). The explosion energy of
Pop III stars increases from top to bottom rows. Star symbols are observed chemical abundances of

CEMP-no (filled, the sizes are proportional to the [C/Fe| values) and C-normal (open) halo star.
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Figure 8.8: Mean chemical abundance patterns for our models (blue) with the 100% and 50% contribution
from Pop III stars that predict: CEMP-no descendants with —7.5 < [Fe/H] < —4 (top left); CEMP-no
descendants with —4 < [Fe/H] < —2 (top right); C-normal descendants with —4 < [Fe/H] < —2 (bottom
right); compared with the mean measured abundances of CEMP-no stars (red) and C-normal stars
(grey). Blue error bars are the standard deviation between models. For fpopirr = 50% the abundance
patterns are calculated using both PoplI yields from Woosley & Weaver (1995) (darker blue) and Limongi
& Chieffi (2018)(lighter blue).The coloured area between them represents an intrinsic uncertainty due

to the choice of the Pop II yields.

stars in the top left of Fig. 8.8, the predicted abundance ratios, |X/Fe], of elements lighter
than Ca decrease with increasing Pop II contribution. The average [Cu/Fe] and [Zn/Fe|
increase as the contribution from Pop II stars increase. This effect is mainly due to the
fact that the most copper- and zinc-deficient descendants, which are the ones enriched
by primordial PISN, become C-normal when we add the contribution from Pop II stars
and do not contribute anymore to the average abundance pattern of CEMP-no descen-
dants. On the contrary, the abundances of C-normal descendant stars (bottom panels of
Fig. 8.8) do not change significantly with an increasing Pop II contribution. In all the
cases depicted in Fig. 8.8, the standard deviation of the predicted chemical abundances
is significantly reduced when the Pop II contribution increases. Note that our models
always underestimate the [N/Fe| ratio. This is partly due to the fact that PISN ejecta

present a strong odd-even effect, always producing [N/Fe] < 0 in the ISM (see Salvadori

142



Beyond Ultra Faint Dwarfs: Galactic Halo

et al. 2019), and partly due to the difficulty of modeling the nucleosynthesis of N in
the stars. At the lowest [Fe/H] < —4, the measured abundances of CEMP-no stars are
only consistent with theoretical predictions of 100% Pop III contribution. CEMP-no
stars with —4 < [Fe/H] < —2, on the other hand, have chemical abundances that are
consistent with either being second generation stars, or having Pop III enrichment at
a 2 70% level, with a partial Pop II pollution. Our model overestimates the [Mg/Fe]
and [Al/Fe] ratios, relative to observations, but when non-LTE corrections are applied,
this discrepancy is expected to disappear. The predicted [Zn/Fe] average is lower than
the observed one. Indeed, the yields of normal SNe are not able to reproduce the ob-
served high [Zn/Fe] values and, moreover, the abundances of PISN descendants, which
have [Zn/Fe] < 0, strongly lower the average [Zn/Fe]. However, the average observed
[Zn/Fe|, is an upper limit and there is only one finite measurement, which is just at
the edge of the values predicted by our model. The measured chemical abundances of
the C-normal stars in the range [Fe/H] € (—4;—2], on the other hand, agree with our
predictions for the descendants enriched by Pop III stars at a = 50% level. However, if
the birth environments of C-normal descendants are predominantly (> 50%) polluted by
Pop III stars, the predicted scatter is higher than what is observed in C-normal stars.
Furthermore, the agreement between the average and the observed abundances is better
for some elements, C, O, Sc, Co and Zn, with a contribution of Pop II stars at the ~ 50%
level. For C-normal descendants we predict a lower [Na/Fe| average, but the non-LTE
corrections should lower the observed abundances. Finally, we predict a smaller [Ti/Fe]
with respect to the observed one. Ti is lightly affected by non-LTE effects, and in general

the stellar evolution models underestimate it.

8.4.5 The star-to-star scatter

The last and most conclusive result of our work concerns how the maximum scatter
in abundance ratios is dependent on the relative pollution from Pop III stars, fpopiii-
In Fig. 8.9 we show the predicted dispersion of [C/Fe|] and [Mg/Fe] with respect to
froprir. The pure Pop IIT descendants, fpopiir = 100%, show a dispersion > 5 dex in the
abundance ratios [C/Fe| and [Mg/Fel, as well as in the other chemical elements lighter
than Ca. These abundance ratios are very dependent on the mass, SNeexplosion energy,
and mixing efficiency of the progenitor, and therefore vary over a wide range of values.
As Pop 1I stars contribute more to the pollution of the ISM, they wash out the diverse
chemical peculiarities of the different primordial progenitors and the dispersion between
different descendants is reduced. Finally, when the contribution from Pop III stars is
negligible (Pop II only case), the abundances of the descendants almost correspond to

the solar values. To conclude, with our model, we predict that the scatter in [C/Fe] and
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Figure 8.9: Maximum extent of the abundance ratios [C/Fe| (left) and [Mg/Fe| (right) for Pop III
descendant stars as a function of relative Pop III pollution. Coloured areas represent different levels
of enrichment from Pop III stars, fpoprrr: 100% (yellow), 90% (orange), 70% (magenta), 50% (purple),
30% (indigo), and only Pop II stars (grey). The dash-dotted lines correspond to [C/Fe] = +0.7 (left)
and [Mg/Fe| = 0 (right).

[Mg/Fe| ratios is maximum for Pop III only enriched environments and that it decreases

as the contamination from Pop II stars increases.

8.4.6 Conclusions

Here we aim at finding the peculiar chemical imprints left by the first stars and to
determine the real descendants of Pop III stars, i.e. if 50% of their metals are produced
by Pop III stars, by exploiting the parametric model developed by Salvadori et al. (2019),

and further improved and extended by Vanni et al. (2023). Our main conclusions are:

e The most C-enhanced ([C/Fe] > +2.5) halo stars have chemical abundances that
agree with an imprint from only one primordial Pop III star exploding with low

energy (<2 x 10°! erg).

e C-enhanced metal-poor halo stars with +0.7 < [C/Fe] < 42.5 are likely born in
environments polluted by both Pop IIT and Pop II stars where Pop III stars provided

> 50% of the total amount of metals.

e C-normal metal-poor halo stars have probably been imprinted mainly by Pop II
SNe, which provided > 50% of the total metals amount of their birth places. How-
ever, we might also find C-normal metal-poor stars which are pure descendants of
the most energetic Pop III SNe (hypernovae and PISN) with peculiar and outlier

abundance patterns.

e A key diagnostic employed to understand the origin of C-normal stars is the dis-

persion between the chemical abundances predicted by different models and its
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variation with respect to the pollution level from Pop II stars. Indeed, the scatter
between the abundances of different descendants decreases as the contribution of

Pop II stars to the metal pollution increases.
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CHAPTER 9

Conclusions

In this Thesis I have investigated how to unveil the nature of the first (Pop III) stars
by exploiting the spectroscopic studies of ancient metal-poor stars in the Local Group,
with a particular focus on Ultra-Faint Dwarf galaxies (UFDs). To this aim, I developed
a novel theoretical model that follows the formation and chemical evolution (elements
from carbon to zinc) of Bootes I, the best studied UFD galaxy. My physically driven
model simultaneously accounts for the incomplete sampling of the IMF and the chemical
enrichment of individual stars from different sources: supernovae (SNe) and asymptotic
giant branch (AGB) stars, both from Pop III and subsequent normal Pop II stellar
populations. With my innovative approach, I compared observations of UFDs with my
model results, and provided new and vital constraints on the elusive properties of the first
stars. By exploring different ancient and metal-poor environments such as the Galactic
bulge and the halo, thereby even further constraints have been given on the unknown
characteristics of the first stars. I will here go through the foremost results of the works
I have carried out as leading author and co-author during my Ph.D. and their main

implications.

9.1 Results of my work
IMF random sampling

The Initial Mass Function (IMF) describes the mass distribution of stars at birth. In my
work I showed that the random sampling of the IMF plays a crucial role in driving the
evolution of poorly star-forming, (¥) < 1073 Mgyr—!, systems like UFD galaxies with
star-formation rate, in which the assumption to fully populate the stellar IMF breaks
down. By comparing the theoretical IMF and the effective one, resulting from the Monte
Carlo procedure, I showed that the lower is ¥, the worse is the sampling of the theo-
retical IMF, in particular at the high-mass end. Furthermore, the overall star-formation

rate, ¥, is so low in these small systems, that when the IMF is shifted towards higher
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characteristic masses, m., > 1 Mg, only a few stars around the peak can form. In those
cases, the IMF is poorly populated both at high and low masses. Thus, my findings
clearly demonstrated that to study UFDs, it is fundamental to model the incomplete
IMF sampling, which not only affects Pop III star formation but also “normal” Pop II/I
stars. The IMF random sampling affects the global properties of Bodtes I, however its
impact is even more evident on the fraction of Pop III star survivors: for a Larson type
Pop III IMF with m., = 0.35 Mg, in the mass range [0.1 — 100] Mg, it increases by a
factor of ~ 3 with respect to the model in which we assumed to fully populate the IMF.
Accounting for the random IMF sampling is therefore fundamental when studying the

first stars in UFDs.

The fraction of long-lived Pop III stars

Theoretical models predict the formation of low-mass long-lived Pop III stars. If Pop III
stars with m, < 0.8 Mg were able to form, they should survive until today as living
relics of the first star and they should be observable in the most ancient and metal-poor
environments, such as UFDs. However truly zero-metallicity stars have so far escaped
detection. The non-detection of Pop III stars in UFDs can be used to constrain the IMF
of the first stars by means of a statistical comparison between the available data and
predictions from chemical evolution models. First, I explored how my results depend on
the assumed Pop III IMF and its lower-mass limit. My results show that the assumed
Pop IIT IMF does not affect the global properties of Bodtes I, since the bulk of its stellar
populations has been predominantly imprinted by subsequent generations of Pop II stars.
On the other hand, the expected number of surviving Pop III stars strongly depends on
both the shape, the characteristic mass, m.,, and the minimum mass, M,,;,, of the first
stars IMF. The higher is the characteristic mass, m.p, the lower is the number of expected
Pop I1II star survivors. For m., = 0.35Mg, the fraction of Pop III stars at z = 0 strongly
depends on m;,: it decreases form 12% (mynin = 0.1 Mg) to 7%(mmin = 0.8 Mg). On
the other hand, for m., > 1 Mg and for a Flat IMF the number of expected Pop III star
survivors is very low (< 0.5%) and roughly independent of m,,;,. Moreover, the fraction
of zero-metallicity stars survivors is not significantly affected by the choice of Pop III

maximum mass (Mq: = [100/1000] Mg ).
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Color-Magnitude Diagram (CMD)

Even if Pop III stars with m, < 0.8 Mg were able to form and survive until now,
that does not necessarily imply that they are bright enough to be observed in distant
UFD satellites, therefore to quantify and identify Pop III stars that are bright enough
to be detectable, color-magnitude diagrams (CMD) are required. The simulated Bodtes I
CMD shows a clear general trend of stellar mass and luminosity, i.e. the smaller is m,,
the fainter is the star. Our results reveal that, at the moment, we are only able to
measure chemical abundance in the more massive, and therefore more luminous stars,
m, > 0.7 M. Moreover, to catch potential zero-metallicity stars with m, = 0.1 Mg, ob-
servations should reach an extremely deep magnitude, ¢ = 32. Therefore, very low-mass
Pop III stars, if they ever existed, will be invisible even for future generation telescopes
such as ELT. Simulating the Bottes I CMD has proved to be essential to identify and

quantify the Pop III star survivors that are truly observable.

Constraining the low-mass end of the first stars

My novel approach of connecting model results with real data through synthesizing the
CMD of Bootes I, allows me to put constraints on the minimum mass, my,;,, and the
shape, mcp, of the Pop III IMF. By exploiting the 96 stars with measured metallicities
(¢ < 19) in the UFDs represented by my model (Bootes I, Hercules, LeolV, Eridanus II),
I demonstrated that: me, > 1 Mg or My, > 0.8 Mg at 99% confidence level. Thus, I
proved that Pop III stars were typically more massive than those that form today, and
the mass distribution of the first stars was fundamentally different from stars at later
times. Finally, I predicted that by targeting the four UFDs Booétes I, Hercules, Leo 1V,
and Eridanus IT with future instruments (such as MOSAIC on the ELT), it will be pos-
sible to collect a sample of >10 000 stars. If the non-detection of metal-free stars will be
persistent, I will be able to limit m,,;, > 0.8 Mg independent of the Pop IIT IMF at the
68% confidence level.

Pop III descendants

Massive Pop III stars are expected to evolve as SNe, disappearing from the Universe
only a few Myrs after their formation. The chemical signatures of Pop III SNe can be
found in low-mass second generation stars, the so called Pop III “descendants”, that are
still alive. I present a unique way to identify the true Pop IIT descendants, exploiting
A(C) and [C/Fe] as key diagnostics. The probability to find stars imprinted by first

Pop III SNe increases toward lower value of [Fe/H]|, and it is maximum for A(C) < 6 and
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[Fe/H] < —3.5. My results show that Bodtes I is an ideal environment to find the chem-
ical fingerprints of Pop III SNe with progenitors masses [10 — 100] M. These peculiar
signatures arise among both Carbon-Enhanced Metal Poor (CEMP) stars and C-normal
stars: carbon-enhanced Pop III imprinted stars are predicted to have A(C) < 6 and
[Fe/H] < —3.5 while C-normal stars imprinted by Pop III SNe have [C/Fe] < 0. and
[Fe/H] = —3.5.

Carbon-Enhanced Metal Poor (CEMP) stars

The origin of CEMP stars and their connection with the chemical elements injected
by Pop III SNe with different energies was explored. For the first time, I show that
carbon-enhanced stars purely imprinted by Pop III SNe are located in a specific region
of A(C)-[Fe/H] diagram: A(C) < 6 and [Fe/H] < —3.5. I went deep into understanding
the origin of Pop III star descendants, exploring the type of SNe that enriched their birth
cloud. I proved that CEMP stars imprinted by the first stars have Pop III progenitors
with different energy: faint, core-collapse and high-energy SNe. 1 identified a star in
Bodétes I purely imprinted by faint Pop III (100% of metals from its birth cloud).

Carbon-normal stars

Towards higher [Fe/H] values, the detection of stars imprinted by Pop III SNe is chal-
lenging due to the increasing chemical contamination by normal Pop II stars. However, I
demonstrated that the rare descendants of more energetic Pop III SNe, like hypernovae,
can be preferentially found among C-normal stars with A(C) < 5 and [Fe/H] > —4. In
particular at [C/Fe] < 0 and [Fe/H] > —4, the chemical signatures of hypernovae became
visible and I identified a star, Boo-991 (Ishigaki et al. 2014), whose measured abundance
pattern is consistent with a 95% enrichment by the first stars, in particular ~ 84% by

Pop IIT hypernovae and ~ 13% by high-energy Pop IIT SNe.

The missing PISN descendants in UFDs

The descendants of very massive, m, = [140 — 260] My, Pop III stars that end their
lives as energetic Pair Instability Supernovae (PISN), are predicted to appear at high
metallicities, —4 < [Fe/H] < —1 (Karlsson et al. 2008; Salvadori et al. 2019). Pure PISN
descendants are predicted to be uncommon, representing < 0.1% of Milky Way stars
(de Bennassuti et al., 2017). My results showed that the chemical signatures of massive
PISN are even more rare in UFDs: among Pop III star descendants, only < 0.01% of the

total stars in Bootes I are predicted to be predominantly enriched (at level higher than
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75%) by PISN. The “missing PISN descendants problem” can be explained by considering
the intrinsic properties of UFDs: low star-formation rates and low binding energies. At
low star formation rates, (¥) < 1073 Mgyr~!, the stochastic Pop III IMF sampling pro-
duces an effective IMF poorly populated at high masses (m, > 100 Mg), leading to the
formation at most one Pop III star within the mass range of PISN. On the other hand,
due to of the low binding energy of UFDs, the chemical products of massive and energetic
PISN (Egy > 10°2 erg) are easily evacuated out of the galaxy, making it challenging to
form direct PISN descendants. These results suggest that pure PINS descendants should
be searched for in more massive and therefore more luminous environments like classical

dwarfs galaxies or the Galactic bulge.

The Galactic bulge

The Galactic bulge is predicted to host the oldest stars, but it shows a striking dearth
of CEMP stars with [C/Fe] 2> +2.0, compared with the Galactic halo. We explored the
possible reasons for this anomaly by performing a statistical analysis of the observations
of metal-poor stars in combination with predictions of ACDM models. We showed that
the dearth of CEMP stars with high [C/Fe] is the result of the different formation process
of the bulge compared with the halo and UFDs. N-body simulations showed that the
first star-forming halos which end up in the bulge are characterized by the highest star-
formation rates. These rates enable the formation of rare massive first stars exploding
as PISN, which wash out the signature of primordial faint supernovae. Furthermore,
the higher binding energy of these progenitors enable to retain the chemical products
of PISN. We demonstrated that the mean [C/Fe] in environments polluted by Pop III
stars decreases with the increasing contribution of PISN. We concluded that the dearth
of CEMP stars in the Galactic bulge indirectly probes the existence of elusive PISN, and
propose a novel method which exploits this to constrain the mass distribution of the first

stars.
The Galactic halo

Within our Galaxy, the halo of the Milky Way stands out as the most ancient and metal-
poor environment. It is therefore an ideal place to study the chemical signatures left by
Pop III stars, and thus constrain their properties. By exploiting the new data-calibrated
semi-analytic model based on a N-body simulation, NEFERTITI (Koutsouridou et al.
2023), that traces the formation and evolution of individual Pop III and Pop II/I stars,
we explored the unknown properties of Pop III stars such as their Energy Distribution
Function (EDF). By comparing our model predictions to observations of very metal

poor stars in the Galactic halo we provided the first available constraints on the EDF,
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dN/dE, x E;% with 1 < a, < 2.5. Moreover, our results suggested that the charac-
teristic mass of the Pop III IMF should be m., < 100 Mg. Independent of the assumed
Pop III properties, we find that all stars with [C/Fe] > 40.7 (at [Fe/H] < —2.8) have
been enriched by Pop III supernovae at a > 20% level, and stars with [C/Fe] > +2 at
a > 95% level. Finally, we showed that all very metal-poor stars with [C/Fe] < 0 are

predicted to be predominantly enriched by Pop III hypernovae and/or PISN.

9.2 A look to the future

The results of this Thesis show the progresses that has been made in understanding
the nature of the first stars by exploiting the current spectroscopic observations of the
metal-poor stars in our Galaxy and its dwarf satellite galaxies. Among ancient and
most metal-poor environments, Ultra Faint Dwarf galaxies (UFDs) have been proven
to be compelling laboratories to constrain the unknown properties of Pop III stars. In
particular, I demonstrated that these living relics of the first star-forming mini-halos are
the ideal environments to put limits on the low-mass end of the mass distribution of
the first stars, and to discover the key chemical signatures of the first SNe. Moreover,
UFDs allow to make testable predictions for future surveys to uniquely detect the direct
descendants of Pop III stars and finally put constraints on their Initial Mass Function
(IMF). Additional constraints on the first generation of stars can be obtained by exploring
different ancient and metal-poor environments of our Milky Way, such as the Galactic
bulge and the halo. Combining the constrains that arise from these different environments
I showed how to further limit the shape of the Pop III IMF and the energy distribution of
the first SNe. Currently, the limited observational data sample do not allow to give tighter
constraints on the properties of the Pop III star. Therefore a global understanding on the
IMF of the first stars and on the properties their SNe is still missing. Now we are entering
an exciting era of deep spectroscopic surveys such as WEAVE and 4MOST, including
4DWARFS, (Skuladottir et al. 2023b), of which I am one of the core co-investigators, and
the new J-PLUS (Cenarro et al. 2019) and S-PLUS (de Oliveira et al. 2019) photometric
surveys, that will very soon provide chemical information for 100s of millions of stars.
These surveys will increase the number of stars with measured chemical abundances in
the Local Group by orders of magnitude, and will shed light on the elusive signatures
of the first stars. Using in synergy observational data and theoretical models, and by
exploiting methods that I have developed during my Ph.D, we will finally be able to

reveal the intriguing secrets of the first stars.
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