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Abstract

This work of thesis is dedicated to the study of nucleosynthesis in

astrophysical environments using the NuGrid simulation chain. The

process which is most investigated is the r-process in which elements

heavier than iron are formed in the interior of stars. The experimental

evidence of those processes is not yet possible, but through simula-

tions we investigate the formation of heavy nuclei close to the neutron

drip line and search for possible astrophysical data from current ex-

periments can could be used to test the simulations.

Keywords: nuclear astrophysics – simulations – nucleosyn-

thesis – r-process –neutron drip line



Introduction

This work of thesis is focused on the nucleosynthesis of elements, in partic-
ular on the synthesis of nuclei heavier than iron. Stellar nucleosynthesis for
such heavy nuclei ( A> 60) can not be easily probed expcrimentally, and even
if the processes in which heavier nuclei can be formed in stars are well un-
derstood by nuclear physics theory, the direct observation of such processes
is nowadays extremely difficult. Nevertheless, a number of astrophysical
environments could be studied expcrimentally and some violent process as
supernova explosion could bring expcrimental data to test the current theo-
ries in the near future.
In this work we make use of simulations to study the r-process of nucle-
osynthesis and heavy nuclei close to the neutron drip line. The tools for
performing such a study are provided by the NuGrid collaboration and con-
sist in several programs written in FORTRAN and python.
From the simulation of the r-process for different heavy nuclei, we aim to find
a possible candidate nucleus that can be studied with existing expcrimental
data from astrophysics observatories.

1 Nucleosynthesis

The process in which complex nuclei are formed by nuclear reactions,
from proton and neutrons is called nucleosynthesis. All the elements present
on Earth and in our Universe have been produced in two different stages
of nucleosynthesis. The initial nucleosynthesis happened 225s after the Big
Bang and its duration was of about 30 minutes. During 30 minutes, light
elements up to Lithium (the latter one in very small amounts) have been
formed, and the next stage of nucleosynthesis, carried on in the stars, will
start only 106 years later and it is still going on. At time t = 225s after
the Big Bang, the Universe was filled with photons, neutrinos and antineu-
trinos, electron and nucleons (meaning protons and neutrons). The ratio
photons/neutrons/protons was 1011 : 13 : 87 and the Temperature was about
9 × 108K. The photons present at this time were those destined to be part
of the 2.7 K black body radiation we can observe now as cosmic microwave
background. In such conditions, the following nuclear reaction took place
beetween protons and neutrons:

n+ p → d+ γ + 2.22 MeV (1)
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where d stands for deuteron (H2
1 ). This was the first step required in

the building of more complex nuclei. Before t = 225s, this reaction was also
possible, but the temperature of the Universe was too high to permit the
deuteron to survive, so deuteron was destroyed for photodisintegration in
the reverse reaction of Eq. 1. After t = 225s, other nuclear reactions were
allowed based on deuteron presence. They were:

p+ d → He32 + γ + 5.49MeV (2)

and

n+ d → t+ γ + 6.26MeV (3)

where t is trithium (H3
1 ). He32 and t do not undergo photodisintegration,

so they can be involved in the following helium-producing reactions:

t+ p → α + γ + 19.81MeV

He32 + n → α + γ + 20.58MeV

t+ d → α + n+ 17.59MeV

d+ d → α + γ + 23.85MeV

The Big Bang nucleosynthesis stops here: during this phase only the
mentioned light nuclei can be formed, with the exception of Lithium in very
small amounts because of the following reaction:

He42 + t → Li73 + γ + 2.47MeV. (4)

Lithium is readily destroyed in the following reaction:

Li73 + p → α + α + 17.35MeV. (5)

So only a tiny amount of Lithium could have survived after this first stage
of nucleosynthesis.
All the other elements heavier than Lithium has been synthetized in the
interior of stars: the stellar nucleosynthesis began 106 years later.
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1.1 Stellar evolution

A protostar is a cloud of cool interstellar material, composed by hydrogen
and helium formed during the Big Bang.

The dynamical equilibrium of the star, also known as hydrostatical equi-
librium is essentially a balance between gravity and internal pressure forces.
The hydrostatical equilibrium is important because from its equation we de-
rive a crucial theorem for understanding evolution of stars which is known
as virial theorem.

dP

dr
= −

GMrρ

r2
(6)

is the equation of hydrostatical equilibrium which multiplied by 4πr3dr and
integrating by parts the resulting equation from the centre to the surface is

4π
[
r3P

]r=R,P=Ps'0

r=0,P=Pc

− 3

∫ R

0

P4πr2 dr = −

∫ R

0

GMr dMr

r

︷ ︸︸ ︷

GMr

r
4πr2ρdr
︸ ︷︷ ︸

dMr

. (7)

The boundary term vanishes in the center and at the surface while the last
term gives gravitational potential energy of the star Ω [1]. If we use the
relationship between internal energy and pressure of an ideal gas with an
adiabatic exponent γ

u =
P

γ − 1
(8)

which turns the integral on the left

∫ R

0

Pr4πr
2 dr = (γ − 1)

∫ R

0

u4πr2 dr

︸ ︷︷ ︸

U

(9)

Combining the equations we obtain the virial theorem:

Ω + 3(γ − 1)U = 0 (10)

For Ω = −2U and γ = 5/3 the total energy E = Ω+ U can be written as

E = −U ∼ −
3

2
N〈kT 〉 (11)

From the equation we can intuitively assume that the star losing energy for
example, by radiation, E becomes more negative which consequently gives
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rise in the average temperature [1]. Such change can be explained by the
virial theorem that states half the gravitational potential energy resulted
from the contraction of a star is converted into thermal energy while the
other half is lost from the star.
If we assume an equilibrium state of nuclear fuel burning in the star ε and it’s
perturbation as ∆ε the perturbation itself will increase the energy production
of the core which then causes the expansion of the core. According to the
virial theorem, we see the reduction in U and consequently T . Reduction
in temperature, then, implies reduction in burning rate which makes nuclear
burning stable in non degenerate stars.
If we assume a phase in which there is no nuclear burning, the energy de-
creases because it’s radiated from the surface. If energy decreases so does Ω
from the equation E = 1

2
Ω, which implies star contraction. Calling upon the

virial theorem again half of the gravitational potential energy heats the star.
When the core reaches high enough temperature some nuclear reactions start
to occur. Stars are defined by these cycles of contraction and nuclear burning.
In the pre main sequence, the star contracts until the center reaches tem-
peratures for hydrogen burning at around 107 K. If the core remains out of
hydrogen two things can happen, either it becomes degenerate or has enough
temperature in the core for helium burning at temperatures of about 108 K.
The cycles of contraction and nuclear burning can continue dependent, of
course, by the mass of the star, until the core is composed of iron. At that
point the core collapses as it can release nuclear energy no further because
of iron’s highest binding energy which consequently leads to a core collapse
supernova.
Such negative feedback between energy and temperature does not work in
degenerate matter because, then, the pressure is independent of temperature.
Since the burning of nuclear fuel does not cause the core to expand it means
the temperature increases as well, which in turn will increase the burning of
nuclear fuel. That means in degenerate matter we have a positive feedback
that can turn into what is called a thermonuclear runaway observed in cer-
tain supernovae.
The mentioned degenerate matter represents an extremely dense form of
fermionic matter, characterized by a substantial pressure originating from
the Pauli exclusion principle. In the field of astrophysics, this term is em-
ployed to describe situations in which gravitational forces reach such intensity
within stellar objects that quantum mechanical effects become prominent.

In a fermionic gas primarily governed by thermal effects, a significant
portion of electron energy levels remains unoccupied, allowing electrons to
freely transition to these states. As the contraction of matter progresses,
particle density escalates, leading electrons to progressively occupy lower-
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energy states, while additional electrons are compelled to occupy higher-
energy states. The resistance to further compression in degenerate gases is
substantial because electrons cannot occupy already filled lower-energy levels
due to the Pauli exclusion principle. The momentum of fermions within the
fermion gas generates a counteracting force known as degeneracy pressure.

Specifically, when referring to electrons, this pressure is termed "electron
degeneracy pressure." In scenarios of high density, matter transforms into a
degenerate gas when all electrons are separated from their parent atoms. The
core of a star, once nuclear fusion reactions cease, undergoes a transformation
into a collection of positively charged ions, predominantly helium and carbon
nuclei, suspended within a sea of stripped electrons. Pressure increases solely
due to the cumulative mass of these particles, intensifying the gravitational
force that draws them closer together. Consequently, this phenomenon runs
counter to the usual behavior of matter, where an increase in mass results in
larger objects. In a degenerate gas, greater mass leads to particles clustering
closer together under the influence of gravity, resulting in increased pressure
and a smaller overall size. The non relativistic electron degeneracy at 0 K is
defined as following [1]:

P = K1

(
ρ

µemH

)5/3

(12)

while the relativistic electron degeneracy equation at 0 K looks as follow-
ing [1]:

P = K2

(
ρ

µemH

)4/3

(13)

White dwarfs are a common electron degenerate object but they are bounded
by an upper limit from a further collapse called Chandrasekhar limit. The
limit is approximately 1.44 solar masses for objects with oxygen and carbon
compositions with 2 baryons per electron, such composition is thought to be
the usual one for white dwarfs [2].

MCh = 1.457

(
2

µe

)2

M� (14)

Such value of the Chandrasekhar limit of course does not take into account
Coulomb corrections nor correct gravitational values derived from general
relativity. If we correct for those 2 problems we get a more realistic value of
Chandrasekhar limit which is close to 1.38 solar masses. The object’s rota-
tion, which counteracts the gravitational force, also changes the limit for any
particular object.
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Any object above the mass limit is bound to become a neutron star which
is formed by the change in Fermi energy which makes it favorable for the
electrons to combine with protons to form neutrons in a process called elec-
tron capture. The result is a compact neutron matter which gives rise to a
neutron degenerate pressure analogous to the electron degenerate pressure
present in white dwarfs. Since both the neutron star and the white dwarf are
degenerate matter objects it is bound to draw analogies. Another analogy is
in regards to the mass limit. What is a Chandrasekhar limit in white dwarfs,
it is a Tolman–Oppenheimer–Volkoff limit in neutron stars. Theoretical limit
for non-relativistic objects, with inherent ideal neutron degeneracy pressure,
is only 0.75 solar masses. However, unlike the Chandrasekhar limit, the more
realistic models for defining Tolman–Oppenheimer–Volkoff limit are poorly
understood. Above this limit, a neutron star may collapse into a black hole.
Now that the possible fates of stellar objects are defined, let’s backtrack a
bit and look at massive stars and their different stages of evolution from hy-
drogen burning to silicon burning.
A massive star around 25M� (T = 3.81 ∗ 107 K, lifetime = 6.38 ∗ 106 years)
has it’s hydrogen burning dominated by the CNO cycle.

12C(p, γ)13N
(
e+, v

)13
C(p, γ)15O

(
e+, v

)15
N(p, α)12C (15)

The end result is 1α particle and two γ, e+ [3].
Helium burning for the same mass star (T = 1.96∗108 K, lifetime = 6.30∗105

years) has two principal reactions

3α → 12C and 12C(α, γ)16O (16)

The 12C(α, γ)16O reaction is really important for determining how much car-
bon is left after helium burning. There are two secondary reactions:

14N(α, γ)18F
(
e+, v

)18
O (17)

This one happens before helium burning while the following one only happens
at high temperatures [4]:

18O(α, γ)22Ne (18)

25M� (T = 8.41∗108 K, lifetime = 9.07∗102 years) carbon burning in which
neutrino losses dominate energy budget. Common reactions are as follows:

12C+12C → 23Mg+n−2.62MeV → 20Ne+α+4.62MeV → 23Na+p+2.24MeV
(19)
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Neutron excess begins to develop:

20Ne(p, γ)21Na
(
e+, v

)21
Ne and 21Ne(p, γ)22Na

(
e+, v

)22
Ne (20)

Neon burning for a 25M� star (T = 1.57 ∗ 109 K, lifetime = 74 days)
20Ne, 16O, 24Mg are the main components.

20Ne(γ, α)16O (21)

2 20Ne → 16O+ 24Mg + 4.59MeV (22)

As we can see, the abundances of oxygen are increased which implies the
next step - oxygen burning.
25M� star (T = 2.09 ∗ 109 K, lifetime = 174 days), main components
28Si, 16O, 24Mg. Oxygen burning main reaction is as following [5]:

16O+ 16O → 32S∗ → 31S + n + 1.45MeV → 31P + p + 7.68MeV →

30P + d− 2.41MeV → 28Si + α + 9.59MeV (23)

Neutron excess reactions:

30P (e+, v)
30
S, 33S(e−, v)33P

35Cl (e−, v)
35
S, 37Ar (e−, v)

37
Cl

(24)

Now all that remains is the last stage, silicon burning. 25M� (T = 3.65 ∗ 109

K, lifetime = 1 day) there is a breakdown in 28Si [6]:

28Si(γ, α)24Mg(γ, α)20Ne(γ, α)16O(γ, α)12C(γ, 2α)α (25)

Equilibrium:

28Si(α, γ)32S(γ, p)31P(γ, p)30Si(γ, n)29Si(γ, n)28Si (26)

Now adding iron:

28Si(α, γ)32S(α, γ)36Al(α, γ)40Ca(α, γ)44Ti(α, γ)48Cr(α, γ)52Fe(α, γ)56Ni
(27)
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Figure 1: Evolution of central temperature and central density in solar metal-
licity from different stellar evolution codes [7]

1.2 Stellar nucleosynthesis of heavy elements

1.2.1 s-process

The s-process constitutes significant nucleosynthetic mechanism respon-
sible for synthesis of high mass isotopes and elements. The trajectory of
the s-process in the plane of nucleon numbers intersects the closed neu-
tron shells in a region where β-decay doesn’t occur. Such observation indi-
cates that s-process occurred within lesser neutron densities compared to r -
process. Moreover, s-process transpired over an extended temporal interval.
The s-process, characterized as "slow," manifests within massive stars (as
the "weak s-process") and stars evolving along the asymptotic giant branch
(as the "main s-process") [8, 9, 10]. Weak s-process nucleosynthesis is ac-
countable for generating s-process elements within the lower mass spectrum,
spanning from iron-group nuclei up to strontium (Sr) and yttrium (Y) [11].
Abundance peaks indicate that the s-process is a neutron-capture mecha-
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nism operating within a environment trying to attain balance but not quite
achieving it [12]. Primary reactions responsible for driving nucleosynthesis
toward the iron group can liberate neutrons that then become captured by
pre-existing nuclei, producing s-nuclei.

Elemental abundances that came as a result of the Big Bang were enriched
by protons and yield Ye = 0.88. This signifies requirements for conversion
of the protons and neutrons into nuclei with the highest binding energy per
nucleon for exampe Fe-nuclei, value of Ye in the universe needs to get lower.
Reduction in regards to electron fraction occurs due to weak decays hap-
pening in proton-proton chains and Carbon-Nitrogen-Oxygen cycle during
the burning of H. Such phenomena cause the electron fraction to decrease
from 0.88 to 0.5 in nuclear matter that has undergone the burning of H. The
surplus neutrons found in 13C and 22Ne result from the overarching drive to
reduce Ye within stars [13].

1.2.2 r-process

The creation of heavy elements like Thorium (Th) and Uranium (U)
hinges significantly on the r-process, which operates under extraordinary
conditions characterized by neutron densities ranging from 1020 to 1028 cm−3

and timescales as short as a few seconds. These conditions strongly point
to astrophysical events of a explosive nature, such as core collapse Super-
novae (SNII), collapsars, and the merging of neutron stars [14, 15, 16, 17],
as potential sites where the r-process unfolds.

Within this environment of remarkable neutron densities, seed nuclei
rapidly capture a multitude of neutrons within a brief time frame. This
process drives the r-process along isotopic chains towards highly neutron-
rich species until it attains a state known as "waiting points." Subsequent
beta decay to the next higher element sets in motion a new cycle of captures
of neutrons, ultimately leading to a new equilibrium. During periods of peak
neutron flux, critical parameters come into play, including neutron separa-
tion energies that govern the equilibrium between (n, γ) and (γ, n) reactions,
as well as the β-decay rates of waiting-point nuclei. These parameters are of
utmost importance in determining the duration of the r-process and shaping
the distribution of its abundances. Consequently, our primary emphasis is on
obtaining precise data concerning the masses and β-half lives of exceedingly
neutron-rich nuclei along the r-process pathway [18].

It is crucial to highlight that the conditions required for the r-process
are not typically found in simulations of stellar winds. Parametric investi-
gations of neutrino-driven winds have been unable to reproduce the heaviest
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element nucleosynthesis observed by [15] due to prerequisites such as elec-
tron fractions falling under 0.5, elevated entropy levels with short build-up
of timescales, giving a neutron-to-seed ratio over 100.

1.2.3 Weak r-process

Weak r-process is defined by 0.4<Ye<0.5 and it characterizes slightly neu-
tron rich winds. It is called weak because the neutron to seed ratio, namely
Yn/Yseed < 0.01, is much lower compared to the one for the r-process, which
has a neutron-to-seed ratio over 100. For said process, to the increase in tem-
perature corresponds a growth of the abundance of seed nuclei. Because the
time scales of beta decay are longer than the ones of the wind expansion, the
alpha capture is the dominant process which brings to the formation of heavy
nuclei. The main products of such a process are Sr, Y and Zr and r-process
could then be considered one of the processes bringing to the formation of
elements from Sr to Arg in the early Universe. Many nucleosynthesis studies
are conducted trying to find wind parameters in the weak r-process context
that can provide a match of observed abundances of the lighter heavy nu-
clei with the predicted ones. Those investigations are not straightforward
because of the many uncertainties connected to weak r-process. Recently it
has been also proposed through supernova simulations that neutrino wind
can contain a considerable amount of protons, which would make important
to consider also another process (so called νp).

1.2.4 p-process

Several proton-rich (p-) isotopes of naturally occurring stable nuclei can-
not be synthesized through neutron captures along the line of stability [13].
Preferred synthesis for the 35 p-isotopes spanning from 74Se to 196Hg involves
a series of neutron, proton, and α-particle photodisintegrations, along with
their reverse capture reactions and/or β+ decays during the late stages of
evolution in massive stars [19].

An acknowledged shortcoming of the model is the insufficient production
of nuclei within the Mo-Ru region, and a similar underproduction is observed
within the region of 151 < A < 167 [20]. The timescale for proton capture
diminishes with a higher availability of protons in the environment. For
instance, when ρYp = 103 g cm−3, the timescale for proton capture on 92Mo
is approximately 10 seconds, whereas at ρYp = 106 g cm−3, it reduces to
about 10−2 seconds [19, 21]. The conditions conducive to such densities
make it improbable to locate the site of the p-process. Furthermore, proton-
capture rates escalate with rising temperature due to the heightened relative
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kinetic energy of the reactants compared to the Coulomb barrier at lower
temperatures [22].

1.2.5 νp-process

The νp-process is observed in explosive scenarios, occurring within the
inner ejecta of core-collapse supernovae [23] and potentially in the ejected
material from black hole accretion disks in the collapsar model of gamma-
ray bursts [24]. This phenomenon manifests when there is an expulsion of
proton-rich material driven by intense neutrino fluxes, which can be derived
from simulations of supernovae [25, 26].

In regions characterized by winds rich in protons, following the formation
of alpha particles (which result from the combination of free neutrons and
protons as matter expands and cools), an excess of protons persists. As
a consequence of neutrino and antineutrino interactions with neutrons and
protons, stemming from ejecta released during core-collapse supernovae, the
nucleosynthesis process shifts toward the production of heavier nuclei on
the proton-rich side of stability. This occurs due to the differences in mass
between neutrons and protons [27]. Alpha particles subsequently merge into
heavier nuclei via the triple-α process, with certain nuclei potentially reaching
the iron group, depending on expansion and entropy conditions.

In a scenario rich in protons, free protons remain available during the
alpha freeze-out phase. As the temperature decreases to approximately
2 × 109 K, the composition of the ejecta becomes predominantly comprised
of 4He, protons, and iron group nuclei. These nuclei possess nearly equal
numbers of neutrons and protons (N≈Z), primarily including 56Ni and possi-
bly even up to 64Ge, which serve as bottlenecks in the process. These nuclei
accumulate during the expansion timescale of the wind due to their relatively
long beta decay half-lives (T1/2), such as 56Ni with half-life of 6 days and 64Ge
with half-life of 64 seconds. [27].

The matter is subjected to a substantial influx of neutrinos and antineu-
trinos originating from the proto-neutron star. The interaction of antineu-
trinos with protons generates free neutrons in quantities ranging from 1014

to 1015 cm−3. These free neutrons are readily captured by heavy, neutron-
deficient nuclei like 64Ge, initiating (n,p) reactions with timescales signifi-
cantly shorter than the beta decay half-life. This process, in turn, facilitates
additional proton captures and sustains the nucleosynthesis, allowing for the
synthesis of even heavier nuclei. These (n,p) reactions are followed by (p,γ)
reactions, enabling the nucleosynthesis process to surmount the bottlenecks
posed by 56Ni and 64Ge [27].
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1.2.6 i-process

An intermediate form of nucleosynthesis through neutron capture, known
as the i-process, exists. This mechanism exhibits a neutron flux that surpasses
that of the s-process but remains below the extreme conditions character-
istic of the r -process. Within carbon-enhanced metal-poor stars (CEMP-
r/s stars), an augmentation of barium (Ba) and europium (Eu) — elements
associated with the s- and r -processes respectively — is observed [28, 29].
Utilizing straightforward single-zone simulations of i-process nucleosynthesis,
yields are generated that closely match the observed heavy-element abun-
dances spanning from yttrium (Y) to iridium (Ir) in several CEMP-r/s stars,
accounting for their inherent observational uncertainties.

In computational models for highly massive asymptotic giant branch
(AGB) stars, convective boundary mixing is considered based on a param-
eterized model [30]. These models suggest that proton-rich material can be
mixed into the helium-burning shell convectively, thereby creating conditions
conducive to the i-process. Notably, the prevalence of i-process conditions is
more prominent in models characterized by lower metal content, underscor-
ing the heightened significance of the i-process during the early stages of the
universe.
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2 Nuclear Astrophysics

Nuclear Astrophysics is the science connecting Nuclear Physics with the
study of our Universe. The origin of the elements in our Universe, as we have
described in Chapter 1, is explained by nuclear reactions happened closely
after the Big Bang and later in the interior of stars. Even if we have evi-
dence that this is the main way in which elements have been produced, still
many parts of the big picture are unclear, especially when it comes to the
nucleosynthesis of high mass nuclei. Nuclear Astrophysics aims to under-
stand the origin and distribution of the elements in the universe, from the
lightest elements like hydrogen and helium to the heaviest elements like gold
and uranium. This requires a detailed understanding of the nuclear reac-
tions that occur in stars and other astrophysical environments, as well as the
conditions and mechanisms that drive these reactions. Nuclear astrophysics
also seeks to understand the processes of stellar evolution and nucleosynthe-
sis, including the formation and evolution of stars, the production of heavy
elements, and the distribution of elements in the universe. This requires a
combination of observational data, theoretical models, and computational
simulations to capture the complex physical processes involved. Accurate
nuclear data and reaction rates are essential for understanding and model-
ing nuclear reactions in astrophysical environments. However, many of the
relevant nuclear reactions involve rare or unstable isotopes that are difficult
to produce and measure in the laboratory. Nuclear astrophysics needs to de-
velop new expcrimental and theoretical techniques to produce and validate
accurate nuclear data.
Neutron stars and other compact objects, such as black holes, present a
number of challenges for nuclear astrophysics. These objects involve extreme
gravitational and electromagnetic fields, as well as intense radiation and mag-
netic fields, which can affect the properties and behavior of nuclear matter.
Understanding the structure, composition, and behavior of these objects re-
quires a combination of observational and theoretical studies.
Nuclear astrophysics involves a wide range of disciplines, including nuclear
physics, astrophysics, astronomy, and computational science. Collaboration
and communication among these fields are essential for making progress and
addressing the many open questions and challenges in the field. Nuclear as-
trophysics also needs to engage with other areas of physics and astronomy,
such as particle physics and cosmology, to develop a comprehensive under-
standing of the universe.
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3 Neutrino-driven winds

3.1 Core-collapse supernovae

Supernovae, the life cycle’s conclusion for massive stars, symbolize an
event where stars, at least eight times the sun’s mass, lead to either neutron
stars or black holes’ formation [31, 32]. Generating energy, massive stars
burn hydrostatically throughout their existence, and when they produce nu-
clei heavier than the Fe-peak, this results in energy consumed rather than
released, with iron marking the last hydrostatic burning stage, accompanied
by the development of concentric layered structure.

When hydrostatic burning halts, fusion reactions no longer exert outward
pressure on the core, leading to its contraction. Simultaneously, Si layer burn-
ing on top of the iron core’s layer increases the core’s mass. This can happen
because the force from electron degeneracy pressure opposes the gravitational
force. However, as core’s mass approaches approximately 1.44 mass of the
Sun, the electron degeneracy gets overwhelmed by the gravitational force,
collapsing the star.

Accelerating core-collapse are two effects: rising concentration of the elec-
trons makes electron capture energy efficient for protons, reducing electron
degeneracy pressure, and energy loss occurs due to photodisintegration iron
group nuclei into lower mass nuclei, α-particles, protons and neutrons, po-
tentially contributing to pressure.

During core-collapse’s initial phase, significant neutrino interactions in-
clude elastic scattering on nuclei, (νe, νe), elastic electron-neutrino scattering,
e−(νe, νe)e

−, inverse beta decay, (νe, e−), and inelastic scattering on nuclei,
(νe, ν0e) [33]. As core density arrives to ρ = 1012 g cm−3, neutrinos become
confined due to additional interactions, resulting in longer diffusion times
compared to the time for collapse [34]. Collapse persists up to the time when
the inner core compresses to densities around ρ = 1014 g cm−3, after which
it slows down the acceleration, rebounding in response to further increase in
density, generating a shock wave. As shock waves traverse outer core, they
dissipate energy through photodisintegration that occurs in iron and nickel
and neutrino emission.

Exploring core-collapse supernovae mechanisms has been a persistent
challenge in supernova theory. Before the concesus was that the shock wave’s
energy would suffice to halt core-collapse and trigger an explosion of the star’s
outer shells, the "prompt mechanism." This loss of energy by the shock wave
is due to photodisintegration breaking down higher mass nuclei into neutrons,
protons and α-particles. Additionally, electron capture occurring to protons
further deplete energy, yielding a significant number of electron neutrinos.
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Many of them, generated behind the shock, escape the stellar structure, car-
rying energy, resulting in shock wave stalling at an outer core boundary of
approximately 100 to 200 km [35].

Presently, prevailing belief suggests that neutrinos from the core charac-
terized by high temperatures and densities, revive the shock wave, known
as the "delayed neutrino-heating mechanism" [36]. The particular fermions
move majority of energy, approximately 1053 erg, released during the col-
lapse of the iron core and deposit part of the energy prior to reaching the
shock [37, 38]. This revitalized shockwave expels the star’s outer layers,
resulting in a successful explosion. During this process, the outgoing shock
wave increases density and temperature of layers with different compositions,
leading to the synthesis of nuclei up to Z = 44 [39].

Figure 2: Evolution from the stellar core to the radiating proto-neutron
star [40]
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3.2 Neutrino-driven winds

Throughout the tumultuous demise of a star with significant mass, it’s
gravitational potential undergoes a profound change into internal energy,
thereby yielding an initial temperature of considerable magnitude for the
nascent proto-neutron star (approximately kBT ≈ 30 − 50 MeV). Nonethe-
less, this fervently heated proto-neutron star nuclei can be formedriences a
gradual tempering, predominantly instigated by the liberation of neutrinos,
functioning as carriers of thermal energy. The proto-neutron star’s interior
boasts exceedingly elevated densities (roughly ρ ∼ 1014 g cm−3), initially
causing neutrinos to be ensnared within. Subsequently, as they diffuse from
the core’s depths, they attain mobility when their average displacement dis-
tance attains parity with boundary of a neutron star.

Neutrinos emanate of a region known as the neutrinosphere, ensconced
within the periphery of a nascent neutron star. Essential is to underscore
the fact that the neutrinosphere’s location differs for each distinct neutrino
flavor and energy, owing to the intricate energy-dependent nature of neutrino-
matter interactions [41]. A portion of the neutrinos imparts its energy to the
ambient matter through charged-current reactions, typified by processes such
as νe + n → p+ e− and ν̄e + p → n+ e+.

Aforementioned transference of energy precipitates a substantial frac-
tional expulsion of the outer strata of a nascent neutron star, engendering a
phenomenon termed "neutrino-driven wind". This wind materializes subse-
quent to the cataclysmic supernova eruption and may persist for a duration
spanning several seconds or, conceivably, minutes [42].

3.3 Nucleosynthesis in neutrino-driven winds

In vicinity of a newly created neutron star’s outer layer, extreme tempera-
tures (T ≥ 10 GK) induce a state of nuclear statistical equilibrium (NSE). In
this phase chemical stability is established between nuclear reactions generat-
ing fundamental nuclei (referred to as (Z,A)) and photodissociation reactions
disintegrating these atomic cores into nucleons: (Z,A) 
 (A − Z)n + Zp.
The specific nuclear composition during NSE has been solely dictated by
factors such as temperature, density, as well as nucleon concentrations [43].

At elevated temperatures, α particles and nucleons predominate NSE
compositions, potentially accompanied by the presence of light clusters (2H,
3H, 3He, 4He). Weak interactions facilitate the conversion of nucleons. While
nuclear material dilates and cools, it undergoes transformations. Approxi-
mately at T = 9 GK, α particles begin to emerge. Subsequently, at even
lower temperatures, α particles and nucleons conjoin to construct basic nu-
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clei, resulting in a reduction in neutron and proton concentrations.
When NSE disintegrates, occurring approximately at T ≈ 5 − 8 GK, α

particles dominate the nuclear composition, described as α-rich freeze-out. α
particles subsequently merge to produce 12C through triple-α reactions, how-
ever if there are ample free neutrons, it goes through 4He(αn, γ)9Be(α, n)12C.
Formation of Carbon-12 exhibits a pronounced reliance on density, with faster
expansions impeding its formation due to inadequate time spent where the
three-body reactions occur.

Following this phase, a series of α captures, including (α, n), (α, p), with
(n, γ), (n, p), and (p, γ) reactions contingent on neutron concentration within
the wind, unfolds. The intricate process has been denoted as α-process [44].
Charged particle reactions come to a halt when temperatures plummet to the
point where the Coulomb barrier becomes insurmountable at temperatures
of approximately 1 GK. At this juncture, composition is predominantly
characterized by α particles, accompanied by fundamental nuclei synthesized
in the course of α-process, as well as nucleons. Development of nuclear
compositions is intrinsically linked to the abundances of neutrons, protons,
and basic nuclei, which are in turn shaped by the wind’s specific parameters
[45, 46]
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4 The NuGrid simulation chain

The nucleosynthesis calculations in the NuGrid simulations were con-
ducted using the post-processing code PPN (Post-Processing Network), which
was developed by Herwig et al. in 2008 [47] and extended by Pignatari and
Herwig in 2012 [48]. PPN is capable of performing both single-zone and
multi-zone post-processing simulations. In the context of NuGrid, single-zone
simulations refer to calculations along specific thermodynamic trajectories in
the star, while multi-zone simulations involve computations in different layers
of the star.

PPN receives input data from the stellar structure models generated by
MESA simulations. MESA provides detailed information on the physical
conditions within the star, including temperature, density, and composition,
which are essential for nucleosynthesis calculations. PPN employs a dynam-
ically updated nuclear reaction network, which can encompass more than
5000 nuclear species, ranging from hydrogen (H) to bismuth (Bi), and in-
volves over 50,000 nuclear reactions. [49]

The nuclear reaction network in PPN is self-adjusting and dynamically
adapts its size based on the strength of nucleosynthesis fluxes. These fluxes,
represented by δYi/δtj, illustrate the variation rates of abundances (Yi) of
nuclear species (Xi) due to reactions (j). Reaction rates utilized in the
network are sourced from various references, including the European NACRE
compilation [50] and Iliadis et al [51]. for stable nuclides, as well as more
recent data from Kunz et al. [52], Fynbo et al.[53], and Imbriani et al. [54]
for unstable isotopes. The JINA Reaclib v1.1 library is also employed for
specific reactions. [55]

For neutron capture rates by stable nuclides and relevant unstable iso-
topes, the Kadonis compilation is utilized by NuGrid. However, for the
current study, neutron captures are not considered significant. [49]

To perform complete post-processing of the full MESA nova models, Nu-
Grid utilizes the multi-zone parallel frame of PPN (MPPNP). This approach
enables the examination of nucleosynthesis in various layers of the star and
accounts for the effects of mixing and burning comprehensively. For single
thermodynamic trajectories (T , ρ), post-processing is carried out using the
single-zone version of PPN (SPPN). Both variants of PPN utilize the same
nuclear physics library and package to ensure consistency and accuracy in
the nucleosynthesis calculations. [49]

In conclusion, PPN is a robust post-processing code employed in the Nu-
Grid simulations to study nucleosynthesis in stars. Its dynamically updated
nuclear reaction networks with a substantial number of species and reactions,
coupled with the consideration of various data sources for reaction rates, al-
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low for accurate modeling of element production in stars.

5 Results

The nucleosynthesis evolution discussed earlier in the chapter 3 is founded
on provided astrophysical circumstances that alter as the progression ad-
vances following the explosion and are also contingent upon the progenitor
of the supernova [56]. The neutron star’s neutrino cooling drives the trans-
formation of the wind and the ensuing fluctuations in wind parameters: ex-
pansion time scale, entropy, and electron fraction [57, 45]. An exhaustive and
internally consistent investigation into the significance of particular reactions
on the compositions would necessitate an assessment of all conceivable as-
trophysical conditions, a task exceeding the confines of the current study. In
this work, I put forth an initial approach where I investigate diverse nucle-
osynthesis progressions (i.e., pathways across the nuclear chart) by modifying
the electron fraction. By doing so, one can ascertain the circumstances un-
der which a reaction holds importance. I opted to manipulate Ye since it is
the variable exhibiting the greatest uncertainty arising from hydrodynamical
simulations. The way electron fraction was controlled is by changing the
initial abundance of neutrons.

The runs were made keeping the entropy (S ≈ 175 kB/nuc) and expansion
time scale (τ = 5ms). There are a few peaks in the elemental abundance
(figure 3), most notably around Be, then near the area of Sr, Y, Zr production
and later the highest elemental abundance is exhibited in In. As it’s evident
that the majority of the graph follows a simple pattern, lower the electron
fraction, higher the elemental abundance. This has a simple explanation, as
said earlier, the electron fraction depends on the amount of initial abundance
of neutrons set before the run. Higher the amount of neutrons, lower the Ye.
Essentially every run with lower Ye has more nucleonic matter compared to
the higher counterpart which explains the general trend of discrepancy in
elemental abundances between the two.

The two lines parallel to the ordinate axis in figure 4 indicate the region
between He and B where few interesting results emerge, firstly He abun-
dances deviate from a general pattern of "higher elemental abundance due
to lower Ye", the elemental abundances seem to converge. Which is com-
pletely logical since in the runs the initial abundance of He can be tweaked
alongside the neutron abundance, however in these 10 runs the He initial
abundances were not tweaked so it’s expected to have the elemental abun-
dances converge at this particular element. Li however exhibits a peculiar
pattern only shared with B and not with any other element in the elemental
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Figure 3: Elemental abundance graph of 10 runs with varied Ye

abundance graph where both extremes of electron fraction have the lowest
elemental abundances. Besides by far the most common pattern mentioned
earlier, the other pattern that is not common but in frequency is second only
to the most dominant pattern, is the "reversed pattern" which is essentially
the higher the electron fraction, the higher the elemental abundance. This
pattern in visible in a few places on the elemental abundance graph like figure
5 and figure 6
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Figure 4: Zoomed in part of the figure 3 between H and C
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Figure 5: "Reversed pattern" elemental abundances between Ne and Si
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Figure 6: "Reversed pattern" elemental abundance for Sc
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6 Conclusions

Core-collapse supernovae, awe-inspiring events that mark the culmination
of massive star lifecycles, are cosmic spectacles of immense energy release.
Stars with at least 8 times the mass of our sun exhaust their nuclear fuel,
leading to a collapse under gravity’s relentless pull. This collapse births either
neutron stars or black holes and initiates a cascade of intricate processes that
sculpt the cosmos.

At the heart of these cataclysmic events lies neutrino-driven winds, a
phenomenon fueled by the intense interplay between the collapsing core and
neutrinos – elusive, nearly massless particles that interact weakly with mat-
ter. As the core collapses, its gravitational energy transforms into internal
energy, resulting in a hot proto-neutron star. The emission of neutrinos from
this star carries away energy, and at densities around 1014g/cm3, neutrinos
become trapped, diffusing through the star. Eventually, they escape from the
neutrinosphere, releasing energy into the surrounding matter and initiating
a neutrino-driven wind.

This wind is a crucible for nucleosynthesis, the process by which elements
are forged through nuclear reactions. Within the high temperatures of the
proto-neutron star’s outer layers, nuclear statistical equilibrium (NSE) reigns,
a state where a delicate equilibrium is maintained between nuclear reactions
forming seed nuclei and photodissociation reactions breaking them down into
neutrons and protons. As the proto-neutron star expands and cools, the
composition evolves, leading to the synthesis of alpha particles, nuclei, and
clusters.

As the temperature drops further, the alpha-rich freeze-out sets in, where
alpha particles combine to form heavier elements like carbon. Subsequent
reactions, such as alpha captures and beta decays, contribute to the forma-
tion of even heavier elements. These dynamic processes give rise to distinct
patterns of abundance for elements, offering a glimpse into the cosmic history
of nucleosynthesis.

To unravel the intricacies of nucleosynthesis within these cataclysmic
events, scientists employ sophisticated computational tools like the NuGrid
simulation chain. This framework integrates detailed stellar structure mod-
els with dynamically updated nuclear reaction networks, allowing for accu-
rate modeling of element production. By simulating post-processing of these
models, researchers can study how varying conditions lead to different ele-
mental abundances, providing insights into the origins of the elements that
constitute our universe.

In unveiling the enigmatic mechanisms that govern core-collapse super-
novae and nucleosynthesis, we deepen our comprehension of the universe’s
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inner workings. Each revelation brings us closer to understanding the cosmic
processes that have shaped our existence, and in this cosmic journey of ex-
ploration, we continue to uncover the remarkable story of how the elements
themselves were born from the fiery hearts of collapsing stars.
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