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Abstract

What is the origin of the oxygen we breathe, the hydrogen and oxygen (in form of water
H,O0) in rivers and oceans, the carbon in all organic compounds, the silicon in electronic
hardware, the calcium in our bones, the iron in steel, silver and gold in jewels, the rare earths
utilized, e.g. in magnets or lasers, lead or lithium in batteries, and also of naturally occurring
uranium and plutonium? The answer lies in the skies. Astrophysical environments from the
Big Bang to stars and stellar explosions are the cauldrons where all these elements are made.
The papers by Burbidge (Rev Mod Phys 29:547-650, 1957) and Cameron (Publ Astron
Soc Pac 69:201, 1957), as well as precursors by Bethe, von Weizsicker, Hoyle, Gamow,
and Suess and Urey provided a very basic understanding of the nucleosynthesis processes
responsible for their production, combined with nuclear physics input and required envi-
ronment conditions such as temperature, density and the overall neutron/proton ratio in seed
material. Since then a steady stream of nuclear experiments and nuclear structure theory,
astrophysical models of the early universe as well as stars and stellar explosions in single
and binary stellar systems has led to a deeper understanding. This involved improvements
in stellar models, the composition of stellar wind ejecta, the mechanism of core-collapse
supernovae as final fate of massive stars, and the transition (as a function of initial stellar
mass) from core-collapse supernovae to hypernovae and long duration gamma-ray bursts
(accompanied by the formation of a black hole) in case of single star progenitors. Binary
stellar systems give rise to nova explosions, X-ray bursts, type Ia supernovae, neutron star,
and neutron star—black hole mergers. All of these events (possibly with the exception of X-
ray bursts) eject material with an abundance composition unique to the specific event and
lead over time to the evolution of elemental (and isotopic) abundances in the galactic gas
and their imprint on the next generation of stars. In the present review, we want to give a
modern overview of the nucleosynthesis processes involved, their astrophysical sites, and
their impact on the evolution of galaxies.
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1 Introduction

The origin of the elements has been an essential question in the history of mankind.
In its modern form, since the creation of the periodic table of chemical elements, the
understanding of their possible sources in the universe has been an open question.

@ Springer



Origin of the elements Page 3 of 109 1

What do we know at present? What are the key challenges and opportunities? The
seminal works of Burbidge et al. (1957) (B?HF) and Cameron (1957b, 1957a)
provided a first summary of the different nuclear processes producing all elements
and isotopes found in nature. Most of their original ideas are still valid, but since then
our understanding has tremendously improved. Here we attempt to review the
nucleosynthesis processes, their astrophysical sites, and how they affect the evolution
of galaxies. Before starting with a detailed discussion, we want to present the
motivation asking for combined explanations, based essentially on observations (a)
of individual events and (b) their integrated features in the evolution of galaxies.
Therefore, in this introduction, we address first the approaches to observe
nucleosynthesis sites in Sect. 1.1, the imprint of these sites on galactic evolution
and specifically on solar abundances in Sect. 1.2, before starting with an introductory
overview of the individual nucleosynthesis processes in Sect. 1.3. In the following
sections, we will pass through the individual sites from the Big Bang to stars, stellar
evolution, and stellar explosions in single and binary systems, before returning at the
end to the understanding of the evolution of galaxies with the knowledge of the
previous sections.

1.1 Abundance observations of individual astrophysical sites

In the abstract, we listed already many astrophysical sites, from the Big Bang, via
stellar winds from evolving stars, stellar explosions like novae, core-collapse and
type la supernovae, compact binary stellar mergers—Ileading to kilonovae, to very
massive stars leading to collapsars and hypernovae, or even pair-instability
supernovae. How can we address the question which abundances these events eject?

The Big Bang cannot be observed directly, but its results can be viewed in low
metallicity gas at high redhifts, probing conditions early in the universe before
extensive star formation took place. The H/H ratio can be deduced from absorption
lines seen in cold intergalactic clouds (through the light of bright background
galaxies—quasars) as a function of their redshift. Therefore, the best constraints on
the deuterium abundance come from these quasar absorption lines. This is an
excellent application of the JWST with near to mid-infrared capabilities, launched
only very recently. The primordial He determination is based on detecting He
emission lines in low metallicity H II regions in dwarf galaxies.

Nova abundance observations can be undertaken in the visible and UV with
optical telescopes and UV Explorer Satellites. It is more difficult to make use of more
powerful explosions like supernovae, because the fast expansion leads to Doppler
broadening and associated blending of spectral features, which make line identifi-
cations of specific elements not easy. However, sophisticated radiation hydrody-
namics modelling, combined with observational spectra, can provide further insight,
especially for the more compact type Ia supernovae (without an extended H
envelope). As a function of time during the expansion the spectra scan through the
element abundances from outer to inner layers. A further view comes from light
curve observations, which indicate the amounts of radioactive decay energy from
5637Ni and Co (as well as *Ti in core-collapse supernovae). Direct gamma-ray
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observations of these radioactive decays in supernovae and their remnants are
another tool to get access to their abundance features. Here, the COMPTEL and
INTEGRAL satellites played/play a leading role, also observing the spread of long-
lived isotopes like 2°Al in the galaxy. The spatial and spectral resolutions of X-ray
observations of supernova remnants (e.g. from Chandra or XMM Newton satellites)
have also presented the opportunity to study the chemical and physical structure of
the explosion debris. Supernova remnants can thus put strong constraints on the
fundamental aspects of supernova explosion physics. This view of the supernova
phenomenon is completely independent of, and complementary to, the study of
distant extragalactic supernovae at optical wavelengths. A further important fact is
that stellar winds lead to dust formation, which also takes place in supernova
explosions. Isotopic abundance properties in meteoritic inclusions can directly point
back to dust grains from such events.

New challenges have come with gravitational wave observations of compact
binary mergers, which reveal the details of involved merging masses. Optical and IR
observations of the resulting kilonova event bear the possibility to hint at the element
content with the help of radiation transport simulations, requiring as input opacities
of very heavy elements. Until now, only a Sr line identification has been achieved;
however, the light-curve decline can be related to integrated decay energy of the
involved heavy elements.

This has been only a quick survey of direct observational features related to
individual nucleosynthesis sites; for a more detailed discussion of all these aspects,
see a parallel review by Diehl et al. (2022). Here, we want to focus more on
observations of old stars as witnesses for integrated nucleosynthesis contributions as
a function of galactic evolution time. The event frequencies, and even their first
emergence, determine the composition of the evolving interstellar medium. Our solar
system composition represents only a snapshot in time and position in the galaxy.
The understanding of this evolution needs observational backing. Old (lower mass,
still unevolved) stars, going back to the first epochs in our galaxy, have surface
compositions that are identical to the composition of gas out of which they formed.
Thus, they are witnesses of the galactic evolution in time. There exist already a
multitude of observations with terrestrial telescopes with the aim to determine such
stellar surface abundances. These will be extended by major ongoing and future
spectroscopic surveys such as Gaia-ESO, APOGEE, GALAH, LAMOST, WEAVE,
and 4MOST. The HST with its optical and UV capabilities has been a working horse
for stellar abundance determinations. Its scientific successor, the JWST, has no UV,
but high-resolution capabilities in the mid and far infrared. The identification of
element lines in the IR could thus provide additional clues to the operation of
important nucleosynthesis processes. Progress in this quite interdisciplinary field
includes the individual disciplines entering nucleosynthesis compositions, involving
(a) nuclear physics in terms of reactions and also the high-density equation of state,
(b) modelling and observations of stellar evolution, stellar explosions and their
remnants up to observations of low metallicity stars, and (c) the combination of
knowledge at the interface of these fields. The overall aim is an improved
understanding of the evolution of our galaxy and its abundance content.
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1.2 Element abundances in the Sun and galactic stars

This topic divides into two different aspects: (i) to find out and understand the
composition of the abundances in the solar system and (ii) to understand their
evolution in our galaxy the Milky Way and surrounding dwarf galaxies, giving
possible clues for the different components that contributed, apparently also on
different timescales.

Figure 1 shows a snapshot in time, i.e. the element composition of the interstellar
medium that formed the Sun about 4.57 Gyr ago. The reason that we can identify the
surface abundances of stars with the composition of the gas out of which they formed
is due to the fact that nuclear transformations take place only in the central parts
[understood exceptions relate to giants where dredge-up processes via the deep-
convective envelope cause modifications of the surface abundances]. This way one
can actually follow a time evolution in the galaxy when looking at stars of different
Fe/H abundance ratios, representing stars of different ages in the Milky Way.
Figure 2 shows such a collection as a function of [Fe/H] = log,,[ (Fe/H)star/ (Fe/H)s 1,
with [X/Y] standing for the logarithm of the stellar to solar X/Y element ratio. If the
enrichment of the galaxy with heavy elements like Fe increases as a function of time,
[Fe/H] is also a measure of the element evolution as a function of time.

Opposite to the impression from Fig. 2 that all elemental abundances seem to
vanish for the oldest stars in the galaxy, there exist exceptions for the light elements
He and Li as well as the apparently well abundant H. It appears that while most of the
elements we know on Earth are produced during the evolution of galaxies (probably

Abundances in the Solar System
(from carbonacious chondrites and solar absorption spectra)
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Fig. 1 Abundances of the elements in the solar system from solar absorption spectra and carbonaceous
chondrites (primitive meteorites, which show no fractionation) on a logarithmic scale. Hydrogen is
normalized to 10'? (based on Lodders 2021).
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Fig. 2 Abundance ratios of various elements X in comparison to Fe [X/Fe] as a function of “metallicity”
[Fe/H]. We will later discuss what causes the kinks in [X/Fe] ratios for O, Mg, Si, S, K, Ca, Ti and Mn at
[Fe/H]= —1. However, what can be realized is that for the lowest metallicities, most of the [X/Fe] ratios
become constant or even decline. Thus, with Fe abundances going to zero, the other abundances vanish as
well, leading to the impression that all elements started out with initially vanishing but gradually
augmenting abundances during the evolution of the galaxy. Image courtesy of N. Prantzos

due to the activity of stars), these light elements are inherited from preceding phases
of the universe, we assign to the Big Bang.

In addition to the abundant information resulting from stellar spectra as shown in
Fig. 2, which only provide knowledge about the sum of events that contributed to the
galactic gas up to that time/metallicity, observations of individual events can help to
characterize their distinct ejecta contributions. As already discussed in Sect. 1.1,
these include, e.g. novae, stellar winds, supernovae, hypernovae, kilonovae, etc. To
understand these individual events not only spectra are of importance, but also
resulting dust condensations from ejecta can be found in meteoritic inclusions, and
multi-messenger observations, including gravitational waves, neutrinos, gamma-rays,
and X-rays can constrain the underlying mechanisms, and—when combined with
theoretical modelling—provide a complete understanding of all these stellar sources.
This requires further input from theory, terrestrial experiments, and, last but not least,
sufficient computational power for modelling all these environments.
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Fig. 3 Solar system abundances based on Lodders (2021) as a function of mass number 4 (4 = Z + N),
with Z being the number of protons and N the number of neutrons), normalized to Si at 10°

1.3 Nucleosynthesis processes and their imprint on isotopic abundances

Elemental and isotopic abundances in the solar system contain the fingerprint of the
nuclear processes involved in their production. Already in B*HF (Burbidge et al.
1957), eight processes were identified. Most of them are still valid, others have
changed slightly and there are new processes that have been discovered. To
understand the origin of different isotopes, one can look at the solar system
abundances (Fig. 3). The various features and trends in the solar system abundances
are strongly related to the nuclear physics involved in the different nucleosynthesis
processes shown in Fig. 4. In the nuclear chart, every square represents an isotope
and those in the same horizontal line correspond to an element with given number of
protons, Z. Therefore, the different squares along a line are various isotopes of the
same element that have different number of neutrons, N. The stable isotopes are
marked with black boxes, the grey region show the nuclei that have been produced
already in the laboratory, and the light blue region covers the exotic isotopes where
FAIR, FRIB, RIKEN, HIAF, RAON, ISOLDE, TRIUMF and SPES' will investigate
their discovery. The various nucleosynthesis processes are schematically indicated by
colored lines.

In the solar system and in the universe, the most abundant elements are hydrogen
and helium that were produced already in the Big Bang (see Sect. 3). In the Big Bang
nucleosynthesis, only hydrogen (with its isotopes '?H), helium (with its isotopes
34He) and "Li were created. Because of the absence of stable or even only long-lived
nuclei with 4 =5 and 8, the production of heavier nuclei is inhibited. Therefore,
from an observational perspective, astronomers divided elements into H (often

! Worldwide leading and new/planned facilities for rare radioactive isotope beams.
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Fig. 4 In the nuclear chart, every square represents an isotope and those in the same line correspond to an
element with a given number of protons, Z. Therefore, the different squares along a line are various
isotopes of the same element that have a different number of neutrons, N. The stable isotopes are marked
with black boxes, the grey region demarcates the nuclei that have been produced already in the laboratory,
and the light blue region shows the exotic isotopes that rare isotope facilities will discover. The various
nucleosynthesis processes are schematically indicated by coloured lines

abbreviated as X), He (often abbreviated as Y) and metals (everything beyond He and
abbreviated as Z). All metals are made in stars during their life and death.

Different burning phases in the stellar interiors produce elements up to the iron
group. These stellar fusion stages will be discussed in Sect. 4 and include hydrogen
burning through pp chains and CNO cycles, He burning, and further burning phases.
In the late burning stages for massive stars, the temperature in the centre becomes
extremely high. Therefore, photons have sufficient energy to dissociate the freshly
produced nuclei and a chemical equilibrium is reached. This is known as nuclear
statistical equilibrium (NSE) and will be discussed in Sect. 2. If we look at the solar
system abundances in the region from 4 = 12 to 4 = 60, there are two clear features:
(i) a fast drop of the abundances with increasing proton number and (ii) a pronounced
peak around iron. For low mass numbers, the abundance curve drops very fast due to
the increasing Coulomb barriers, when nuclei with a larger number of protons are
involved in the fusion reactions. These reactions involve alpha captures and create
even—even nuclei with higher binding energies than their neighbors, thus the
abundances are higher for the so-called alpha elements ('>C, '°0, 2Ne, **Mg, 28Si,
328, 3%Ar, and 4°Ca). The other feature, namely the iron-group peak, is due to the
stability of those nuclei that have the highest binding energy per nucleon.
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The abundance curve presents a completely different trend beyond iron with a
close to flat slope in three steps between double-peak structures related to neutron-
shell closures. This points to different nuclear processes that do not involve protons.
Indeed most of the isotopes beyond iron are produced by neutron capture processes
as already reviewed by B?HF (Burbidge et al. 1957; Cameron 1957a, b): the s-
process and the r-process. When a nucleus captures a neutron, this includes a shift by
one unit to the right in the nuclear chart (Fig. 4). If the new nucleus is unstable, the
further evolution will depend on the amount of available neutrons. For low neutron
densities, the newly formed unstable isotope will in most cases beta decay to a
stable isotope before a new neutron is captured. In this case, we talk about the s-
process where the neutron capture is slow compared to the beta decay. In contrast, if
the neutron density is very high, many neutrons can be captured, leading to nuclei
with very short beta-decay lifetimes. Due to small neutron-capture Q-values far from
stability, even small photon energies—attained already for temperatures just above
10° K—cause sufficiently high photodisintegration rates (see Eq. (11)), determining
in competition with neutron captures a path (see Eq. (29) in Sect. 4.2.3) where
maximum abundances in each isotopic chain result (see Fig. 4). This path connects
the so-called waiting point nuclei, and their beta decays control the progress towards
heavier nuclei. This is the rapid neutron capture process (r-process) that reaches
extreme and unknown neutron-rich nuclei. Both processes leave a fingerprint in the
solar system abundances, namely the double peak structure around 4 = 80, 130-140,
and 195-208. These are produced by accumulation of matter at nuclei with closed
neutron shells (the magic neutron numbers N = 50, 82, 126), but related to different
proton numbers and therefore different mass numbers, for each of these processes
(see Fig. 4).

Here we discuss the solar system abundances via different processes, but it should
be considered that these processes do not need to result from unique contributions.
They can in fact be the result of many superpositions during galactic evolution until
the formation of the solar system. In this respect, it should also be pointed out that so-
called primary and secondary nucleosynthesis processes exist. The secondary
processes require pre-existing nuclei in the starting composition that were produced
in previous stellar generations. The s-process, where the neutrons can be captured on
pre-existing Fe, is an example of a secondary process. Primary processes synthesize
elements starting from the burnt hydrogen and helium of the initial stellar starting
composition or from nucleons and nuclei produced in nuclear statistical equilibrium
in the same astrophysical site, not in a previous event.

The solar system abundances of Fig. 3 seem to show double peaks above 4 = 80
(i.e. at around 130 and 197, which is at 4 = 80 not yet that clearly visible). The s-
process experiences abundance pile-ups due to small neutron capture rates at closed
neutron shells at or near stability. The r-process speed is determined by beta-decay
half-lives, the longest being close to stability. Therefore pile-ups occur at the top of
the kinks in the r-process path at neutron-shell closures far from stability. After beta-
decay back to stability, this causes peaks at lower mass numbers than the s-process
peaks, e.g. the peak at 4 ~ 130 is due to N = 82 and Z ~ 50. The required high
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neutron densities in the r-process point to an explosive astrophysical scenario,
involving matter that is as neutron rich as in neutron stars.

While in this section we discuss mainly the different nucleosynthesis processes
and not their astrophysical sites, we want to sidestep here for a moment to give a
brief history on suggested sites for this process under extreme condition. In 1957,
supernovae were suggested as the perfect site to produce heavy elements by the r-
process. Many investigations afterwards have shown that this is very challenging,
even if neutron-rich matter is ejected from a neutron star. As matter expands, neutrino
reactions can change neutrons into protons, preventing an r-process. In the 1970s, the
merger of a neutron star and a black hole was suggested as a potential candidate. This
scenario has been also investigated in detail, especially in recent years in
combination with gravitational wave detection. Our understanding today is that the
r-process occurs in neutron star mergers, (Sect. 7.2) and probably also in some rare
supernovae driven by magnetic fields and rotation (Sect. 6) as well as very massive
stars leading to black hole forming collapsars and hypernovae. We have observed the
radioactive decay of the neutron-rich nuclei produced by the r-process after the
neutron star merger GW170817, and also freshly synthesized Sr was observed
(Watson et al. 2019). Therefore, this is a proof that the r-process occurs in neutron
star mergers. However, the abundances of heavy elements observed in the oldest stars
and galactic chemical evolution models (Sect. 8) suggest that an additional
contribution is needed at early times before mergers could significantly contribute
to the chemical inventory.

Variations of the above mentioned processes are occasionally given different
names, i.e. the weak r-process works similar to the strong r-process, occurring for
moderate neutron densities. It starts also from neutrons and protons that build seed
nuclei, but the neutron-to-seed ratio is smaller than in the full/strong r-process, which
is characterized by a ratio exceeding 100. The implications are that it does not
proceed beyond N = 82 or the second peak, its path moves closer to stability with
longer beta-decay half-lives. The i-process (intermediate process) is a variety of
the s-process, but more neutrons are available and thus the path passes a few nuclei
away from stability. Still pre-existing seed nuclei are required. During the late stages
of stellar evolution, convection in stellar envelopes triggers mixing that can lead to
the production of a varying amount of neutrons by specific reactions that are then
captured by iron group nuclei, present already in the star when it was born. This
abundance of neutrons in excess of typical s-process conditions, but also much below
those for an r-process, is responsible for the synthesis of heavy elements up to Pb.
This is similar to the s-process, but especially responsible for producing specific
isotopes (see Sect. 5.4).

In addition to these, there exist other processes producing some isotopes beyond
iron that are not accessible by neutron capture processes. They include the p-process
or y-process and the vp-process (Fig. 4), responsible for proton-rich stable nuclei up
to 4 = 80-90. Already discussed in B’ HF (Burbidge et al. 1957), the p-process
consist mainly of photo dissociation of existing heavy isotopes. This moves matter
from nuclei previously produced by the s- and r-process to the proton-rich side of
stability. The initial suggestion was that conditions in a hydrodynamic shock wave
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triggers this process when running through layers of an exploding star that contain
already heavy nuclei from previous generations. We will discuss this with respect to
core-collapse as well as type la supernova explosions, including an additional option
to produce light p-nuclei in the so-called vp-process in neutrino-driven, proton-rich
ejecta (for details see the Sects. 6 and 7.1). A summary of all these processes and
their actions in specific regions of the nuclear chart is given in Fig. 4.

2 Nuclear reactions and NSE

In the previous subsection, we had a first glance on the nucleosynthesis processes and
their link to the observed abundances in our solar system. Before we go into more
details about all these processes and their astrophysical sites in the next sections, we
want to present here a short overview of the tools used to calculate abundances:
nucleosynthesis networks and nuclear statistical equilibrium (NSE).

The matter in an astrophysical environment is composed of different nuclei and
the mass fraction (X;) indicates the percentage of mass m; (or density p;) of nucleus i
with respect to the total mass (density):

_Pi_ M

Xi = m;iNy. 1
p pNa " m

Here, n; is the number density, p the density of the astrophysical environment, and
Ny the Avogadro number. The term m;Ny is the total mass of a mole of nucleus 7 and
defines the atomic weight. The abundance of a nucleus or isotope is defined as:

nj
n= @

The mass number of a nucleus is given by the sum of protons and neutrons
A; = N; + Z;. With the new definition of the nuclear mass unit, changing from 1/12
of the mass of a '?C atom to m, = 1/N, g, the term m;N, can be rewritten with a
high precision as 4;m, Ny, i.e. it is identical with 4;; therefore, X; = 4;Y;. As a result
of the definition of the mass fraction, all mass fractions must add up to 1:

Z}&:Zﬁm:L 3)

In addition to this constraint of mass conservation, astrophysical environments are
also neutrally charged, which implies that

e E Z;Y;
ZY, =Y = = &
Z: ¢ PN ZiAiYi @

with electron fraction (Y.) being on the one hand defined by the electron number
density, but also equal to the number of protons per nucleon (i.e. protons plus
neutrons).
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After introducing these general definitions, we can now enter the calculation of
abundances (¥;). The simplest conditions occur in case of an equilibrium between
production and destruction of nuclei. At high temperatures, the photons are very
energetic and can photodissociate nuclei. If these temperatures are also sufficient for
the bombarding energies to overcome Coulomb barriers and, at the same time, the
density is sufficiently high, nuclear reactions can occur at the same speed and rebuilt
nuclei. In case such chemical equilibria do not only hold for specific reactions, but
involve essentially all nuclei of the astrophysical plasma, this leads to

(Z,4) + y«——Zp + Nn. (5)

We talk then about a nuclear statistical equilibrium (NSE) and can simplify the
calculation of the abundances by using the chemical potential

Kza) = Z:up +Nuy, (6)

with a vanishing chemical potential of photons. Assuming that nucleons and nuclei
follow a Maxwell-Boltzmann distribution, this leads to

A Y ( 2nh? )3/2] | -

2
= mi® + kTl
Hi mic” + kpl'ln G,‘ m,-kBT

From these two equations, the so-called Saha equation follows for the abundance of
nucleus (Z, A):

A2 2 Y
WZA)G@¢D@NUAI( )

24 mukBT (8)
exp[B(Z. 4)/ (kaT)) Y, 7 Y7
with m, = m, = my, m(z 4y = Amy, and

B(Z,A) = (4 — Z)myc* + Zmyc® — mz 4c*. Therefore, at a given temperature (7)
and density (p), the NSE abundance of nucleus (Z, 4) with binding energy B(Z, A4),
and partition function G(Z, 4) depends only on the neutron (¥,) and proton (Y})
fractions. Together with the mass (3, X; = >, 4;Y; = 1) and charge (}_; Z;Y; = Y)
conservation, we have two equations with two unknowns (Y;, Y,), when utilizing
Eq. (8) for Yi(Z;, 4;). With the solution for Y, and ¥, all other abundances Yi(Z;, 4;)
can be expressed.

When temperature and density are not very high or when matter expands very fast,
the variation of the thermodynamic quantities (dynamical timescale) is faster than the
nuclear reactions and an equilibrium is not possible. Outside equilibrium, the
individual abundances are calculated with a nuclear reaction network based
essentially on r, the number of reactions per volume and time between reaction
partners i and j, which can be expressed, when targets and projectiles follow specific
distributions dn, by
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Vij = /O' . |V,’ — ledi’lidl’lj. (9)

The evaluation of this integral depends on the type of particles and distributions that
are involved. For nuclei 7 and j in an astrophysical plasma, obeying a Maxwell—
Boltzmann distribution, we find ; = n;n;(ov),; where (ov) is integrated over the

relative bombarding energy and is only a function of temperature T

] 1/2 3 00 E (10)
(av)i,/. = <7T,U> (ksT) /0 Ea(E) exp <— kBT> dE,
where p = m;m;/(m; + m;) is the reduced mass. For a reaction with photons, we
have j = 7, i.e. in this case the projectile j is a photon. The relative velocity is the
speed of light ¢, the distribution dn; is the Planck distribution of photons. As the
relative velocity between the nucleus and the photon is a constant (c), and the
photodisintegration cross section is only dependent on the photon energy E.,, the
integration over dn; can be easily performed, resulting in

Vip = N

1 0,(y; E))E?
/ ) —dE, = i (T),

22 ) exp(E,/kT) — 1

1 g ,E E2
_ / WEE, o
i ) exp(E,/kT)— 1"

(1n)
Aiey(T')

Contrary to the reactions among nuclei or nucleons, where both reaction partners are
following a Boltzmann distribution, this expression has only a linear dependence on
number densities. The integral acts like an effective (temperature dependent) decay
constant of nucleus i. Electron captures behave in a similar way because the mass
difference between nucleons/nuclei and electrons is huge and the relative velocity is
with high precision given by the electron velocity. This leads to

Fiie = ni/ae(ve)vedne = j-i;e(pYey T)nl (12)

This is an expression similar to that for photodisintegrations, but now we have a
temperature- and density-dependent “decay constant”. In principle, neutrino reactions
with nuclei would follow the same line, because the neutrinos, propagating essen-
tially with light speed, would lead to a simple integration over the neutrino energies.
However, as neutrinos, interacting very weakly, do not necessarily obey a thermal
distribution for local conditions, their spectra depend on detailed transport calcula-
tions, leading to

Piy = n,»/ae(Ev)cdnv(Ev) = A;v(transport)n;. (13)

Finally, for normal decays, like beta- or alpha-decays or ground-state fission with a
half-life 7, /,, we obtain a similar equation with a decay constant /; = in2/t,/, and
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i = il (14)

In this case, the change in the number density due to decay is #; = —A;n;, with the
solution n; = n;(0)e™*" and n;(11/2) =1n;(0). The decay half-life of a nuclear
ground state is a constant. Adding all these different kinds of reactions, we can
describe the time derivative of abundances Y; = n;/pN,4 as the difference of pro-
duction and destruction terms with a differential equation for each species:
dy; . .

d_tl = production; — destruction;. (15)
Both the production and destruction channels include particle-induced reactions,
decays, photodissotiation, electron capture, etc. For every nucleus 7, the abundance
is given by a differential equation:

Y= ZNHJ +Z 5 PNA(oV) Y Yit

Nf.k,z
Kl 1+ Aj]d

(16)

PzNi<JV>j.k,1YijY17

where the factors 1/(1 + d) and 1/(1 + 4;4) prevent double counting of reactions
in two- and three-body reactions, respectively. 4;; has the value 0, 1 or 5, so that,
dependent on the multiplicity of identical partners, the denominators are equal to 1!,
21, or 3!. A’s stand for reactions that can be written as one-body rates, including
decays, photodisintegrations, electron captures as well as neutrino interactions with
nuclei. (ov);; stands for reactions between nuclei 7 and j, and (ov),,; includes
expression for three-body reactions as in Nomoto et al. (1985); Fushiki and Lamb
(1987); Gorres et al. (1995). The N'’s include integer (positive or negative) factors
(appearing with one, two or three lower indices for one-body, two-body, or three-
body reactions), describing whether (and how often) nucleus i is created or destroyed
in this reaction. Consistent with the new definition of m, mentioned above, the

expressions pN, (and (pNA)z) can also be found as p/m, (and (p/mu)z) in the
literature (Cowan et al. 2021).

To find the solution of the reaction network, one has to solve the system of
coupled non-linear differential equations. The timescales of the strong, electromag-
netic, and weak reactions span a wide range and lead to a very stiff set of equations.
A survey of computational methods to solve nuclear networks is given in Hix and
Thielemann (1999b); Timmes (1999); Hix and Meyer (2006); Lippuner and Roberts
(2017).

All the above considerations would not have been possible without the
experimental and theoretical input for the nuclear reactions involved. We do not
discuss this here in detail, but much of it has been presented in depth in textbooks
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(Rolfs and Rodney 1988; Iliadis 2007). The present understanding has been based on
tremendous efforts in experimental determinations of cross sections for the involved
nuclear reactions, starting from those mentioned by Bethe and von Weizsicker in H
burning and going beyond. A first breakthrough was a compilation based on
experimental cross section determinations (Fowler et al. 1967) with continuing
efforts via the European NACRE compilation plus investigations in hydrogen
burning reactions (Angulo et al. 1999; Adelberger et al. 2011; Xu et al. 2013).
Ongoing investigations in underground laboratories like, e.g. LUNA?, CASPAR? and
JUNA (Liu et al. 2022) avoid background noise and permit cross section
measurements down to the energies in the 50 keV region, which are probed in
stellar interiors. This has been complemented by determinations of neutron-capture
reactions, which started with Cameron and the nuclear reactor community (Macklin
and Gibbons 1965) and continues to present-day efforts (Bao et al. 1997, 2000;
Képpeler et al. 2011; Reifarth et al. 2014, and further efforts at nToF at Cern).
Predictions for nuclear reaction cross sections of medium and heavy nuclei, based on
statistical model approaches, have been provided (Truran et al. 1966; Arnould 1972;
Holmes et al. 1976; Woosley et al. 1978; Cowan et al. 1991; Rauscher and
Thielemann 2000; Goriely et al. 2008, 2009; Panov et al. 2010; Rauscher 2011),
some of them including neutron-induced fission reactions. Weak interactions, such as
beta-decays, electron captures, and neutrino interactions have been pioneered
experimentally (Kratz et al. 1986), followed by theoretical predictions (Mdller et al.
1997; Fuller et al. 1985; Langanke and Martinez-Pinedo 2003; Langanke et al.
2004, 2008, 2011; Martinez-Pinedo et al. 2012; Marketin et al. 2016; Langanke et al.
2021; Giraud et al. 2022) and ongoing investigations. Reactions involving short-
lived radioactive targets are/will be investigated with radioactive ion beam facilities
such as FAIR, FRIB, RIKEN, HIAF, RAON, ISOLDE, TRIUMF, and SPES.*

3 Big Bang nucleosynthesis
3.1 Physics of the expansion

As discussed in the introduction, it appears that most of the elements we know on
Earth are produced during the evolution of galaxies (probably due to the activity of
stars). However, the light elements/isotopes '?H, 3*He, and 7Li are inherited from
preceding phases of the universe, which we assign to the Big Bang. Their
abundances are consistent with the observation of the cosmic microwave
background. The measurements of the COBE, WMAP and PLANCK satellites
clearly provided a proof that this expansion is isotropic in all directions (i.e. can be
described in spherical symmetry) and homogeneous with tiny fluctuations in
temperature and density of the order 10~> (Planck Collaboration 2020, 2021). This

2 https://luna.Ings.infn.it/index.php/new-about-us.
3 https://caspar.nd.edu/.

4 Combined information has entered complete reaction libraries that are presently publicly available at
https://nucastro.org/reaclib.html or https:/www.jinaweb.org/science-research/scientific-resources/data.
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enormous degree of isotropy and homogeneity within our observational horizon
points to a very early phase of extremely rapid expansion (inflation), initially outlined
by Guth (2014) and described in understandable technical details by Baumann
(2018). The discovery of general relativity by Einstein (1915) Friedmann
(1922, 1924) and Lemaitre (1927, 1931) led to the formulation of the Friedmann—
Lemaitre equations of a spatially homogeneous and isotropic universe. The three
Friedmann—Lemaitre equations, originating from the Einstein field equations when
utilizing the Robertson—Walker metric (Weinberg 1972), govern the evolution of the
early universe:

R 4 1

<§> = —3—;(p6 +3P)G+§AC'2, (17a)
R\’ 871G k21
RN g 282G, _ ke 1,0 17b
<R> O =32 r e T34 (176)

d(pR) | ,dR®

0= —.
dt dt

(17¢)

Whenever R # 0, two of them imply the third. In the following, we will only make
use of Eqgs. (17b) and (17c). p, denotes the total relativistic energy density p, =
u + pc* and p the mass density. Equation (17b) can be, in the non-relativistic limit,
interpreted as an energy conservation equation. The related constant & can take only
three integer values (k = 0, = 1), which in general relativity stand for the space
curvature (see e.g. Weinberg 1972; Peebles 1993). The third term contains the so-
called cosmological constant. It can be identified with a vacuum energy density
py = (Ac*/8nG). When replacing p, by p, + py in the first term of Eq. (17b), the
third term comes out automatically. The vacuum pressure is related to p, via Py =
—py (Kolb and Turner 1990). If replacing p, by p. + p, and P by P + Py, also the
second term in Eq. (17a) follows automatically. Thus, if one utilizes consistently the
total energy density and pressure (including the vacuum energy density), the
Friedmann—Lemaitre equations can be written without the terms for the cosmological
constant Ac?/3. The total energy density of a flat universe with k = 0, i.e. the so-
called critical density, is given by

22
p., = HW (18)
’ 8nG

Within the concordance A4-CDM cosmological model (cold dark matter with a
cosmological constant A), this leads to a consistent picture from CMB observations,
type Ia supernovae (to be explained in later sections) distance measurements (Riess
2012; Perlmutter 2012) and baryon acoustic oscillations BAO (Beutler et al. 2011) of
a flat universe with Q = p_/p . =1 (the total relativistic energy density of the
universe divided by the critical energy density to obtain a vanishing curvature) with a
division of the total energy density into matter €2, = 0.315 and a cosmological
constant part 2, = 0.685. Q,, includes a superposition of cold dark matter and
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baryonic matter with a ratio of about 5.56 or 2, ~ 0.048. This also leads to a Hubble
expansion parameter Hy ~ 67 kms~! Mpc~! from the global PLANCK analysis. The
Hubble parameter determined from type Ia supernovae distance measurements (a
method pioneered by G.A. Tammann and his students, standing for the more local
universe) suffers from a necessary calibration (performed with two methods: “pul-
sating Cepheid stars” or “tip of the red giant branch fitting”) with different (still
debated) results of about 74 (Riess et al. 2021) or 70 (Freedman 2021). An inde-
pendent method based on the recent neutron star merger event GW170817 results
also in a value of about 70 (Hotokezaka et al. 2019). To explain the debate, the errors
given with all of these methods are quoted to be less than 2, except for the one
determined from neutron star mergers, giving an error bar of 5.

Equation (17c¢) can be interpreted as the first law of thermodynamics dQ =
T7dS = dU + PdV = 0 in an adiabatic expansion of an ultra-relativistic gas. In such a
case, p. = u, i.e. in the very early and hot phase of an expanding universe, the
temperature is so high that the rest mass of particles is negligible in comparison to the
kinetic energies. In this relativistic limit, i.e. kT > mc?, which is the case for the
whole early radiation-dominated phase, we have P = u/3 = p_/3. Utilizing Egs.
(17c) and 17b) and k = 0, the solution for a flat universe is R(¢) = ar'/?> with a
proportionality constant o.

In the very early phases for k7 > 100 — 200 MeV or T > 10'’K, free quarks still
exist. During the further expansion quarks combine to baryons. All particles with
masses mc® <kT exist, because particle—antiparticle pairs can be created in photon
collisions. At kT > 1 MeV , the hot plasma is composed of nucleons, photons,
electrons, positrons, electron-, muon-, and tau-neutrinos (dependent of their actual
mass) and their antiparticles. We have scatterings that thermalize all constituents to
the same temperature, as well as reactions like y +y = e +e ", v, + v, = e + ¢,
e +p=n+yv, and et +n = p+ ¥, (and other scattering reactions involving p
and 7 neutrinos), which are all in chemical equilibrium. The physical quantities
needed in Egs. (17b) and (17c) are P and p,, they are easily expressed for ultra-
relativistic particles, i.e. when the rest mass energy is negligible in comparison to the
total relativistic energy (Kolb and Turner 1990).

Except for nucleons (m,c? =931 MeV), all particles are ultra-relativistic. At
temperatures of about 1 MeV, nucleons follow a Maxwell-Boltzmann distribution.
Their pressure contribution will be nkT. This linear temperature dependence is
negligible in comparison to 7% for ultra-relativistic gases, and thus this pressure term
is not important in a radiation-dominated regime.

The ultra-relativistic particles have chemical potentials i; = 0. Therefore, the
electron and positron captures on protons and neutrons, producing neutrons and
protons via

e +p=n+v et+n=p+v, (19)

lead to 1, = f1, in chemical equilibrium. Making use of the Maxwell-Boltzmann

expressions for their chemical potentials ji = kTin[(nh’/g)(2nmkT )73/ ] + mc?
results in
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n, X
n_; = )TZ = exp (—my,c* /kT), (20)
where m,,, is the neutron—proton mass difference, and the number densities #; can be
expressed by abundances Y; or mass fractions X; via n; = pN,Y; = pN4X;/A;, where
N, stands for Avogadro’s number, and 4; for the mass number of the nucleus.
Equations (17b) and (17c) lead to a uniquely predicted evolution of the
expansion, once the initial value problem is set up or a relation between density and
temperature is determined. Ultra-relativistic particles are only related to the

temperature, like e.g. photons with n, = 2.404 /7 (kT / hic)’. The baryon (or nucleon)
properties depend on density and temperature. Thus, the global n,,/n, = n provides a
relation between density and temperature and determines a unique solution of the
expanding early universe. Different solutions can be described as a function of the
parameter 7.

Once kT ~ 1 MeV (T ~ 10'°K or slightly lower, as the thermal distributions
have high energy tails) electrons are not energetic enough anymore to overcome the
mass difference between protons and neutrons via electron capture. Photons are also
not energetic enough anymore to produce electron—positron pairs for the positron
capture on neutrons. These weak interactions, which also produced neutrinos and
antineutrinos, will cease to exist. They were, however, also the channel through
which neutrinos communicated thermally with nucleons, electrons, positrons and
photons. This phase of weak freeze-out or weak decoupling causes the neutron/
proton ratio of Eq. (20) to be frozen at exp(fm,,pc2 /kTyeak ), in case this freeze-out
occurs abruptly at Tyeax ). Afterwards, it can only change via beta-decay of neutrons
n — p 4+ e~ + v. If all reactions, e.g. via Eq. (19) plus the above-mentioned reactions
including photons, electrons. positrons, and neutrinos are followed correctly, a fixed
proton/neutron or proton/nucleon ratio (for charge neutrality identical to the electron/
nucleon ratio, the latter also dubbed Y,) is set for the onset of nucleosynthesis, which
will only change via beta-decays.

Detailed analysis during the phase of weak decoupling leads to the determination
of the energy density u, due to a mix of fermionic and bosonic degrees of freedom
resulting in g = 3.3626 (Kolb and Turner 1990)

u= %aT;‘. (21)
With g = 3.3626 after weak decoupling, the energy density and pressure can be
expressed in terms of the photon and nucleon temperature that later on determines
nuclear reactions.

Equation (17c¢) leads to p,R* = const in the radiation-dominated phase and a
solution of Eq. (17b) is R(f) = at'/?, R(t) = («/2)¢""/> and R/R = 1/(2¢). Thus,
when utilizing Eq. (17b) for a flat universe with k = 0, (R/R)* = 1/(4#*), and
p. = (g/2)aT* with g = 3.3626 in this still radiation-dominated phase after weak
decoupling, one obtains a relation between 1/ and T*, with its precise form being
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32 12 1
_ 2 -1/2 2
t = — a
<16n(?a> & T2 (22a)

Ty = 13.336/1'/2. (22b)

This relation for Ty = T/10° K is plotted in Fig. 5.

With a global n/n, = y and n, = 2.404/7%(kT /fic)’, one can express the baryon
number density and the baryon matter density as a function of temperature, and
accordingly the baryon matter density p,

ny = nn, = 2.404n /7 (kT /he)® = 2.029 x 103y T3 cm™ (23a)

pp = npm, = 3.376 x 10*yT3 gem™>, (23b)

when we neglect the small effect of binding or neutron—proton mass difference in

comparison to the nuclear mass unit. This relation provides also the total neutron and
proton densities, when introducing the neutron to proton ratio after weak freeze-out
and decay before the onset of nucleosynthesis.

T 1 1 11

I I

"o 500 1000 1500 2000 2500 3000
time (s)

Fig. 5 The photon temperature (responsible for Big Bang nucleosynthesis) as a function of time,
Ty = T/10° K, according to Eq. (22)
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3.2 Primordial nucleosynthesis

During the expansion from high temperatures, after the quark—hadron phase
transition at 100-200 MeV, baryonic matter is in a chemical equilibrium with
essentially only free neutrons and protons. During further temperature decline, the
photodisintegration of ?H, which is constantly produced via neutron capture on
protons, eventually slows down and nucleosynthesis proceeds when a substantial
abundance of H at Tp, ~ 0.1 MeV=1.2 x 10° K enables further neutron, proton and
light-nuclei capture to form 3H, *He, “He and even heavier nuclei. The onset of

nucleosynthesis is due to the Q-value of the reaction 'H (n, y)zH (0 =23 MeV).
Typically, photodisintegrations are active and winning for temperatures beyond
kT =~ Q/20. That means that we had initially a complete nuclear statistical
equilibrium, but because of very high temperatures—and relatively low densities
—as we will see later on, only neutrons and protons are abundant. At temperatures of
T =~ 10°K (kT ~ 0.1 MeV), the photodisintegration of deuterium ceases and the
path is free to the production of heavier elements.

On the way to heavier nuclei, the gaps existing among stable nuclei at 4 = 5 and
A = 8, where only highly unstable nuclei with extremely short lifetimes exist, can
only be overcome by three-body terms in Eq. (16), which require high densities that
do not exist under Big Bang conditions. This inhibits the formation of nuclei beyond
the latter mass number. Therefore, the standard Big Bang can produce only 2H, *He,
“He and "Li in appreciable amounts.

The neutron-to-proton (n/p) ratio, which constrains primordial nucleosynthesis, is
determined by the conditions during weak decoupling, when the electrons are no
longer energetic enough to ensure an equilibrium by the reaction p(e~, v)n due to the
neutron—proton mass difference of 1.3 MeV, and the positrons needed for the inverse
reaction n(e™, ¥)p are no longer produced by pair creation. Primordial nucleosyn-
thesis conditions are then determined by the particles remaining in thermal
equilibrium, initial conditions at time ¢ (e.g. the onset of nucleosynthesis) and
global adiabatic expansion. The initial conditions are set by neutrons, protons,
electrons and photons with densities n,, n,, n. and n, = 2.404/7* (kT / fic)®. From
charge neutrality, it follows that n, = n,; n,/n, is given by the equilibrium ratio at
weak freeze-out (= 1/6). When following correctly all reactions involving nucleons,

Table 1 Important reactions N
'H (n,7)H

2H (d, p or n,7)°H

2H (d, n or p,y)’He

3H (d, n or p,7)*He

3He (d, p or n,y or *He,2p)*He
3H (a,7)"Li

"Li (p,o)*He

3He («,7)"Be
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electrons, positions, neutrinos and photons, in addition to Eq. (19) those listed in
Table 1 of Grohs et al. (2016), the Y, = n,/(n, + n,) = X,/ (X, + X,) = X, emerges
as shown in the bottom part of Fig. 6, being very close to that resulting from Eq. (20)
at T, weak «

The strength of the standard Big Bang scenario is that only one free parameter, the
baryon-to-photon ratio # = n,/n,, must be specified to determine all of the
primordial abundances, ranging over 10 orders of magnitude (see e.g. for early
references Peebles 1966; Wagoner et al. 1967, more advanced ones Yang et al. 1984;
Boesgaard and Steigman 1985; Kawano et al. 1988; Olive et al. 1990; Walker et al.
1991; Smith et al. 1993, and more recent publications Cyburt et al. 2016; Coc and
Vangioni 2017; Pitrou et al. 2018 when also COBE, WMAP and PLANCK results
could be included). The parameter #, already introduced in Eq. (23), can also be
utilzed to determine the baryon fraction of the total critical density at present.
Eq. (23b) can be written for the present baryon mass density as a function of the
present photon temperature 7', (in K)

Pyo = mbomy = M1g10~ ", gm, = 3.376 x 10,075 gem™. (24)

The baryon energy density at present, making use of a negligible kinetic energy at
this point in comparison to the rest mass, is dominated by the latter and therefore
given by p,,0 = ppoc® with the present value of the Hubble constant Hy. Both
expressions permit determining the baryon fraction Q = p,;/p 0, Which is
proportional to H; 2. Expressing Hy in terms of Hyp = h x 100 km x s~! Mpc~!, we
find the following expression, using all quantities at the present time:

Qh* = (pepo/Pecoll” (25a)
S T hmiitation | ]
1.00
S Weak Frocse O
T N T
Tem (MeV)

Fig. 6 Top: the evolution of the ratio 7/T, (labeled as Tun/T) as a function of decreasing temperature,
given on the abcissa in units of MeV from 10 down to 0.01 MeV. Bottom: the correct treatment of all weak
reactions, plus their energetic feedback into the expansion dynamics, leads to the final proton/nucleon ratio
Y, after weak decoupling and freeze-out. Image reproduced with permission from Grohs et al. (2016),
copyright by APS
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= 0.364 x 1072(T,/2.726K)* ;. (25b)

While in the early days, #,, could only be derived from fitting Big Bang
nucleosynthesis predictions to observed primordial abundances (and determining €2
this way), in the light of COBE, WMAP, and Planck results on observations of the
cosmic microwave background, one can obtain #,;, more precisely from the latter
procedure. Utilizing a CMB temperature of 7,9 = 2.726K and Quh? = 0.02233
(with an error of less than 1%, see Planck Collaboration 2020), one obtains
Mo = 6.135. Taking a Hubble constant of Hy = 67.37, i.e. h = 0.6737, from the
same source leads to €2, = 0.048. Planck also results in a matter density fraction
Q,, = 0.315 (including baryonic and dark matter), while Q4 = 1 — Q,, stands for the
fraction of the energy density related to the vaccum energy density (dark energy)
corresponding to a cosmological constant. We will confront these values, especially
for n, with those obtained from Big Bang nucleosynthesis.

Before starting to discuss this issue, we should consider which result we intend to
match. As we do not yet predict  from basic principles, we have to take it as an
initial condition for big bang nucleosynthesis. The idea is to determine # by obtaining
a best fit to observed primordial element abundances. For that reason, we present a
short review of such abundance observations.

It was already noticed in Fig. 2 that for essentially all elements X beyond Li, their
ratio X/H declines in step with, e.g. of O/H or Fe/H. One finds according to these
determinations that for all elements X beyond Li [X/H] and [O/H] or [Fe/H] go
jointly to —oo for the oldest stars, being witnesses of the earliest instances in the
evolution of the galaxy.

The existing exceptions are D ( = ’H), 3He, “He, and Li. Fig. 7, based on the
observations of old galactic stars, shows that Li seems to approach a value at [Fe/
H]= —2, which stays constant for lower “metallicities”, indicating that this is a value
inherited from the Big Bang and not obtained during galactic evolution, which
increases Fe and the other elements (but see Korn 2020; Fields and Olive 2022, for
further discussions on this issue). Fig. 8 displays the primordial He mass fraction X
(He), among cosmologists also known as Y, (based on early conventions for
hydrogen (X), helium (Y) and the sum of all heavier elements “metals” Z). Its
determination is based on detecting He emission lines in low metallicity H II regions
in dwarf galaxies.

These are the latest constraints and limits from recent literature for all primordial
abundances (Cooke and Fumagalli 2018; Bania et al. 2002; Sbordone et al. 2010;
Aver et al. 2015, 2021):

(*H/H) = 2.527 + 0.030 x 107
(*He/H)<1.1 + 0.2 x 107°
("Li/H) <1.58 £ 0.31 x 107'°
0.2419 < X, < 0.2487.

The major reactions that determine these abundances during Big Bang nucleosyn-
thesis in the build-up of the elements discussed are displayed in Table 1. We have to
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Fig. 7 [Li/H] as a function of [Fe/H]. This figure shows observations as well as abundance predictions
related to other possible origins, like galactic cosmic rays. It can be seen that a plateau of constant values is
observed for [Fe/H]<-2, pointing to an early inherited value from the Big Bang, i.e. before any possible
contribution from stars. Image reproduced with permission from Prantzos (2012), copyright by APS; also
see references therein

incorporate all these reactions, their inverse reactions, and the beta-decays of neu-
trons, >H, and "Be in the nuclear reaction network. Reaction networks with a special
focus whether also heavier elements can be produced in the Big Bang have been
utilized by quite a number of authors, but for a best fit to primordial abundances only
the ones of Table 1 are important (see also Fig. 9). After the update of all relevant
reaction rates by Pitrou et al. (2018), new measurements have been undertaken,
especially for the H (p,y)3He reaction, which contained the largest uncertainty of all
reactions involving 2H production or destruction. This resulted in a highly improved
precision, leaving only a 3% uncertainty in relevant S-factor (Mossa et al. 2020;
Moscoso et al. 2021).

A typical result for a specific #, neutron half-life of 609.5 s (corresponding to a
mean lifetime of 7, = 879.5 s, and three neutrino species is shown in Fig. 10 in the
left column, while on the right the dependence on the choice of # is shown in
comparison with Q,4? determined by the Planck satellite, corresponding to a value of
n; see Eq. (29).

The abundances of individual nuclei depend on # in the following way. A high
(baryon) density during the nucleosynthesis phase, i.e. a large #, gives rise to a larger
number of capture reactions on H and *He, and consequently leaves less 2H and
3He, but increases the “He abundance. Therefore, the 2H abundance is a test for the
baryon density; however, a change in the related reaction rates in Table 1, resulting
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Fig. 8 Y (standing for the helium mass fraction X (He) as a function of O/H, based on observations of He
emission lines in low metallicity H II regions in dwarf galaxies. Image reproduced with permission from
Aver et al. (2013), copyright by IOP/SISSA

also in a changed (*H/H) abundance ratio, feeds back into the interpretation in terms
of the baryon density. The behaviour of the 7Li-abundance is more complex. At low
densities, ’Li is produced via *H (a, y)7Li, but is destroyed at higher densities by "Li
(p,oc)4He. However, increasing densities lead also to a larger production of "Be via
3He (o, y)7Be, which is preserved during the nucleosynthesis period and subse-
quently decays to ’Li. The ("Li/'H)-ratio has a minimum of about 10~'° for
2<1,0<3 due to the complicated origin from 'Li and ’Be. In addition to the 7
dependence, the abundances resulting from Big Bang nucleosynthesis are also
dependent upon the number of existing neutrino species and the neutron half-life. In
the standard scenario the (n/p)-ratio, resulting from weak decoupling, is always
smaller than 1 because of the smaller proton mass. In addition, the neutron decays
from Tyeak (n/p =~ 1/6) to Tp, = 0.1MeV at the onset of nucleosynthesis for about
130s. This leads to an increase of ¥, = X),. If we assume that all neutrons, which are
less abundant than protons, combine with available protons to form “He, then the He-
mass fraction is given by

1
X, = 4Y, =437, =2, =2X, (26a)

—2(1-X,)=2(1-7Y,). (26b)
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Fig. 9 For typical Big Bang conditions only the reactions shown in the figure are of importance, and
display integrated reaction flows f; = [[Yi(i —j) — Yi(j — i)]dt for the conditions and reactions as
discussed above. Different reactions with the same starting point and leading to the same final nucleus are
added. The lengths of the vectors are scaled logarithmically, and a factor of 1/100 in f;; reduces the vector
length by a factor of 5. It can be recognized that the reaction flux beyond “He is minute

In Fig. 6, the rise of Y., due to the neutron decay after weak decoupling, can be
recognized, approaching final values beyond Y, = 0.875. The latter corresponds to
X, = 0.25 when utilizing Eq. (26b). Here, we made use of the standard notation for
the mass fraction X = AY of a nucleus with mass number 4 and abundance Y. This
notation is more useful for a world that is more complex than one consisting only of
hydrogen (X), helium (Y) and ’metals’ (Z), as often found in the astronomical
literature. This makes the He mass fraction X, a function of the (n/p) ratio or Y, at the
time of nucleosynthesis after weak freeze-out and decay.

Combining theoretical model predictions with primordial abundance information,
utilizing three neutrino families (N, = 3) leads to the following conclusions from Big
Bang nucleosynthesis alone (within 68% confidence limit, Pitrou et al. 2018).

Quh* =0.0219 + 0.002. (27)

This result is shown in Fig. 27 of Pitrou et al. (2018) for a 68% confidence limit and
marginally outside the CMB limits of 0.02233 + 0.00015. According to Eq. (25),
this corresponds to limits on 7, = 6.01 £ 0.06. The shift to smaller values in
comparison to the CMB results is mainly due to Li. If one takes the constraints on D
and “He alone, Cyburt et al. (2016) find a value almost coincident with the Planck
results of 7,y = 6.1 £ 0.2. Detailed Monte Carlo simulations, varying nuclear
reaction rates and the neutron lifetime within their experimental uncertainies, led to
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Fig. 10 Left: Mass fractions of various nuclei and helium mass as produced during Big Bang
nucleosynthesis as a function of time or decreasing temperature. Right: variations of abundance results
with the choice of 7 and comparison with the 7 obtained from the Planck satellite, related to the cosmic
microwave background. Images reproduced with permission from [left] Pitrou et al. (2018), copyright by
Elsevier; and from [right] Coc and Vangioni (2017), copyright by World Scientific

respective uncertainties for the predictions of the individual abundances to 0.068%
for “He, 1.49% for D (*H), 2.43% for 3He, and 4.39% for "Li (see updates in the next
Sect. 3.3). The latter is much smaller than the discrepancy seen in Fig. 10, being
larger than a factor of 3. Thus, two questions arise: (a) is there a problem with the
primordial abundance determination of "Li or (b) are extensions to the standard Big
Bang model required, which would bring the CMB and BBN in accordance? There
are indications that the determination of primordial ’Li abundances is hampered by a
number of stellar physics issues: (i) atomic diffusion transports Li down to deeper/
hotter layers where it is destroyed, (ii) in addition to diffusion, additional mixing
processes might be at work, supported by observations of metal-pour globular
clusters, (iii) the plateau shown in Fig. 7 seems to change into an increased spread for
metallicities below [Fe/H] = —3. This is contradictory to the notion of a primordial
abundance enherited from the Big Bang. This suggests that "Li cannot be utilized
anymore for constraints on the Big Bang nucleosynthesis, and thus the only
remaining discrepancy between the standard Big Bang, including determinations
from the CMB, and Big Bang nucleosynthesis is vanishing. However, one might
nevertheless look into further options and uncertainties.
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3.3 Uncertainties and further aspects

Increasing the number of neutrino species has an effect equivalent to that of a faster
expansion due to a larger pressure. Utilizing 3.3 rather than 3 neutrino families would
lead to an earlier weak decoupling at higher Tyeax. This results in a higher (n/p)-ratio
and consequently to a higher “He abundance. While the number of neutrino families
can only be an integer number, a weak decoupling occurring not in complete thermal
equilibrium can also be described by an effective number of neutrino families.

Utilizing Big Bang nucleosynthesis constraints alone, Pitrou et al. (2018) obtained
an N, ¢ 0f 2.88 £ 0.27, and when combining it with cosmic microwave background
information this resulted in 3.01 £ 0.15, i.e. the effective value is almost identical
with three neutrino families. Yeh et al. (2022) obtained with recent updates more
constrained values of 2.95 + 0.22.

A longer lifetime for the neutron beta-decay would have a similar effect, leaving a
higher (n/p)-ratio once nucleosynthesis sets in. The uncertainty left presently by
different experiments is claimed to be in less than the permille range (e.g.
877.75 + 0.28s; Gonzalez et al. 2021), but there is still a debate based on two
different methods (Witze 2019). Nevertheless, this leaves less than a 1% uncertainty.

There remain further nuclear uncertainties that enter BBN abundance predictions.
While the reaction rates for 'H (n, y)zH, ’H (d,p)3H, and ’H (d, n)3He are known
within 1% (Ando et al. 2006; Gomez Iiiesta et al. 2017), the uncertainty for the
2H(p, y)3He rate has only in very recent LUNA experiments been reduced down to
the 3% level (Mossa et al. 2020; Moscoso et al. 2021). This led to the conclusion
(Yeh et al. 2021; Pisanti et al. 2021) on a baryon density in very good agreement with
CMB data, while Pitrou et al. (2021); Moscoso et al. (2021) find a 1.8¢ tension
between predicted and observed primordial D/H ratios, when utilizing different
reaction rates for 2H (d, p)3H and 2H (d, n)BHe. These latter reactions are presently
looked at in new LUNA experiments. With the existing variations in the above-
mentioned reaction rates, the abundance predictions come with the following
uncertainties: 'Li (4%), 2H (1.5%), *He (1.3%), and “He (0.57%) (Pitrou et al. 2021).
This should be compared with the presently existing observational uncertainties: ’Li
(22%), *H (1.2%), *He (18%), and *He (1.4%) (Pitrou et al. 2021), which underlines
why at present H and “He provide the best constraints for precision cosmology,
utilizing those elements with the highest available observational and theoretical
abundance precision. Additional aspects, which we did not mention here, are
discussed by Pitrou et al. (2018), like e.g. weak rates in medium, zero-temperature
radiative corrections, finite nucleon mass corrections, finite temperature radiative
corrections, weak magnetism, QED plasma effects, and incomplete neutrino
decoupling.

"Li observations come with the doubt whether the observed so-called Spite
plateau really corresponds to primordial abundances of "Li. Presently predicted Li
abundances are a factor of 3 beyond the Spite plateau. Certainly stellar effects,
depleting Li, have to be considered (Dumont et al. 2021) and there exist clear
indications that this is the case (Korn 2020; Fields and Olive 2022), but physics
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beyond the standard model might also be required on the theory side, for details see
the white paper by Grohs et al. (2019).

In the not too recent past, there have been a number of investigations into the
possible nucleosynthesis signature of Big Bang nucleosynthesis with density
inhomogeneities (Reeves 1991; Thielemann et al. 1991; Malaney and Mathews
1993; Rauscher et al. 1994; Lara et al. 2006). This was extended more recently to
stochastic variations in magnetic field strength (Mathews et al. 2017; Luo et al.
2019). While it seems not ruled out that such scenarios could be a solution to the Li-
problem, the initial idea to also produce heavy elements during Big Bang
nucleosynthesis has been completly ruled out (consistent with our present knowledge
from observations).

4 Nuclear burning processes in stellar environments

Following the motivation to describe burning in stellar environments, we will discuss
here the ingredients for their modelling. Thermonuclear energy generation is one of
the key aspects. It shapes the interior structure of the star, and thus its evolutionary
timescale, and the generation of new chemical elements and nuclei. Without
understanding these, the feedback from stars as it determines the evolution of
galaxies cannot be understood in astrophysical terms. Thermonuclear burning,
nuclear energy generation, and resulting nuclear abundances are determined by
thermonuclear and weak interactions. The treatment of the nuclear/plasma physics
required and a detailed technical description of reaction rates, their determination,
and the essential features of composition changes in reaction networks have been
presented in Sect. 2. Here, we want to discuss which types of reactions are involved
specifically in the evolution of stars and their end stages. Nuclear burning can in
general be classified into two categories: (1) hydrostatic burning stages on timescales
dictated by stellar energy loss and (2) explosive burning due to hydrodynamics of the
specific event.

Massive stars (as opposed to low- and intermediate-mass stars) are the ones that
experience explosive burning (2) as a natural outcome at the end of their evolution,
and they undergo more extended hydrostatic burning stages (1) than their low- and
intermediate-mass cousins. Therefore, we want to address some of these features here
in a general way, before describing the evolution and explosion in more detail in the
following sections.

The important ingredients for describing nuclear burning and the resulting
composition changes (i.e. nucleosynthesis) are (i) strong interaction cross sections,
(ii) photodisintegrations, (iii) weak interactions related to decay half-lives, electron or
positron captures, and finally (iv) neutrino-induced reactions. They will now be
discussed.

4.1 Nuclear burning during hydrostatic stellar evolution

Charged-particle reactions, i.e. a subset of strong interactions, are—opposite to
neutron-induced reactions—highly dependent on the Coulomb repulsion of the
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interacting nuclei/particles, requiring minimum energies to overcome Coulomb
barriers. Hydrostatic burning stages are therefore characterized by temperature
thresholds, permitting thermal Maxwell-Boltzmann distributions of (charged)
particles (nuclei) to penetrate increasingly larger Coulomb barriers of electrostatic
repulsion. These are generally two body reactions as discussed in Eq. (16).

4.1.1 H burning

The “fuel” with the lowest charge is hydrogen, permitting nuclear burning at the
lowest possible temperatures among all nuclear burning stages. H burning converts
'H into *He via pp chains or the CNO cycles. The simplest PPI chain is initiated by
'H (p,e*v)*H (p,y)’He and completed by *He (*He,2p)*He, with the first pp-reaction
having as alternative the pep-reaction 'H (pe~, v)*H. PPII acts as a branching on *He
via 3He (o, y)7Be (e”, v)7Li (p,oc)4He, and PPIII branches off at "Be via "Be (p,y)gB
(¢"v)*Be*(a)*He. Finally, PPIV (or the Hep-reaction) also branches off at *He via
SHe (p,e*v)4He. The pep reaction is the slowest of all, because a three-body reaction
is a very rare event, but it is relatively unimportant because the pp-reaction procedes
faster, although being the slowest reaction of the whole set of pp cycles, controlling
the speed of all sub-cycles, converting 'H into “He (see Table 2, we give the
individual sub-cycle name, the (-value, and a lifetime for each reaction at
T ~ 10’ K).

The alternative CNO cycle of H burning acts if C, N, or O nuclei are already
present, and, in addition, at higher temperatures than the pp cycles, due to the fact
that they permit overcoming Coulomb barriers of the larger charge numbers of these
nuclei. How and for which stars this applies in stellar evolution will be subject of the
following section, concentrating on stellar evolution. The dominant CNOI cycle '2C
(07)°N(e™v)C(p,y) “"N(p,y)°O(etv) 'SN(p,)"*C contains branchings at SN,
170, and '®0, opening reaction chains to sub-cycles. It is controlled by the slowest
reaction "*N(p,7)"°0. Sub-cycles are CNOIIL: N(p,7)'°O(p,y)'"F(e™v)"7O(p,x) N,
CNOIL O(p,y)"*F(etv) O(p,x)'°N, and CNOIV: '8O(p,y)"F(p,x)'°0 (see
Table 3). In the case of pre-existing heavier elements (similar to C, N, and O) also
other proton-induced reaction cycles can take place. A specific case is the so-called
NeNaMg cycle that proceeds via a similar sequence of three proton captures, two
beta-decays, and one final (p,«) reaction as in the CNOI cycle.

For presently utilized compilations for hydrogen burning reactions and updates by
recent investigations, see the references given at the end of the following
subsubsections for He burning and the s-process.

4.1.2 He burning

The next burning stage, He burning, acts on the ashes of H burning, i.e. *“He. The
major reactions are the triple-alpha reaction “He (2¢, 7)'?C and '>C(«, 7)'°O (deBoer
et al. 2017), followed to some extent by °O(a,7)*’Ne. The triple-alpha reaction,
being essentially a sequence of two two-body reactions with an extremely short-lived
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Table 2 The PP cycles in hydrogen burning

cycle reaction T (years) Q (MeV)
PPI 'H (p,etv)’H 7.9 x 10° 0.420
(pep reaction) 'H (pe~, v)’H 3.7 x 10'2 1.442
H (p,y)*He 59 %1078 5.493
*He (*He,2p)*He 1.4/Y; 12.859
PPIT He («,7)"Be 1.1 x 10° 1.586
"Be (e, v)'Li 2.9 x 107! 0.861
"Li (p,o)*He 4.3 x 1073 17.347
PPIII "Be (p,)*B 1.8 x 107 0.135
8B (e*v)®Be* (o) “He 3.5x 1078 18.078
PPIV (Hep reaction) 3He (p,e™v)*He 3.7 x 107 19.795

Table 3 The CNO cycles in

hydrogen burning cycle reaction sequence
CNOI 2C(p,7) *N(e*v) * Cp.y) “N(p.y) * Oe ) *N(p,) *C
CNoII B5N(p,y) *0p.y) TFev) 70p,x) “N
CNOII 170(p,y) *F(e™v) *O(p,2) N
CNOIV. 180(p,y) F(p,)'°O

intermediate nucleus ®Be, is an example for “apparent” three-body terms in Eq. (16),
which include the product of three abundances. A side reaction, acting on '“N (the
dominant CNO-nucleus remaining after H burning, because of experiencing the
slowest proton capture reaction in the whole cycle) is given by '“N(a, y)'gF
(e"v)'®0(a, 7)**Ne, where neutrons can be produced via 22Ne (z,n)>’Mg. The CNO
cycle in H burning leaves an equilibrium abundance of '3C, which can act as a
neutron source via the 3C(o,n)!°O reaction before ’Ne becomes active. However,
this mechanism produces a much smaller neutron flux than 2*Ne. Alternatively, when
hydrogen (protons) is mixed into He burning zones, this creates via 12C(p,y)BN
(e*v)BC also °C as an alternative and much stronger neutron source. As will be
discussed in the following Sect. 5, the H- and He burning stages are encountered in
essentially all stars, while low and intermediate-mass stars will only undergo H- and
He burning, leaving white dwarfs as central objects.

Most of the reactions listed here and in the preceding H burning section have been
studied experimentally, but the extrapolation to low energies in the keV range is
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important to understand the behaviour at Gamow peak energies (Angulo et al. 1999;
Adelberger et al. 2011; Xu et al. 2013). The slowest reaction in the CNO cycle has
experienced a recent update (Gylirky et al. 2022). A major uncertainty has been the
170(p,2)/'7O(p,y)-branching between the CNOII and CNOIII cycle, related mostly to
a low-lying 65keV resonance (Rolfs and Rodney 1988), which has recently been
determined in a direct measurement (Bruno et al. 2016).

4.1.3 The s-process during He burning

The two neutron sources >Ne and '3C, mentioned above, can, again in the case of
pre-existing heavier nuclei from earlier stellar generations, lead to a sequence of
neutron captures and beta-decays. In the case of low neutron densities, as they result
from these sources, it causes the production of heavy nuclei up to Pb and Bi in the
slow neutron capture or s-process (see Fig. 4). This process encounters dominantly
nuclei close to stability (with small exceptions at branching points where neutron
capture and beta-decay are in competition (see Fig. 11).

The reason that such a process can take place during the relatively low
temperatures of He burning is that neutron capture reactions are not hampered by
Coulomb barriers like charged-particle reactions. The process is only terminated by
alpha-decay or (n,)-reactions beyond Pb and Bi, cycling in each case back to lighter
nuclei. The status of understanding the nuclear input is well discussed in the present
literature (Reifarth et al. 2014). The outcome of an s-process can depend on the
amount of heavy elements already available during these phases of He burning,

sgr [EES
0.56 64.4d

82Kr R EKr
11.58 § 11.49

Fig. 11 Neutron captures connect isotopes with neutron number N and N + 1 of the same element with
charge number Z until a f~ -unstable nucleus decays to the next isotopic chain with Z 4 1. For very long-
lived nuclei, a further neutron capture can win against beta-decay and a branching in the s-process path
occurs. A pure s-nucleus is °Sr, as nuclei that would be produced by other more neutron-rich processes
would end up via beta-decay in 3°Kr, blocking any contribution to % Sr. Image courtesy of F. Kéippeler
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usually measured via [Fe/H] = log;o (He/H)gr/ (Fe/H)e, which measures the ratio of
Fe (but also the other “metals”) in comparison to the solar ratios. The amount of 2>Ne
originates from N, which is, like Fe, related in a similar way to the metallicity.
Therefore the s-process based on the 2Ne neutron source should not depend on the
metallicity in the resulting relative abundance pattern (although the total amount of s-
processed matter will do). In a different way, if the *C results from admixtures of
protons into He burning zones, this is in principle not dependent on metallicity. Thus,
the ratio of the amount of neutrons produced by *C with respect to the existing Fe
depends on the metallicity and can affect the produced abundance pattern. A higher
neutron/Fe ratio at lower metallicities produces preferentially an abundance pattern
tilted towards heavy nuclei up to Pb and Bi (as shown nicely already in Cristallo et al.
2009), while this tendency weakens for higher metallicities.

The neutrons released by '3C and ??Ne can be affected by competing (charged-
particle) reactions on these nuclei, preventing them from undergoing an (o,n)-
reaction. In addition, independent of these neutron-releasing sources, the ratio of
neutrons available for capture on heavy nuclei to ensure an s-process, so-called
neutron poisons, can also affect the outcome. While on average, the neutron capture
cross sections and rates increase with the mass number of nuclei (due to higher level
or resonance densities), the amount of neutrons consumed in such reactions is also
affected by the product of neutron densities/abundances with the abundance of a
target nucleus. In a typical (seed) abundance pattern, the lighter heavy nuclei
dominate against Fe and heavier nuclei, and thus their abundance and their capture
cross sections can have a strong influence on the strength of an s-process.

In most cases, the beta-decays in the s-process are much faster than neutron
captures for these low neutron densities, and the s-process passes through a path of
stable nuclei with a unique identification of nuclei for each mass number 4. In the
case of very long-lived nuclei (longer than the typical neutron-capture timescales in
the s-process of months to years), permitting a further neutron capture, also
branchings can be noticed (see **Kr in Fig. 11). With a unique identification of mass
number 4 = Z + N with a specific nucleus (Z, N) in the s-process path (when beta-
decays can be viewed as instantaneous), one can think of the s-process path as a
chain of neutron captures, where the progress is only determined by the neutron
exposure 7, = [ n(t)dt, which integrates the neutron density of the environment over
time (first suggested in Seeger et al. 1965). With neutron capture cross sections
known for stable nuclei, the abundances can be predicted as a function of A4,
dependent on the neutron exposure 7,,. What is shown in Fig. 12 is actually based on
an exponential superposition of neutron exposures. In a steady flow of neutron
captures, the flow from nucleus 4 — 1 to nucleus 4 should be the same as the flow
from 4 to 4+ 1, resulting in (ov), Y41 = (ov),Y, = const. With the same
neutron velocity distribution in a given environment, this can also be written as
a4Y4 = const. We see in Fig. 12 that this is essentially fulfilled for nuclei in between
the neutron shell closures at N = 50, 82, and 126. The exceptions with multiple
entries are branchings, like the ones in Fig. 11. At the shell closures N = 50, 82, 126
and for 4 <90 (or N <50), such an equilibrium is not attained, because the too small
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Fig. 12 Results of s-process simulations for pure s-process nuclei from two exponential superpositions of
neutron exposures T,, showing the product of Y, with the related neutron capture cross section o,.
Horizontal lines with o4Y, = const show regions of a steady-flow equilibrium of neutron captures. The
branch up to 4 =90 requires smaller neutron exposures, introduced here as the weak s-process in
comparison to the main s-process. Image reproduced with permission from Reifarth et al. (2014), copyright
by the authors

capture cross sections do not permit a steady-flow equilibrium for the small neutron
densities experienced.

Many of the reactions of importance in He burning and related to the strength of
the s-process are presently investigated in deep underground laboratories, such as
LUNA,>, CASPAR,® and JUNA (Liu et al. 2022), where recent results can be found.
Important reactions are, e.g. '%0(a, 7), producing the neutron source >’Ne, the ratio of
170(p,) in comparison to '7O(a,n), affecting the strength of the neutron source, and
also Mg (a,n) as possible alternatives. For further aspects, how present-day
nuclear input affects the s-process outcome, have a look at Vescovi and Reifarth
(2021) and the detailed discussion in Sect. 5.4.

4.1.4 Advanced burning stages

Advanced burning stages beyond He burning are characterized by three ingredients:
(i) heavy-ion fusion reactions, (ii) photodisintegrations, (iii) electron capture
reactions, and partially also (iv) neutrino reactions as presented already in Sect. 2.
C burning and O burning are dominated by the heavy-ion fusion reactions '>C
(12C,2)*°Ne vs. '°0('°0,x)*8Si. Reactions going beyond these key reactions are
provided in Tables 4 and 5. Further features, as well as the status of nuclear cross
sections, have been discussed in a number of reviews on stellar burning stages
(Kéappeler et al. 1998; Wiescher et al. 2006, 2012; Moghadasi 2021; Aliotta et al.
2022).

The alternative to fusion reactions are photodisintegrations that start to play a role
at sufficiently high temperatures 7when 30 kT ~ Q (the O-value or energy release of

> https://luna.Ings.infn.it/index.php/scientific-output/publications.
® https://caspar.nd.edu/.
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Table 4 Major reactions in carbon burning

(a) Basic energy generation

]2C(]2C,oc)20Ne IZC(]ZC,p)23Na

BNa (p,0)Ne  2Na (p,y)**Mg  2C(a,7)'°0

(b) Fluxes > 1072x (a)

2Ne (2,7)*Mg  %Na (1.pY*Mg (p.y)* Al

20Ne (n,y)*'Ne (p,y)**Na (e*v)*Ne (a,n)*Mg (n,7)**Mg
2INe (o,n)**Mg  ?*Ne (p,y)23Na ZMg (p,y)z(’Al (et V)ZGMg
(c) Low temperature, high density burning

12¢(p,y) *N(etv) 3 C(o,n) 1 O(e, 7)*Ne

#Mg (p.7)” Al (¢v)* Mg

2INe (n,y)Ne (n,)>Ne (e77)*Na (n,7)**Na (e7v)**Mg + s-processing

Table 5 Major reactions in

oxygen burning (a) Basic energy generation

160(160’06)288i 160(120,13)31[) 160(160’1,1)315 (€+V)31P
3P (p,a)*Si (2, 7)*%S

BSi (y,0)**Mg (o,p)?’ Al (o,p)*°Si

28 (n,7)PS (n,2)*Si (2,7)*S

28Si (n,7)>Si (o,n)*2S (a,p)*3Cl

28i (p,y)30P (e*v)wSi
Electron captures

33 (e, v)PP (p,n)S

35C1 (e, v)™S (p,n)SCl
(b) High temperature burning

28 (,7)"Ar (,p)’K

3Ar (n,y)Y Ar (e"v)'Cl

BCL PS8 (7) Ar (0,7) K (p,y)*Ca
BCLE,v)”S (rp)"S

3BAr (2, 7)"Ca (o, 7)*Ti

“2Ca (a,p)*Sc (p,y)**Ti

(c) Low temperature, high density burning
3p (ev)’'s  3'P (ny)?P

28 (e, v)?P (p,n)2S

3p (p,a)SOSi
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Table 6 Major reactions in neon

burning (a) Basic energy generation

2Ne (7,2)'°0 2Ne (x,7)**Mg (x,7)**Si

(b) Fluxes > 1072x (a)

23Na (p,a)zoNe 23Na (%p)%Mg (a,n)z"Si
PNe (n,7)*'Ne (n/*Mg (n,7)**Mg (2n)**Si
i (n7)”Si (n,y)*'si

Mg (,p)7 Al (2,p)*°Si

Mg (p.7)” Al (n,7)** Al (e v)*"Si

(c) Low temperature, high density burning

2Ne (&n)**Mg (n,7)*Mg (n,7)"' Mg (¢~ 7)' Al

22Ne left from prior neutron-rich carbon burning

Table 7 Electron capture 7 7
pt+e —v.+norp(e,v)n

(4,Z)+e = ve+(4,Z—1) or 4Z (e, v,)"Z-1
Er(pY, =10"g cm™3) = 0.75 MeV
Er(pY, = 10° g cm™3) = 4.70 MeV

the inverse capture reaction). This ensures the existence of photons with energies
> Q in the Planck distribution and leads to Ne burning [*’Ne (y,oc)mO, 20Ne
(a, y)24Mg] at T > 1.5 x 10° K (preceding O burning) due to a small Q-value of ~
4 MeV and Si burning at temperatures in excess of 3 x 10°K [initiated like Ne
burning by photodisintegrations]. Such photodisintegrations (after integrating over a
thermal (Planck) distribution of photons at temperature 7) enter as a temperature-
dependent one-body reaction in Eq. (16) and act similar to decays, but with a
temperature-dependent decay constant. In Table 6, we provide some of the main
reactions of Ne burning, which is initiated by the photodisintegration of 2°Ne.

Stellar nucleosynthesis at high densities leads to electron-gas degeneracy, i.e. the
Pauli exclusion principle for fermions determines the population of energy states
rather than the Boltzmann statistics, valid only for low densities/high temperatures.
The Fermi energy of electrons is

Ep = K 2m,(37%)**n2/>. (28)

Here, n, is the density of the electron gas n, = pN,4 Y., p denotes the matter density,
and N, the Avogadro’s number. If in stellar late stages this Fermi energy of (de-
generate) electrons increases to the level of nuclear energies (MeVs), electron cap-
tures can have a major impact. In a neutral, completely ionized plasma, the electron
abundance Y, is equal to the total proton abundance Y, = > . Z;¥; (summing over all
abundances of nuclei, including protons/hydrogen) and limited by the extreme values
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Fig. 13 Burning timescales in (log;,) seconds for fuel destruction of He, C, and O burning (top) and Ne®

and Si burning (buttom) as a function of temperature. Density-dependent timescales are labeled with a
chosen typical density (in gecm™3). They scale with 1/p for C- and O burning and 1/p? for He burning.
Ne- and Si burning, initiated by photodisintegrations, are not density dependent. The almost constant He
burning timescale beyond Ty = T/10° K = 1 permits efficient destruction on explosive timescales only for
high densities. Image reproduced with permission from Thielemann et al. (2018a), copyright by Springer

0 (only neutrons) and 1 (only protons) with typical values during stellar evolution
close to 0.5 or slightly below. Such conditions permit electron captures on protons
and nuclei, if the negative Q-value of the reaction can be overcome by the electron
(Fermi) energy. The general features for typical conditions are presented in Table 7;
example reactions are already given in Table 5.

Thus, at sufficiently high densities, electron captures—which are energetically
prohibited—can become possible and lead to an enhanced neutronization of the
astrophysical plasma, in addition to the role of beta-decays and electron captures with
positive O-values (Langanke et al. 2021). If after C burning Ne-O—Mg plasmas are
degenerate, electron captures on 2’Ne and 2*Mg can cause a substantial loss of
degeneracy pressure support (leading possibly to a fast collapse and so-called
electron capture supernovae (EC supernovae; Leung et al. 2020; see also Sect. 6). In
Si burning, electron capture on intermediate-mass and Fe-group nuclei becomes
highly important and determines the neutronization (¥,). Such rates contribute also to
the one-body reaction terms in Eq. (16) with the effective decay constants being a
function of T and n, = pN,Y,, the electron number density.

As we discuss at this point weak interaction processes in stellar environments, we
add here also neutrino interactions, although they are only of importance at much
higher densities in the final stages of stellar collapse or explosive environments.
Neutrino cross sections for reactions on nucleons, nuclei, and electrons are minute
(Balasi et al. 2015). It therefore requires high densities of the order p > 10'> gem3
such that also the inverse process to electron/positron capture (neutrino capture) can
occur on relevant timescales. The same is true for other processes such as, e.g.
inelastic scattering, leaving a nucleus in an excited state that can emit nucleons and
alpha particles in exit channels. Such neutrino-induced reactions can be expressed in
a similar way as photon and electron captures, integrating now over the
corresponding neutrino distribution. The latter is, however, not necessarily in
thermal equilibrium and not just a function of temperature and neutrino densities.
Neutrino distributions are rather determined by (neutrino) radiation transport
calculations, discussed in later sections mostly related to stellar explosions.

Core Si burning, the final burning stage during stellar evolution, is initiated by the
photodisintegration 28Si (y, «)**Mg close to 3 x 10° K—followed by a large number
of fusion and photodisintegration reactions, as well as electron captures at high
densities—and ends with nuclear reactions in a complete chemical equilibrium (all
strong thermonuclear and photodisintegration reactions are equilibrated, while weak
interaction reactions, changing Y., may occur on longer timescales). This “nuclear
statistical equilibrium” (NSE) is reached via precursor quasi-equilibrium (QSE)
phases (see below), with nuclei in the Si-group as well as Fe-group in local
equilibria, but not a global equilibrium (see also Fig.13 in Chieffi et al. 1998) and
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further extended discussions in (Hix and Thielemann 1996). An NSE abundance
distribution is centred around Fe (with nuclei possessing the highest binding
energies). These temperatures permit photodisintegrations with typical Q-values of
8-10 MeV as well as the penetration of Coulomb barriers in the capture reaction. In
such an NSE, the abundance of each nucleus Y; is only dependent on temperature 7,
density p, its nuclear binding energy B;, and via charge conservationon ), Z;Y; = ¥,
(see Eq. (8)). Y, is altered by weak interactions on longer timescales. The above-
mentioned quasi-equilibria can occur, if localized regions in the nuclear chart are in
equilibrium with the background of free neutrons, protons and alphas, but offset from
other regions of nuclei and thus their NSE values (Hix and Thielemann 1996, 1999a;
Hix et al. 2007). Different quasi-equilibrium regions are usually separated from each
other by slow reactions with typically small Q-values. Such boundaries between QSE
groups, due to slow reactions, can be related to neutron or proton shell closures, like
e.g. Z =N = 20, separating the Si- and Fe-groups in early phases of Si burning.
All the reactions presented above, occurring at different times in the sequence of
burning stages, contribute to the three types of terms in the reaction network Eq. (16),
determining the composition change of nuclear abundances Y;. These stellar burning
stages are essentially related to nuclei from H to the Fe-group, and not much beyond.

4.2 Explosive burning
4.2.1 Explosive He, C, Ne, O, and Si burning

Many of the hydrostatic nuclear burning processes occur also under explosive
conditions at higher temperatures and on shorter timescales. One can define a
timescale for a specific reaction destroying fuel ¥; in terms of Y, = —1 /7:Y;. When
considering Eq. (16), this leads to —1/7; for decays or photodisintegrations in a term
N!Z;, in case of two-body reactions with a reaction partner Y; to NJ’I/ (1+
0ji)pNa(ov);;¥; and in case of three-body reactions to a term

Niki
destruction reaction, only one term out of either of the three sums in Eq. (16) defines
the burning timescale, which is in case of photodisintegrations determined by
N/7;(T) and not density dependent; for a dominant two-body reaction we find a
linear p dependence, and for dominant three-body reactions (like in He burning) we
find a quadratic p dependence. Keeping this in mind, Fig. 13 shows the
corresponding behaviour, defining the timescales for (explosive) He, C, Ne, O,
and Si burning as a function of temperature. With typical explosive timescales of 1s,
i.e. log(t) = 0, many f-decay half-lives are longer than the explosive timescales,
producing significant abundances of unstable isotopes, as burning proceeds. This
requires in general the additional knowledge of nuclear reactions for unstable nuclei.
The fuels for explosive nucleosynthesis consist mainly of N = Z nuclei like '*C, !0,
20Ne, 2*Mg, or 28Si (the ashes of prior stellar burning), resulting in heavier nuclei,
again with N ~ Z. At high densities also substantial electron captures on nuclei

/(1 + 4;4.:)p*Nj{ov); . ;Y;Ye. Dependent on the burning process and the major
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Fig. 14 Final results of explosive Si burning as a function of maximum temperatures and densities attained
in explosions before adiabatic expansion. For temperatures in excess of 5 x 10° K, any fuel previously
existing is photodisintegrated into nucleons and alpha particles before re-assembling in the expansion. For
high densities, this is described by a full NSE with an Fe-group composition favoring nuclei with
maximum binding energies and proton/nucleon ratios equal to Y,. For lower densities, the NSE breaks into
local equilibrium groups (quasi-equilibrium, QSE) with group boundaries determined by reactions with an
insufficiently fast reaction stream. Alpha-rich freeze-out (insufficient conversion of alpha-particles into
nuclei beyond carbon) is such a QSE-behaviour. Lines with 1% and 10% remaining alpha mass fraction are
indicated, as well as typical conditions in type Ia and core collape supernovae that will be discussed in later
sections. Image reproduced with permission from Thielemann et al. (2018a), copyright by Springer

e~ +4Z —4 Z-1 4+ v can occur due to energetic, degenerate electrons when Fermi
energies are high, as already discussed for late burning stages.

Explosive Si burning differs strongly from its counterpart during stellar burning
phases and can be divided into three different regimes: (i) incomplete Si burning and
complete Si burning with either (ii) a normal (high density, low entropy) or (iii) an
alpha-rich (low density, high entropy) freeze-out of charged-particle reactions during
cooling from NSE. At high temperatures or during a normal freeze-out, the
abundances remain in a full NSE. The full NSE can break up into smaller equilibrium
clusters (quasi-equilibrium, QSE), as already mentioned above, An example for such
QSE-bevaviour is an alpha-rich freeze-out, caused by the inability of the triple-alpha
reaction “He (2, y)IZC, and the *He (ocn,y)gBe reaction to keep light nuclei like n, p,
and “He, and nuclei beyond 4 = 12 in an NSE during declining temperatures, when
the densities are small. This causes a large alpha abundance after freeze-out of
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reactions. This effect is a function of entropy, being proportional to 7°/p in a
radiation-dominated plasma (see Fig. 14).

4.2.2 The p-process or y-process

In a range of temperatures related to explosive Ne/O burning, partial (but not
complete) photodisintegration of pre-existing nuclei can occur, ie. at
~ 2 —3 x 10°K. This y-process starts with the photodisintegration of stable seed
nuclei that are present in the stellar plasma. During the photodisintegration period,
neutron, proton, and alpha-emission channels compete with each other and with beta-
decays further away from stability. In general, the process, acting like “spallation” of
pre-existing nuclei, commences with a sequence of (y,n)-reactions, moving the
abundances to the proton-rich side of stability (see Fig. 4). At some point in a chain
of isotopes, (y,p) and/or (y, o)-reactions become faster than neutron emissions, and
the flow branches and feeds other isotopic chains. At late times, photodisintegrations
become less effective, when decreasing temperatures shift the branching points and
make beta-decays more important. Finally, the remaining unstable nuclei decay back
to stability and can produce proton-rich stable isotopes as seen in Figs. 4 and 11. The
branchings established by the dominance of proton and/or alpha-emission over
neutron emission are crucial in determining the radioactive progenitors of the
stable p-nuclei and depend on the ratios of the involved reaction rates. Numerous
experimental and theoretical efforts have been undertaken to improve the reaction
input, especially with respect to open questions in optical potentials for alpha
particles and protons (Fillop et al. 2005; Gylirky et al. 2006; Kiss et al. 2012; Gyiirky
et al. 2010; Giiray et al. 2015; Korkulu et al. 2018; Mohr et al. 2020). Further details
will be discussed together with the nucleosynthesis in explosive stellar events in
Sects. 6 and 7.1.

4.2.3 The r-process in explosive burning

r-process nucleosynthesis (rapid neutron capture) was initially introduced shortly in
Sect. 1.3, indicating that high neutron densities are required that lead to highly
neutron-rich unstable isotopes off stability. This is accompanied by photodisinte-
grations via a sufficiently hot photon bath and results in a process path as shown in
Fig. 4, where for each element the isotope with a maximum abundance is located.
The beta-decay of these so-called “waiting point nuclei” determine the speed of of
the build-up of heavy elements. Such sudden, high neutron densities result from
explosive conditions that correspond to subsets of explosive Si burning, either with
low or high entropies, experiencing a normal or alpha-rich freeze-out. The major
requirement for a successful r-process is a neutron/heavy seed nuclei ratio of 10-150
after freeze-out of charged particle reactions (to produce all, including the heaviest, -
process nuclei via neutron capture from seed abundances). This translates for a
normal freeze-out into ¥, = 0.12 — 0.3. Alternatively, for a moderate ¥, > 0.40, an
extremely alpha-rich freeze-out is needed (see the discussion in later sections
focusing on stellar r-process sites and, e.g. Cowan et al. 2021). Under these
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conditions, the large mass fraction in “He (with N = Z) would permit ratios of
remaining free neutrons to (small) abundances of heavier seed nuclei, which are
sufficiently high to attain r-process conditions. In many cases QSE-groups of neutron
captures and photodisintegrations are formed in the isotopic chains of heavy elements
during the working of the r-process.

Such a so-called (n,7) — (y,n) equilibrium leads to maxima in each isotopic chain
at nuclei with essentially the same Q-value for neutron captures (also known in the
inverse reaction as neutron separation energy S,). It results from chemical
equilibrium conditions for neutron capture reactions with
W, + u(Z,4) = u(Z,A+ 1), and leads via utilizing the chemical potentials for a
Boltzmann gas from Eq. (7) to the relation between neighboring abundances in an
isotopic chain Y(Z, 4+ 1)/Y(Z,4)

Y(Z,A+1)  G(Z,A+1)[4+1]?
Y(Z,4) "26(z,4) | 4

. [2n? 3/2ex Sy(A+1)
mkr| TP\ )

This causes the existence of an r-process path (see Fig. 4), related to a specific
neutron separation energy S, (see Fig. 15), which is determined by the neutron
density n, and temperature 7. Opposite to the s-process, where the beta-decay half-
lives are fast in comparison to the slow neutron capture timescales, in an r-process,
dominated by high neutron densities and sufficiently high photodisintegration rates to
reach a fast abundance equilibrium in an isotopic chain, its speed of the buildup of
heavy elements is controlled by the beta-decay half-lives. This is also the reason,
why at the kinks in the path at closed neutron shells (where the path comes closest to
stability and experiences the longest half lives) the corresponding 4 determines the
position of the r-process peaks. This is an approximate behaviour, and in reality the
calculations require a full network solution with all necessary nuclear input. How-
ever, such approximations give clues to a full understanding of the results.

This underlines that the final outcome is (besides of course the astrophysical
environment, to be discussed in later sections) strongly dependent on the nuclear
physics input, which enters decisively in producing the abundance pattern of the r-
process. Major aspects are related to experimental progress in accessing unstable nu-
clei far from stability, combined with a growing theoretical understanding of their
properties.

This includes novel detection technologies, employed at operational RIB facilities,
to determine nuclear masses for nuclei far from stability with improved precision.
This also leads to improve (empirical and microscopic) global mass models, which in
r-process simulations determine the location of the r-process path in the nuclear chart.
This has decisive consequences for the r-process mass flow across neutron-shell
closures shaping the final r-process abundance distribution.

The measurement of f-decay half-lives for neutron-rich nuclei at and near the r-
process path is of crucial importance for the speed with which the r-process moves
matter to heavier nuclei and (in combination with the location of the r-process path)

(29)
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for the height of peaks and the overall final abundance distribution. f-delayed
neutron emission is important in the late phases during decay back to stability, in
particular for nuclei close to the N = 126 shell closure. Such measurements will be
of crucial relevance to determine the amount of matter that is transported beyond the
third r-process peak into the fission region (see Fig. 16).

Fission plays a crucial role in current r-process models, in particular related to
high neutron density environments. Here, fission terminates the flow to heavier
nuclei beyond the actinides, causing fission cycling. This returns matter to lighter
nuclei and is also a source of neutrons, which can shape the final abundance pattern.
In these models, fission yields contribute strongly to the second r-process peak.
Fission also affects the heaviest long-lived nuclei that are produced by the r-process.
Heavy neutron-rich nuclei, in particular those at the N = 184 shell closure, are still
experimentally out of reach. But experimental programs are envisioned to push the
measurement of fission rates and yields to more neutron-rich nuclei than currently
accessible. Such improvements are also required to address the question whether
superheavy elements can be produced by the r-process.

Simulations identify «-decays, especially the decay chains originating from
actinide nuclei, as important contributors to the emitted light curve expected from r-
process events and do determine the r-process Pb abundance. Many of these decays
are experimentally studied. It is an open question whether a-decays can compete with
fission for heavy neutron-rich nuclei.

Neutron captures (and their inverse photodisintegration) affect the final abundance
distribution during the r-process freeze-out period. (Fortunately, for a large variety of
conditions during the r-process buildup, a chemical equilibrium between these two
reactions can be maintained and the r-process path is determined solely by nuclear
masses.) The nuclei involved can have very low neutron separation energies (with a
low density of states) so that direct neutron captures might be favored over
compound nucleus reactions. But direct measurements of neutron capture rates for r-
process nuclei are experimentally still out of reach. If the direct capture is dominated
by individual resonances, the rate can be constrained by indirect determination of the
resonance parameters.

Without giving here a substantial number of related references, these issues are
discussed in extended detail in a recent Reviews of Modern Physics article (Cowan
et al. 2021). However, we want to point to a few studies which show the impact of
mass models, beta decays, fission, and other decay properties (Mendoza-Temis et al.
2015; Eichler et al. 2015, 2019; Coté et al. 2019; Barnes et al. 2021; Zhu et al. 2021;
Lund et al. 2022).

4.2.4 Neutrinos affecting explosive burning and the vp-process
Neutrinos, and in particular electron flavor neutrinos, can interact with the ejecta of

explosive burning and reset the composition that is commonly determined by a
balance between the following reactions:
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Fig. 15 Location of the valley of stability (black squares) and contour colouring of the value of the neutron
separation energy S, from Moller et al. (2016). The drip line is located at S, = 0. The proton drip line is
found closer to stability as the charge increase enhances the Coulomb repulsion. It is located close to the
left limits of the contour shading shown in the plot. For images see https://t2.lanl.gov/nis/molleretal/
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Vet+tpeontet 31)

Therefore, neutrinos are responsible for dialing the local n/p ratio or Y,. Due to the
fact that the second reaction is energetically favored (because of the neutron—proton
mass difference) when neutrino and anti-neutrino energies are of similar size, matter
can become proton rich with Y, > 0.5 under these conditions. If the material is
sufficiently long subject to these processes, this tends to reach an equilibrium
between neutrino and antineutrino captures (Qian and Woosley 1996; Martinez-
Pinedo et al. 2017) and results in an electron fraction Y,, which determines the ejecta
composition

L‘Te VV)TF &y, — 24 + A2/<E\7€> -
Ly Wy, e, +24+A*/(E,)]

Ye=Yeeq= |1+ (32)
with L, and L;, being the neutrino and antineutrino luminosities, &, = (E2)/(E,)
(similarly for antineutrinos), 4 = 1.2933 MeV the neutron—proton mass difference,
and W, ~ 1+ 1.OI{E,)/(m,c?), Wy~ 1 —7.22(E;)/(m,c*) the weak-magnetism
correction to the cross sections for neutrino and antineutrino absorption (Horowitz
2002) with m, being the nucleon mass.

These reactions can turn matter neutron rich (of importance for the previous r-
process subsection) or proton rich. The neutron-rich option is only given, provided
the following condition is fulfilled, otherwise matter turns slightly proton rich with
Y, > 0.5,
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In case of a slightly proton-rich environment, the related ejecta can experience the so-
called vp-process that produces nuclei beyond the Fe/Ni-group and possibly up to
A = 80 — 90 (Frohlich et al. 2006; Pruet et al. 2006; Wanajo 2006; Eichler et al.
2018), if matter is ejected under the influence of a strong neutrino flux. The result is
that such conditions can overcome nucleosynthesis problems for the Fe-group (which
will be discussed in the supernova section), but—depending on the entropy and the
expansion of matter—only a fraction of those form the iron-group nuclei in the case
of an alpha-rich freeze-out. In case of a proton-rich environment, there are also still
free protons available at the time of the alpha freeze-out. Once the temperature drops
to about 2 x 10° K, the composition of the ejecta consists mostly of “He, protons,
and iron-group nuclei with N ~ Z (mainly °Ni) of decreasing abundance. Without
neutrinos, synthesis of nuclei beyond the iron peak becomes very inefficient due to
bottleneck (mainly even—even N = Z) nuclei with long beta-decay half-lives and
small proton-capture cross sections. Such a nucleus is **Ge. Thus, with the Y,
determined by neutrino interactions with free neutrons and protons in the early very
hot phase of dissociated nuclei, nucleosynthesis leads to an alpha- and proton-rich
freeze-out that does not stop at *°Ni, but continues up to **Ge (which later decays to
64Zn). This part of the story permits to produce Fe-group nuclei up to essentially
047n.

However, if matter is subject to a large neutrino/antineutrino flux, antineutrinos
are readily captured both on free protons and on heavy nuclei on a timescale of a few
seconds. As protons are more abundant than heavy nuclei, antineutrino captures
occur predominantly on protons, leading to residual neutron densities of
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Fig. 17 Final abundances of explosive Si burning in matter that experienced neutrino irradiation, leading
to proton-rich conditions (¥, > 0.5). The lower part of the figure shows the neucleosynthesis results after
alpha-rich and proton-rich freeze-out from Si burning, normalized to solar after decay. The top part of the
figure also includes the interaction of anti-electron neutrinos with protons (v, +p — n + e™), produces

neutrons, permitting the late change of **Ge via **Ge (n, p)MGa. This feature permits further proton
captures to produce heavier nuclei (the so-called vp-process). Here, matter up to 4 = 85 is produced. Image
reproduced with permission from Thielemann et al. (2018a), copyright by Springer

10'-10'5 ecm™3 for several seconds. These neutrons are easily captured by heavy
neutron-deficient nuclei, for example **Ge, inducing (n, p) reactions with timescales
much shorter than the beta-decay half-life. This permits further proton captures and
allows the nucleosynthesis flow to continue to heavier nuclei (see top part of Fig. 17).
The vp-process (Frohlich et al. 2006) is this sequence of (p, y)-reactions, followed by
(n, p)-reactions or beta-decays, where the neutrons are supplied by antineutrino
captures on free protons. We will discuss direct applications to core-collapse
supernova nucleosynthesis in the supernova section (Sect. 6).

5 Stellar evolution

In the last section, we have discussed nuclear burning processes in detail, including
also individual reactions. In the present section, we will discuss the physics of stellar
evolution and major observational features related to it, but leave a technical
description of how mass, energy, and momentum conservation equations as well as
energy transport (via radiation or convective motions) are treated to review articles or
textbooks (see e.g. Kippenhahn et al. 2013).

The evolution of a star depends on its initial mass, metallicity, and rotation.
Table 9 (note that the exact values may depend on many uncertainties in stellar
modelling, such as the treatment of convection, overshooting, reaction cross sections,
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Table 8 Neutrino reactions
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Table 9 Stellar-evolution dependency on mass

Central H burning

Central He burning

End stage

Low mass pp chain He flash Degenerate CO core
0.8M, <M<12M, M<2M,

Intermediate mass CNO cycle Stable Degenerate CO core
M >12M; M >2M; M <8Mg

Massive star CNO cycle Stable Further stable burning
M >12M, M >2M, Iron core (M > 11 M)

etc.) shows a summary of the evolution dependency on the mass that we will shortly
discuss here together with the metallicity dependency. The impact of rotation will be
discussed at the end of this section.

5.1 Hydrogen burning

The first step of the evolution is H burning, while the star is on the so-called main
sequence (MS) of the Hertzsprung—Russell (HR) diagram, relating the stellar
luminosity to the surface temperature (colour). At the zero age main sequence
(ZAMS), the position in the HR diagram depends on the mass and metallicity of the
stars. Massive stars have higher luminosities and temperatures than low-mass stars.
Stars on the ZAMS are in hydrostatic and thermal equilibrium. Metal-poor stars are
hotter and have smaller radii. For low-mass stars, lower metallicity leads to lower
bound-free and free—free opacity and thus to higher luminosities. For high-mass stars,
the opacity is dominated by electron scattering that does not depend on metallicity;
therefore, stars with different metallicities have the same luminosity. However, they
have different central temperatures because hydrogen burning for high-mass stars
proceeds via the CNO cycle, and depends on the metallicity, namely on the amount
of C, N, and O. Therefore, a reduced metallicity requires a higher temperature to
compensate for the reduced efficiency of the CNO cycle.

The evolution during the MS depends on the way hydrogen is burnt (Sect. 4): via
the pp chain for stars with 0.08 Mo, <M <1.2M. and the CNO chain for
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M > 1.2 M. During the central hydrogen burning phase, stars remain in hydrostatic
equilibrium. As discussed in Sect. 4, nuclear reactions are very sensitive to
temperature. The CNO cycle energy generation goes with € oc 7'® and, due to the
fact that the highest temperatures are attained in the centre, a steep temperature
gradient would result from radiation energy transport alone. This surpasses the
steepness of the temperature gradient that would be caused by adiabatic mass
movements and results, according to the Schwarzschild stability criterion, in the
onset of convection. Therefore, stars with M > 1.2 M, which experience H burning
by the CNO cycle, have a convective core, while stars with 0.08 M, <M < 1.2 Mg,
powered by the pp chain with a smaller temperature dependence o T*, have a
radiative core. Thus, the power of the central nuclear energy sources determines the
structure of stars and changes with their masses. An additional aspect relates to
energy transport through the stellar envelope outside the burning core. Low-mass
stars tend to have a (relatively) compact structure (causing a relatively high density),
also outside the core, combined with a low temperature, resulting in high radiation
opacities  p/T 7/2 and a steep radiative gradient. This leads for stars with
M < 1.5 M, to a convective envelope. Therefore (see above), such lower mass stars
are characterized by a radiative core and a convective envelope, while more massive
stars have a convective core and a radiative envelope.

During core hydrogen burning, the luminosity is balanced by energy release from
nuclear reactions in the central part and the star stays in hydrostatic and thermal
equilibrium. Dependent on the type of energy transport in central burning (radiative
or convective), hydrogen is continuously depleted, starting from the very centre in
the first case, or alternatively throughout the whole convective core in the latter case.
Therefore, the transition from central to shell H burning, starting in low-mass stars in
the outer part of the core before moving to larger radii, is gradual, leading to an inert
He core, surrounded by a then established H burning shell and a H-rich envelope.
The shell burning occurs in a thick shell surrounding the isothermal He core that
grows in mass. In case a limiting mass is reached (the Schonberg—Chandrasekhar SC
limit, i.e. the isothermal core exceeds 8—10% of the total mass of the star), it will not
be able to sustain the weight of the envelope and contracts while the envelope
expands, cools, and turns convective. This follows—as a rule of thumb—what Pols
calls the “mirror principle”: if the core contracts, the envelope expands and vice
versa’. In the HR diagram the star leaves the MS, moving onto the red giant branch
(RGB). The core of low-mass stars is relatively dense and close to becoming
degenerate when they leave the MS. This causes pressure support and a relatively
“steady” evolution in the HR diagram. For all stars with M <2 M., the He core
reaches electron degeneracy before the central temperature is high enough for He
ignition. In the RGB, mass loss starts to be important as the envelope is loosely
bound and the large photon flux can easily remove matter from the stellar surface.

The H-shell burning in intermediate-mass and massive stars starts relatively slow
in a thin shell. The He core grows until reaching the SC limit, which leads to its
contraction. At this point, the H shell burning accelerates and the star moves quite
rapidly to the right in the HR diagram, combined with the expansion of the envelope.

7 https://www.irya.unam.mx/gente/j.arthur/ESTELAR/.
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As the temperature of the envelope decreases, the opacity rises, causing a
convectively unstable red giant. In this phase, the base of the convective envelope
reaches regions of the former H burning core and material that was processed by the
CNO cycle is mixed throughout the envelope up to the surface. This is known as
dredge-up. (This dredge-up occurs in low-mass stars as well, which develop a
convective envelope.) The core of stars with M > 2 M., remains non-degenerate
during H-shell burning until it reaches T, ~ 108 K and He is ignited in the core.

A good test for stars in the H burning stage is provided by the best observed star
we have, our Sun. It can be constrained by (a) the surface abundance observations
that have changed from 1D to 3D interpretations (Asplund et al. 2009, 2021) and
should indicate also the initial central composition, the isotopic meteoric abundance
composition (Lodders 2021), (b) helio-seismology, which permits determining the
central structure, testing the sound speed and also the composition of the interior
(Aerts 2021), and (c) solar neutrino observations that measure the neutrinos that are
created in pp cycles, but also the CNO cycle (McDonald 2004) (in the Sun about 1%
of the neutrino energy is escaping). In the standard solar model (Bahcall and
Pinsonneault 2004; Bahcall et al. 2005, 2006), one of the major uncertainties is
related to the metallicity of the core, i.e. the content of C, N, and O. The elemental
abundances in the core, expected to be consistent with the spectroscopic analysis of
the solar atmosphere, seem to disagree with the solar profiles of sound speed and
density as well as the depth of the convective zone and the helium abundance
obtained by helioseismology (Bahcall et al. 2005). Haxton and Serenelli (2008) noted
that a direct study of the CN neutrinos, those from the beta-decay of >N and >0, can
provide an independent measure of the solar metallicity. However, the CN neutrino
flux depends not only on the CN abundance in the solar interior, but also on the

associated CN reaction rates in the CNO cycle. The 14N(p,«/)lSO reaction is the
slowest one in the cycle, thus determining the energy release and neutrino production
of the entire cycle. The CNO neutrinos are dominated by the beta-decay of °O. The
recent Borexino results (Agostini et al. 2020) suggest an enhanced reaction rate for

the 14N(p,y)ISO reaction at low energies, which is examined presently in
underground laboratories (CASPAR) by research groups at Notre Dame and the
South Dakota School of Mines (M. Wiescher, private communication). Thus, while
our understanding of stellar evolution, even in the earliest burning stage, is quite
advanced, there exist still open questions and uncertainties.

5.2 Helium burning

The H burning shell adds mass to the He core until temperatures are reached that
allow for He fusion. The evolution depends on the stellar mass. For low-mass stars
(M <2 M), the core is strongly (electron) degenerate, not only for vanishing
temperatures but even for T,~ 108K, sufficient for He ignition. The energy
generated by the 3o reaction (Sect. 4) increases the temperature. However, the
degenerate pressure is at these temperatures only density dependent and the energy
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release by fusion does not, yet, increase the pressure and expands the core. All
nuclear energy goes into internal energy of the non-degenerate ions, leading to a
further temperature increase and thermonuclear runaway. This thermonuclear
runaway causes what is known as He flash and produces an enormous amount of
energy in a few seconds. Due to energy loss by neutrino emission from the deep
interior with the highest densities, and compressional heating released by the
advancing H burning shell, this flash is initially ignited off-centre. Part of the core is
still degenerate, leading to a series of smaller flashes that proceed towards the centre,
accompanied by the formation of a convective core. All energy release is absorbed by
expansion of the non-degenerate layers surrounding the core, without reaching up to
the surface. Eventually, the degeneracy is lifted when 7 ~3 x 103K and the
increasing temperature leads to an increase of the pressure and thus an expansion and
cooling of the core. The energy generation decreases until balancing the energy loss
rate and the core reaches a thermal equilibrium with stable burning.

For intermediate-mass and massive stars, the core is not degenerate and the He
ignition proceeds quietly. Since He burning has an even higher temperature
dependence than the CNO cycle (o< T#!, Sect. 4), the energy production is
concentrated towards the centre and a convective core develops. Once '°C is
produced by the 3o reaction, '>C(a,y) can become active and '°O is produced at a rate
that increases with time. The '>C(a,y) rate (deBoer et al. 2017) and local conditions
in the star, affected also by the treatment of convection during the late stages of He
burning, have a decisive influence on the C/O ratio at core He depletion (see e.g.
Imbriani et al. 2001).

5.3 Late evolution for low- and intermediate-mass stars

After core He burning, a CO core forms with its further evolution determined by the
stellar mass. For low- and intermediate-mass stars (M <8 M) the core becomes
degenerate before the threshold temperature for C ignition is attained, therefore
stabilizing the central core by degeneracy pressure and preventing to reach sufficient
temperatures to continue through further burning stages or causing a CO flash. These
stars evolve then through the asymptotic giant branch (AGB) with the following
characteristic phases.

The early AGB phase starts after the He exhaustion, when the CO core contracts
and He burning shifts to a surrounding shell. There are two active burning shells.
Due to the energy produced in the He burning shell, the He-rich region above it
expands and this causes the H burning shell to move to larger radii and thus lower
temperatures, resulting in its extinction. The He burning shell adds mass to the
growing CO core that becomes, however, degenerate for M <8 M., (see above). In
stars with M > 4 M, a second dredge-up takes place, as the convective envelope
penetrates down into the He-rich shell layer, while for less massive stars the H
burning shell stays active and prevents the mixing. Due to the double shell burning
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the stars enter into a thermally pulsating phase where the He burning shell becomes
unstable and undergoes periodic pulses TP-AGB. This is a critical phase for
nucleosynthesis with many mixing episodes that lead to the s-process (Sects. 4
and 5.4).

Figure 18 shows the phase of thermal pulses and dredge-up. Most of the time the
He burning shell is inactive and the H burning shell adds mass to the He-rich region.
This brings the intershell mass to a critical value and to an unstable He ignition in a
He-shell flash. The large energy flux causes the whole intershell to become
convective and triggers efficient mixing. As the H burning shell expands and cools,
nuclear reactions stop there and the convective layer can penetrate below it, mixing
the envelope material with the intershell, known as third dredge-up. Later on the He
burning shell expands and cools, leading to stable He burning. Following the third
dredge-up, the H burning shell is active while the He burning shell stops producing
energy. This type of thermal pulse cycle can act repeatedly.

5.4 s-process

The s-process is related to late stellar burning phases after core H burning, when stars
have turned into giants (in most cases red giants with a large radius increase, but for
stars with M > 25 M, or rotating massive stars also into blue compact WR stars with
mass loss, frequently experiencing rotational mixing). In the subsequent He burning
phase (o,n)-reactions can release neutrons. One simple option is ??Ne (2,n)*Mg, as
already discussed in Sect. 4, due to ?>Ne created in He burning, acting on H burning
product '*N. The neutrons from this source lead in central He burning of massive
stars to the so-called weak s-process with the formation of nuclei up to 4 = 90, via
neutron captures and i~ -decays. A reaction path was shown in Fig. 11, indicating
neutron captures in horizontal steps within the isotopic chain of charge Z, and -
decays to nucleus (Z + 1, N — 1) with the same mass number 4. For making elements
as heavy as Pb and Bi more efficient neutron sources are required. The s-process
(moving along stability) cannot go beyond these elements as it hits regions of alpha-
decay. Neutron captures will populate nuclei above the alpha-emission threshold, and
these (n,o) reactions go back to a reduced mass number 4 — 3. The s-process in low
and intermediate-mass stars (the main s-process component) takes place due to the
fact that the H- and He burning shells are located within a small distance. Both do not
burn in a constant fashion. If the H burning zone is on, it creates He fuel. After
sufficient He is produced, He is ignited in an unburnt He-rich zone (at sufficient
densities and temperatures). The burning is not stable, the amount of energy created
in a shallow zone is not sufficient to lift the overlaying H-shell, which could cause
expansion and cooling, i.e. steady burning. Instead, He burning, being dependent on

the density squared due to the “He (Za,y)lzc reaction, burns in a strong flash,
causing then a stronger expansion, even stops H burning in the H-shell. This
behaviour repeats in recurrent flashes, first introduced and extended by Sanders
(1967); Ulrich and Scalo (1972); Iben and Truran (1978), and many further
investigations (for reviews see Kappeler et al. 1989; Képpeler et al. 2011; Karakas
and Lattanzio 2014; Bisterzo et al. 2017). H is mixed into the unburnt He fuel,
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Fig. 18 Working of the s-process in low and intermediate-mass stars with an initial mass of less than 8 M.

13C(a, n)'%0 is active in the interpulse period on timescales of more than 10° years, while 22Ne («, n)** Mg
acts only during the He flash, on timescales of years. Image reproduced with permission from Reifarth
et al. (2014), copyright by the authors

causing the '2C(p, 7)*N(+)"*C(a, n)'°O reaction sequence (discovered as neutron
source by Cameron in 1955) and the production of neutrons in a more efficient way
than only via ?*Ne (a, n)ZSMg. This behaviour is shown in Fig. 18. Figure 19 shows
how the strength of the s-process depends on the amount of hydrogen mixed into the
He burning shell, which is again strongly dependent on the mass of the stellar model.
It should be mentioned that there exists a large level of uncertainty in the production
of the so-called '3C pocket and a self-consistent treatment of the efficiency of mixing
H into the He core is still missing (see e.g. the above reviews and detailed discussions
in Denissenkov and Tout 2003; Buntain et al. 2017; Busso et al. 2021; Vescovi et al.
2021).

5.5 The final fate of low- and intermediate-mass stars

Low- and intermediate-mass stars with M <8 M, experience only central H- and He
burning, leading to a core of C and O. H- and He burning shells move outwards in an
unstable fashion with flashes and pulses (as discussed above), expelling the outer
mass zones in a stellar wind (causing what is known as a planetary nebula), and
leaving a central C + O white dwarf, an object being, even after cooling, stabilized
by the degeneracy pressure of the electron gas for Mc, o <1.4M; (the Chan-
drasekhar mass, Chandrasekhar 1984). More details can be found, e.g. in Karakas
and Lugaro (2016); Kobayashi et al. (2020); Cseh et al. (2022). While we discuss the
contribution of planetary nebulae in an integrated way to the inventory of the overall
solar system abundances and the abundance evolution of galaxies in later sections,
direct proofs for their ejecta composition can be found in the isotopic composition of
meteorites, containing inclusions of dust condensates from their winds (Zinner and
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Fig. 19 The result of the s-process in He-shell flashes is dependent on the stellar mass. The process is most
active for stars around 2.5 M., as can be noticed in this plot, showing the resulting abundance pattern at the
end of the stellar life that is blown off in the planetary nebular phase. The overall solar s-process
abundances are the result of a superposition of contributing stellar masses, and also of the initial stellar
metallicities [Fe/H]. For a “secondary process”, acting on pre-existing inherited seed abundances like Fe,
the latter influence the n/seed ratios and determine the effectiveness of the process. Both aspects come
close to an exponential superposition of neutron exposures 7,. Image reproduced with permission from
Karakas et al. (2018), copyright by the authors

Amari 1999; Lugaro and Gallino 2006; Lugaro and Chieffi 2011; Kobayashi et al.
2020; Busso et al. 2021), for a more general treatment of meteoritic dust inclusions,
containing also the imprint from other sources see Nittler et al. (1996); Zinner
(1998, 2008b, 2008a); Nittler and Ciesla (2016).

5.6 Massive stars: pre-supernova evolution

While low- and intermediate-mass stars develop a degenerate CO core with a mass
smaller than the critical Chandrasekhar mass, avoiding contraction and therefore
experiencing only temperatures below the C fusion/ignition temperature, massive
stars (MZ8 M) can reach high enough temperatures (7 ~5 x 108K) to undergo
non-degenerate C burning. In the range 7-10 M, so-called super AGB stars (with
properties between AGB stars and red supergiants) are close to the dividing line
between becoming CO or NeOMg white dwarfs or permitting even further burning
stages (Doherty et al. 2017; Gil-Pons et al. 2018; Leung and Nomoto 2018; Zha et al.
2019; Leung and Nomoto 2019; Leung et al. 2020). Due to (cool) degenerate cores in
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that mass range the ignition of these burning stages starts off-centre before
propagating to the centre, and the main question is whether this permits to reach core
masses that also cause Ne and later O ignition. Stars close to the upper limit of that
mass interval follow all nuclear burning stages until an Fe core is formed, that would
lead to core-collapse supernova events, discussed in the next section. Characteristic
of the late evolution of massive stars is also the mass loss by winds. The stellar wind
mechanism is a combination of radiation pressure and pulsation but it is not yet fully
understood. The effect of such winds is visible in Wolf—Rayet stars that are hot and
have high luminosities combined with strong emission lines. Such winds lead to
mass loss, which can prevent shell burning from causing sufficiently high core
masses for the ignition of the next burning stage. This is the main reason why stars,
which ignite C burning, do not automatically ignite also Ne and subsequently O and
Si burning, but can rather lead to ONeMg dwarfs.

An important aspect for the late evolution beyond He burning is related to
neutrinos. After the CO core forms, they are involved in the sequence of nuclear
burning and core contraction cycles, becoming the main energy loss mechanism,
while the earlier burning phases were dominated by radiation losses. Neutrino
emission accelerates the evolution of the core while the outer envelope has no time to
react and is disconnected from the core. Neutrinos are produced by nuclear reactions
and also by weak interaction processes that become possible at high temperature: pair
annihilation at 7 > 10°K (et +e~ — v+ ¥), the photo-neutrino process
(y+e — e +v+V), the plasma-neutrino process, and via bremsstrahlung. Of
these, the pair annihilation process is the most efficient in the evolution of massive
stars due to their high central temperatures. At T ~ 103 K neutrinos are the most
important energy loss mechanism and balance the energy produced by nuclear
reactions (E'nuc ~ L,).

In Sect. 4, we have described the main reactions occurring beyond C burning, and
here we will shortly describe the evolution and structure of the stars. When the
temperature of the CO cores reaches 5 — 8 x 10® K, carbon burning proceeds and
12C 4 12C produces mainly 2°Ne and >*Mg. This is affected by the initial C/O ratio,
depending on the uncertain '>C(c,7)!°O rate and the treatment of mixing in core He
burning (see the earlier discussion and Imbriani et al. 2001; deBoer et al. 2017). After
all C has been burnt in the centre, the core contracts and C burning continues in a
convective shell surrounding the core, taking place in a number of subsequent
convective episodes that depend on the initial stellar mass.

As mentioned above, in the lower part of the mass interval of super AGB stars the
CO core is partially degenerate and turns after C burning into a degenerate ONeMg
core without further nuclear burning taking place. The following evolution depends
on whether the Chandrasekhar mass limit is reached for the core after shell burning or
whether mass loss is high enough and an ONeMg white dwarf is left behind. For
larger stellar masses the ONe core reaches =~ 1.5 x 10° K and Ne burning produces
O and Mg in a convective core with accelerated evolution due to neutrino losses.
After this phase, the Ne burning shifts to a shell, and when the core reaches
~2 x 10°K, %0 + '°0 produces mainly 2%Si and 32S in a convective core. The
silicon burning starts when the central temperature is rather high ~ 3 x 10° K and
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combination of photo-disintegration and alpha-capture reactions occur. As the
temperature further increases, NSE is reached and iron group nuclei are favored.
These central and shell burning phases lead to an onion-shell like structure as
schematically shown in Fig. 20. Table 10 lists these burning stages with typical
central densities and temperatures, the duration of such burning stages and the typical
luminosity in photons (Woosley and Weaver 1995). Table 11 lists properties of the
same burning stages from more recent results (Limongi and Chieffi 2018), a 13 M,
star burns at slightly lower temperatures and slightly higher densities, resulting in
more extended timescales of individual burning stages.

The discussion in this subsection centred around the question if and how stars can
enter stages beyond core He burning, not ending as CO white dwarfs in their final
evolution. The super AGB stars in the mass interval 7-10 M, played a central role
bridging the fate of becoming a CO white dwarf and passing through all burning
stages until Si burning, resulting in an Fe core. An intermediate role is played by stars
that initiate C burning, but result then in an ONeMg white dwarf. It has long been
emphasized that the C burning products 2°Ne and 2*Mg can experience electron
capture by electrons with high Fermi energies in the quite degenerate cores. This
causes pressure reduction of the degenerate electron gas and can lead to a sudden
contraction. It can turn into a collapse and fast compression, causing high
temperatures, immediately leading to an NSE abundance composition dominated
by Fe-group nuclei. In such a case an Fe core would emerge already after C burning
without going through all later stellar burning stages. Such an Fe core would be
prone to a core-collapse supernova explosion, as will be discussed in the following
section, in this case a so-called electron capture or EC supernova (see e.g. Leung
et al. 2020, and references therein). There have been speculations that this does
actually not take place under certain circumstances, because of a highly enhanced
electron capture rate on 2’Ne (Kirsebom et al. 2019a, b), coming to the conclusion
that for ignition of the ONeMg core after C burning at densities below 10' g cm ™ an
O-deflagration (see Sect. 7.1) destroys the whole star in an explosion similar to type
Ia supernovae. However, Zha et al. (2019) and Leung et al. (2020) find that in more
realistic stellar evolution modeling the ignition takes place for densities above
10'° g em™ and the collapse continues towards an Fe core, leading to an EC
supernova explosion.

Detailed stellar evolution models, including all relevant nuclear physics for all the
burning stages of the tables shown here, as well as dynamics, radiation transport,
mixing via convective instabilities or induced by rotation, and mass loss via stellar
winds have evolved from first investigations (Arnett 1977; Weaver et al. 1978) to the
present-day stellar evolution codes FRANEC, KEPLER, GENEC and MESA,
including also rotation (see e.g. Maeder and Meynet 2012; Limongi and Chieffi
2018; Eggenberger et al. 2021). Overviews can be found at many places (e.g. Heger
et al. 2003; Heger and Woosley 2010; Thiclemann et al. 2018a). The most recent
developments, attacking 3D hydrodynamic instabilities in late stages of stellar
evolution, are outlined in Arnett et al. (2019); Kaiser et al. (2020).
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Fig. 20 Schematic structure of a massive star at the end of its life before core-collapse supernova

Table 10 Burning stages of a

20 M, star Fuel (pg on ) (Tlco9 0 (Tyear) (L;:gms—l)
Hydrogen 5.6 (0) 0.04 1.0 (7) 27 (38)
Helium 94 (2) 0.19 9.5 (5) 5.3 (38)
Carbon 27 (5) 0.81 3.0 2) 43 (38)
Neon 4.0 (6) 1.70 38(-1) 44 (38)
Oxygen 6.0 (6) 2.10 50(-1) 4438
Silicon 49 (7) 3.70 2 days 4.4 (38)

Table 11 Burning stages of a

13 Mo star Fuel Zyear) (Llfl/llodt@)
Hydrogen 1.61 (7) 4.53
Helium 1.09 (6) 4.70
Carbon 9.09 (3) 4.82
Neon 5.68 (0) 4.82
Oxygen 4.17 (0) 4.82
Silicon 3.50 (-1) 4.82
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6 Core collapse of massive stars

Core collapse marks the end of the life of stars with at least eight times the mass of
our Sun, leading to the birth of neutron stars and/or stellar-mass black holes (Fig. 21).
In observations, one notices a variation in explosion energies, dividing them into two
categories: low- and high-energy explosion (often also utilizing the terms core-
collapse  supernovae and  hypernovae). The low-energy  explosions
(Eexp~1B = 10°! erg) are probably triggered by neutrinos that can transport the
energy from the hot proto-neutron star (emerging from core collapse) to the stalled
shock with the help of convection and instabilities (Burrows 2013; Kotake et al.
2012; Janka et al. 2016; Miiller 2016; Burrows and Vartanyan 2021; Radice et al.
2018; Miiller 2020; Vartanyan et al. 2022; Varma et al. 2022). More energetic
explosions may be driven by strong magnetic fields (LeBlanc and Wilson 1970a;
Nomoto et al. 2006; Varma et al. 2022). Here we summarise briefly the explosion
mechanism before discussing the rich nucleosynthesis occurring in core-collapse
supernovae.

At the end of their lives, massive stars have an iron core surrounded by shells of
lighter elements produced in the sequence of hydrostatic burning stages. This is
known as onion-shell-like structure and shown in Fig. 20. The core is initially
stable due to the pressure of degenerate electrons and contracts slowly approaching
the Chandrasekhar mass. This critical limit determines the maximum mass that can
be sustained by degeneracy pressure and is proportional to the fraction of electrons

(Ye): Mcyp ~ 1.45(2Y6)2 M, but for more massive stars, with not completely

degenerate cores, it contains also a temperature correction 1 + (S./ nYe)z, with S,
being the electron entropy per baryon. Electron captures on heavy nuclei and
photodissociations lead to a collapse on dynamical time scales. Initially neutrinos,
produced mainly by electron captures, leave the core releasing energy. However,
when densities reach values around ~ 10'' gcm™3, the neutrino mean free path is
comparable to the size of the core and neutrinos are trapped. The collapse only stops
when the inner core reaches nuclear saturation density and the repulsive part of the
nuclear force dominates. The sudden stop of the collapse produces a bounce, and a
shock wave is launched at the edge of the inner core.

The shock wave loses energy by photodisintegration of the heavy nuclei from the
in-falling iron core into free nucleons and by neutrino emission. This is critical
during and after the neutrino burst that occurs when the shock leaves the region of
neutrino trapping (p ~ 10'' gem™3). Due to the energy loss, the shock becomes a
stalled accretion shock, how it is revived is still being investigated (see references
given above). The most promising mechanism is based on neutrinos that can
transport the energy from the hot proto-neutron star to the region below the shock,
increasing the thermal pressure and pushing the shock outwards. This neutrino-
driven mechanism works in spherically symmetric simulations only for low-mass
progenitors with an ONeMg core (e.g. Leung et al. 2020), also known as electron
capture EC supernovae (M ~8-10M,). For massive progenitors, the neutrino
energy deposition needs to be supported by multi-dimensional fluid instabilities such
as convection or SASI (standing accretion shock instability).
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Fig. 21 Results of core-collapse supernova simulations for stars with a low metallicity ([Fe/H]= —4) as a
function of progenitor mass. Typical explosion energies of 1 Bethe (= 10%! erg) are found up to about
30 M. For higher masses, the collapse leads to black hole formation. There exists also a narrow mass
range between 20 and 30 M, where black hole formation takes place, due to the structure/compactness of
these specific stellar models. Explosions occur typically 300 to 700 ms after collapse. The amount of Ni
ejecta ranges from about 0.04 to 0.12 M., (for SN1987A 0.07 M, was determined observationaly). Similar
results are found in Ertl et al. (2016). Image reproduced with permission from Ebinger et al. (2020),
copyright by AAS

An exciting alternative to trigger explosions is the magneto-rotational mechanism
that may explain a fraction of highly energetic explosions, hypernovae with
Eexp ~ 1072 ergs (Nomoto et al. 2006). This mechanism requires fast rotation that
supports the amplification of the magnetic field during collapse. It would either leave
a highly magnetized neutron star (magnetar) or a central black hole (collapsars).
Observational indications of such explosions are not only hypernovae, but also
highly magnetized pulsars (magnetars) and long gamma-ray bursts, IGRB’s,
associated with such highly energetic supernovae. Another suggested exotic
mechanism, based on a first-order QCD phase transition, leads to a second collapse
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of the neutron star until being supported by quark matter and a successful additional
shock (Fischer et al. 2011, 2020b). However, the densities when the transition occurs,
which depend strongly on details of the equation of state, need to be followed in a
perfect timing with the dynamics of the collapse.

All classes of core-collapse events including regular core-collapse supernovae,
ending in central neutron stars, black hole formation events, i.e. collapsars and
hypernovae, pair creation supernovae, up to events producing very massive stellar-
mass black holes (Heger et al. 2003) are critical for the chemical history of the
universe. They eject elements into the interstellar medium, synthesised during the
lives of stars in hydrostatic burning, dependent on the initial progenitor composition,
and—in addition—also those ones that are newly produced during the explosion. In
the nucleosynthesis, one can distinguish different components that we discuss below.

6.1 Core-collapse supernovae

After a short overview over the possible fates of massive stars and their explosive
final stages, given in the introduction of this section, we want to focus in this
subsection on those cases that end as a ‘“regular” neutrino-driven supernova
explosion. These are the ones leading to a central neutron star remnant and
explosively ejected outer layers, where the outermost layers have a composition
essentially identical with the pre-collapse composition from stellar evolution, and the
inner ejecta, being processed explosively, lead to explosive Si, O, Ne, and also C
burning, while the innermost ones have also experienced interactions with neutrinos
during the central supernova explosion, affecting the Y, of the ejected matter. Below
we will pass through several aspects leaving their imprint on the composition, which
might to some extent are also of importance for the following two subsections on
magneto-rotational supernovae and collapsars.

6.1.1 Shock nucleosynthesis

When the shock moves out through the stellar layers it changes the composition of
the accreted matter. These changes depend on the shock temperature and go from
photodissociating iron group nuclei into nucleons to only modifying slightly the
composition of existing nuclei and producing small amounts of some isotopes. In the
early explosion, the shock is very energetic and still inside the iron core. The shock
temperature can reach 10-20 GK and thus bring the accreted matter into NSE. The
exact evolution, when this accreted matter further expands and cools, depends
strongly on the neutrinos and will be discussed below. When the shock reaches
intermediate layers, its temperature is too low to reach NSE but is still high enough to
have explosive burning of Si, O, Ne, and C that produces additional 56N, Si, Mg, O,
and Ne. The main reactions and products of the explosive nucleosynthesis have been
discussed in Sect. 4, an application for a 16 M, star is shown in Fig. 22.

The shock nucleosynthesis can be studied with methods that deposit a given
amount of energy in the pre-explosion progenitor model. However, these methods are
not suitable to investigate the innermost ejecta that are exposed to neutrinos and
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Fig. 22 Results of explosive nucleosynthesis processing in a 16 M, progenitor star after a shock wave ran
through the matter outside the (initially hot) proto-neutron star. All matter outside the mass cut will be
ejected. The composition outside of & 2.1 M, remains unchanged, inherited from prior stellar evolution of
this massive star, which experienced all burning stages from H- to Si burning, here dominated by Ne
burning products, ie. '°0, 2*Mg, and admixtures of 23Si, 32S and 3°Ar. The layers further in are
characterized by explosive O burning, changing the initial composition within seconds into 28Si, 328, 30Ar,
and *°Ca. Matter inside 1.7 M, experienced explosive Si burning, resulting mainly in °Ni, 3¥Ni (stable),
57Ni and admixtures of “°Ca (stable) and **Ti. Y,, the proton/nucleon ratio, being 0.5 for nuclei symmetric
in neutrons and protons, is close to 0.5 in the outer layers, turned slightly neutron-rich (<0.5) during late
burning stages due to *-decays and electron captures on nuclei, and is turned proton rich in the innermost
ejecta due to weak interactions with the neutrino wind escaping the hot proto-neutron star. It becomes very
small (<0.5) inside the proto-neutron star due to capture of electrons with high Fermi energies of the
degenerate electron gas on protons. Image reproduced with permission from Curtis et al. (2019), copyright
by AAS

strongly affected by details of the neutrino-driven explosion and multi-dimensional
effects. There are three main ways of artificially triggering explosions: piston
(Woosley and Weaver 1995), thermal energy bombs (Thielemann et al. 1986) or
kinetic energy bombs (Limongi and Chieffi 2006). In all these models the explosion
energy and mass cut between the proto-neutron star and ejecta are free parameters.
The piston method assumes a mass shell and prescribes its outward movement to
reach the typical explosions energies Eex, ~ 10°! erg. Below the selected mass shell
there is a mass that does not enter into the simulations. This mass cut between the
neutron star and the ejecta is specified by the chosen position of the piston and an
entropy value. In the thermal and kinetic energy bomb methods, energy is artificially
deposited in an inner layer of the progenitor model to trigger the explosion. The mass
cut is obtained by integrating the nucleosynthesis and constraining the amount of
6Ni to typical observed values of around 0.1 M. These approaches allow for a
broad study of many progenitors and can provide reliable information for
nucleosynthesis that is not strongly affected by the details of the explosions
including the neutrinos. However, the nucleosynthesis of the iron group and beyond
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requires methods that include the physics of the explosion phase with self-consistent
explosion energies.

6.1.2 p-process

After having discussed the basic working of the p- or y-process in Sect. 4, here we
focus on the astrophysical side. In the (outer) layers of explosive Ne burning the
shock has lost most of its energy and encounters temperatures barely sufficient for
extensive fusion reactions but still high enough to trigger some photo-dissociations
on existing nuclei, which lead to the classical p-process or y-process. A number of
proton-rich (p-)isotopes of naturally occurring stable heavy nuclei cannot be
produced by neutron captures along the line of stability. The most favored production
mechanism for those 35 p-isotopes between Se and Hg is therefore photodisinte-
gration of intermediate and heavy pre-existing elements during the shock-wave
passage of massive stars (Woosley and Howard 1978; Rayet et al. 1990, 1995).
However, not all p-nuclides can be produced satisfactorily, yet. A well-known
deficiency in the model is the under-production of the Mo—Ru region, but the region
151 <A4 <167 is also underproduced, even in recent calculations (Rauscher et al.
2002; Arnould and Goriely 2003; Rapp et al. 2006; Dillmann et al. 2008; Rauscher
et al. 2013; Pignatari et al. 2016; Rauscher et al. 2016; Travaglio et al. 2018). There
exist deficiencies in astrophysical modelling and the employed nuclear physics.
Recent investigations have shown that there are still considerable uncertainties in the
description of nuclear properties governing the relevant photodisintegration rates.
This has triggered a number of experimental efforts to directly or indirectly determine
reaction rates and nuclear properties for the p/y-process (Rauscher 2006; Rauscher
et al. 2016). Here it is important to investigate the sensitivity of the location of the y-
process path with respect to reaction rate uncertainties.

The problems encountered, especially in reproducing the light p-nuclei, led also to
the suggestion of alternative sites. One option is related to type la supernovae
(Howard et al. 1991; Goriely et al. 2002; Travaglio et al. 2011, 2015; Nishimura et al.
2018; Battino et al. 2020), discussed in more detail in Sect. 7. Another option is
related to the vp-process in core-collapse supernovae, which will follow in one of the
upcoming subsections.

6.1.3 26Al, °Fe

Two long-lived isotopes 2°Al (with a half-life of 7.17 x 103 year) and ®°Fe (with a
half-life of 1.5 x 10° year) can be either observed by their decay gamma-ray
emission indirectly or directly in deep-sea sediments and serve as a witness for recent
stellar contributions to the interstellar medium or even in near earth events. Here, we
investigate their possible production in massive stars.

The radioactive 2°Al is produced hydrostatically during stellar evolution and
explosively by the supernova shock. It occurs in the regions of explosive Ne/C
burning. Under these conditions >*Mg is produced via **Mg (n,y)stg and the

protons arise from 2*Na (a, p)26Mg, similar to the reaction pattern shown in Table 6
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for hydrostatic Ne burning (and partially also C burning). Under explosive conditions
at temperature of the order 2.3 x 10° K, these burning stages act explosively in a
combined way and the temperatures are also sufficiently high to utilize the released
protons for the »Mg (p, y)26A1 reaction. However, neutrons are produced
abundantly. They, in fact, act as the main destructive species via (n, p) and (n, )
reactions. The mass involved in explosive Ne/C burning is strongly dependent on the
progenitor mass. Thus, we expect a dramatic increase with increasing initial stellar
masses. The detailed analysis in Woosley and Weaver (1995); Limongi and Chieffi
(2006, 2018) has found the contributions from (i) wind ejecta during stellar
evolution, (ii) hydrostatic burning products ejected during the explosion, and (iii)
explosive Ne/C burning. The latter dominates up to about 60 M, and increases from
initially about 2 x 107> M, per event to 2 — 3 x 10~* M. Then wind ejecta start to
take over and flatten out close to 1073 M, at initial stellar masses of 120—140 M,
The latter are subject to rotational effects (Langer et al. 1995; Meynet et al. 1997,
Palacios et al. 2005) and increase with higher rotation rates. Tur et al. (2009) have
reanalyzed this behaviour in the lower mass range from 15-25 M., and confirmed this
trend. They also did not find a strong dependence of the result on the He burning

reactions triple-alpha and 12C(cx,y)160. They show nicely how 2°Al is produced
starting in H burning, but the final explosion produces close to a factor of 10 more of
it.

®Fe should only be mentioned here because of completeness. It is entirely
produced in the s-process during shell He burning and thus a pure product of stellar
evolution rather than explosive nucleosynthesis. The explosion only acts in terms of
ejecting the corresponding layers. As ®Fe is produced via neutron capture of beta-
unstable 3°Fe, a relatively high neutron density of about 3 x 10'%cm~3 is required in
order for its efficient production. This is only attained in shell He burning during late
evolution stages after core C burning. The production ranges from 2 x 107 to
8 x 107> M, for initial stellar masses between 10 and 40M.. This result is
dependent on the He burning reactions triple-alpha and '>C(«, y) 10, as they compete
with the neutron producing reaction 2’Ne (a, n)25Mg. There exist also uncertainties in

59Fe (1, 7)*°Fe and “Fe (n,7)®' Fe, which cause yield variabilities by a factor of up to
5. If the star experiences strong mass loss, the He burning shell does not encounter
the higher density conditions required for the high neutron density of 3 x 10'® cm—>.
Thus, for initial stellar masses in excess of 40 M., the mass loss treatment can also
lead to variations of more than a factor of 10. Apparently a strong mass loss rate is
required to not overproduce *°Fe in high-mass stars M > 40 M. (Limongi and

Chieffi 2006, 2018).

6.1.4 Neutrino-driven nucleosynthesis

Neutrinos play a central role determining the conditions of the innermost ejecta and
their nucleosynthesis. Even if matter can be ejected in different ways, the neutrino-
driven nucleosynthesis acts similarly and depends on three parameters: electron
fraction, entropy, and expansion time scale. Mass accreted through the shock during
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the early explosion gets dissociated into nucleons and alpha particles, depending on
the temperature of the shock. This material can be then accreted down to the proto-
neutron star or stay in the gain region and expands. In spherically symmetric
simulations, the accretion takes place only in the first second after bounce while in
multidimensional simulations downflows stays active during several seconds,
providing a continuous nucleosynthesis source. In general, the matter ejected comes
from two regions: surface of the proto-neutron star and the layers behind the shock.
The outer layers of the proto-neutron star and the matter that has been accreted on its
surface can be ejected by neutrinos. If this ejection occurs when there is no matter
being accreted any more and the outflow becomes supersonic, it is known as
neutrino-driven wind. This was suggested as the r-process site (see Qian and
Woosley 1996; Arcones and Thielemann 2013 for review and references). However,
the neutrinos not only deposit the necessary energy to unbind and eject material, they
also change neutrons into protons preventing an r-process to occur.

The nucleosynthesis of the neutrino-driven wind follows similar burning features
as that of the matter that is not accreted down to the proto-neutron star, but it is
exposed to neutrinos. Here we summarize the main possibilities to produce elements
around and beyond iron in core-collapse supernovae in the neutrino-driven ejecta
(Fig. 23). The temperature is sufficient to reach NSE and follows photodissociation,
resulting in an initial composition dominated by neutrons and protons. As matter
expands, its temperature and density drop, allowing nuclear reactions to start building
alpha particles and seed nuclei. The composition of the seed distribution and the final
abundances depend on three quantities: entropy, expansion time scale, and electron
fraction (Qian and Woosley 1996). These parameters determine the ratio between
nucleons and seed nuclei: neutron-to-seed (Y,/Yeed) and proton-to-seed Y,/ Yeeed)
ratios. Depending on the value of these ratios at temperatures around 3 GK, three
processes are possible:

— r-process (Hoffman et al. 1997; Freiburghaus et al. 1999a; Thompson et al. 2001;
Farougqi et al. 2010) if ¥,/ ¥seeq > 100, however, this does not occur in neutrino-
driven supernova in general (as expected initially by Woosley et al. 1994;
Takahashi et al. 1994, see discussion below about magneto-rotational
supernovae),

Ve,ut

Ye <0.5: n + seed = heavy nuclei
Ye > 0.5: 6Ni & other Fe peak nuclei

4He(aa,y)'2C
4He(an,y)°Be(a,n)2C

2n +2p — “He

T=9GK T=~8GK T=6GK

Fig. 23 Neutrino-driven nucleosynthesis
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— weak r-process (Arcones and Bliss 2014; Bliss et al. 2018; Ghosh et al. 2022), if
Yn/Yseed ~ 1’

— vp-process (Frohlich et al. 2006; Pruet et al. 2006; Wanajo 2006), if Y,/ Yseeq is
very small and Y, > Y, i.e. for proton-rich conditions (see Sect. 4.2.4).

How the wind parameters affect the neutron-to-seed ratio has been extensively
studied in the context of the r-process (see e.g. Otsuki et al. 2000; Thompson et al.
2001; Qian and Woosley 1996). The entropy in radiation-dominated environments
depends on temperature and density: S o< 7% /p. As discussed before, high entropies
favor an extremely alpha-rich freeze-out from NSE (see Fig. 14) and the
accompanying low densities cause a small production of seed abundances Y4 via
three body reactions: 30 — '?C and “He (an,)°Be (2,n)'?C. Dependent on Y,, with a
dominant abundance of N = Z *He, additional neutrons or protons remain after
freeze-out, leading to a resulting neutron-to-seed or proton-to-seed ratio. This effect
depends on the entropy, Y., and the expansion time scale of matter, affecting the time
over which “He can be transferred to C and beyond. The electron fraction determines
whether the ejecta are neutron rich (¥, <0.5) or proton rich (¥, > 0.5).

If the electron fraction is very low Y, <0.2 — 0.3, the neutron-to-seed ratio will be
high enough for the r-process to occur. Such low electron fractions are not found in
state-of-the-art neutrino-driven supernova simulations, because the neutrinos change
neutrons into protons, leading to a higher Y,. However, neutron-rich matter can be
ejected in supernovae with strong magnetic fields and rotation as we will discuss
below.

If 0.4<Y,<0.5, a weak r-process is possible but not a strong r-process up to the
third peak, unless the entropy is very high and/or the expansion time scale very short.
However, such extreme cases are not found in current neutrino-driven explosion
models. Slightly neutron-rich neutrino-driven ejecta are characterized by a nucle-
osynthesis path not far from stability or along stability, depending on the conditions
(Bliss et al. 2018). Already in NSE, nuclei up to Z ~ 40 may be produced, and in
some cases additional charge-particle reactions after NSE lead to the production of
heavier elements (Bliss et al. 2018). In the weak r-process, beta decays are much
slower than the ejecta expansion timescale. After the initial NSE phase, several
reactions, that are faster than beta decays, keep moving matter from light to heavy
nuclei. These reactions include («, n), (p, n), («, ), (p, y) on stable or close to stability
nuclei. This process has been studied recently and key (o, n) reactions have been
identified (Bliss et al. 2020).

In proton-rich conditions (Y, > 0.5), heavy elements are synthesized from seed
nuclei via charged-particle reactions, i.e. (p, 7), (%, ), (2, p), and beta decays. These
reactions allow the flow of matter to move on the proton-rich side of stability up to
S%Ni and **Ge. This nucleus has a beta half-life much longer than the expansion time
scale of the ejecta. However, a high electron antineutrino flux produces neutrons that
facilitate to pass these bottlenecks by (n,p) reactions (Frohlich et al. 2006; Pruet et al.
2006; Wanajo 2006). The vp-process may be responsible for the production of light
heavy p-nuclei (see Sect. 4.2.4 and Fig. 24 from Ghosh et al. 2022).

@ Springer



1 Page 64 of 109 A. Arcones, F. Thielemann

0.40

I‘ = tracer Ye: 0.434
" = = tracer Ye: 0.527
1

80 120

0.35 A
0.00 0.01 0.02 0.03 0.04 0.05

M - Mcut [MG]

Fig. 24 Innermost ejecta composition determined by moderately low Y.-matter from collapse and
moderately proton-rich conditions due to neutrino interactions during the explosion, leading to a vp-
process and a very weak r-process (collapse calculations performed with different equations of state).
Image reproduced with permission from Ghosh et al. (2022), copyright by the authors

Observations indicate that there is an additional process that contributes to the
production of elements between Sr and Ag (Sneden et al. 2008). This can be the
lighter element primary process (LEPP) (Travaglio et al. 2004; Montes et al. 2007), a
low metallicity s-process (Frischknecht et al. 2016) or charged particle reactions
(Qian and Wasserburg 2007) combined with a weak r-process and/or the vp-process
(Arcones and Martinez-Pinedo 2011; Arcones and Bliss 2014; Eichler et al. 2018;
Ghosh et al. 2022). Fig. 24 (Ghosh et al. 2022) shows the electron fraction as a
function of mass, including slightly neutron-rich conditions and proton-rich
conditions, and the nucleosynthesis outcome when combining weak r-process and
vp-process conditions (see also Arcones and Martinez-Pinedo 2011; Hansen et al.
2014 for previous studies).

The supernova ejecta vary for different progenitors, with explosion energies,
anisotropies in the evolution of the explosion, and the timing of the explosion after
bounce. Therefore, a complete picture of the nucleosynthesis from neutrino-driven
ejecta requires a large number of three-dimensional simulations, following the
explosion during few seconds and for different progenitors. This is far from being
possible because of the huge computational time necessary and also due to the still
uncertain details of the explosion, neutrino matter interactions on the surface of the
neutron star (Martinez-Pinedo et al. 2012; Roberts et al. 2012), neutrino oscillations
(Mirizzi et al. 2016), rotation and magnetic fields (see Sect. 6.2). On the other hand,
traditional methods (see above) are not suitable for the nucleosynthesis of the
innermost zones that depends on the Y, and thus on detailed neutrino transport. There
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are few nucleosynthesis predictions from multi-dimensional simulations (see e.g.
Harris et al. 2017; Wanajo et al. 2018; Eichler et al. 2018 for nucleosynthesis based
on 2D simulations and Wongwathanarat et al. 2017 for nucleosynthesis based on
parametric 3D models). There exist also approximate methods to obtain neutrino-
driven explosions in spherically symmetric models, based on a modified neutrino
heating deduced from full multi-D models. Light-bulb methods parameterize the
neutrino luminosities at an inner boundary and get explosion when increasing it
above some limiting value (Ugliano et al. 2012; Ertl et al. 2016; Sukhbold et al.
2016). Other methods include the neutron star and calculate the neutrino transport
from the centre to the shock, but they include a neutrino heating enhancement or
extra neutrino absorption that increases the energy deposited by neutrinos in the gain
layer that is tuned to the results from multi-D models (see Curtis et al. 2019; Ebinger
et al. 2020; Ghosh et al. 2022 for nucleosynthesis within the PUSH method or
alternatively Witt et al. 2021; O’Connor and Ott 2011).

6.1.5 v-process

The neutrinos emitted during the protoneutron star cooling also produce nuclear
transmutations that can contribute to the nucleosynthesis of some isotopes by the so-
called neutrino process (Woosley et al. 1990; Heger et al. 2005). Due to their
relatively large energies, neutrinos excite the nucleus, by both the charged and
neutral weak current, to states above particle emission thresholds that decay by
emission of one or several protons, neutrons and/or alpha particles. As this process
occurs while the supernova shock wave travels through the stellar mantle, neutrinos
can modify the composition of the stellar progenitor and of the isotopes freshly
produced during explosive nucleosynthesis. This process is mostly responsible for
explaining very small abundances of specific isotopes that can be produced
essentially by this type of “neutrino spallation” reaction from nearby nuclei in the
nuclear chart with large abundances (for latest results see e.g. Sieverding et al. 2019).

6.2 Magneto-rotational supernovae

In addition to neutrino-driven explosions, observations of very energetic supernovae
(Nomoto et al. 2010), long gamma-ray bursts (GRB) (Woosley and Bloom 2006),
and pulsars with extremely high magnetic fields (magnetars, Kramer 2009; Greiner
et al. 2015) indicate the key role of magnetic fields in some explosions, here
summarized under the name of so-called magneto-rotational supernovae (MR-SN).
There are very energetic explosion known as hypernovae (HN) (Iwamoto et al. 1998)
with nucleosynthesis features different from regular core-collapse supernovae
(Nakamura et al. 2001) that reach energies of about ~ 10 B, which cannot be
explained by the neutrino-driven mechanism. These HNe are associated to the
collapse of massive stars with > 30—40 M. In all these cases magnetic fields and
rotation play a dominant role in the explosion mechanism, which can end either with
a central highly magnetized neutron star (magnetar) or alternatively a central stellar-
mass black hole. In this subsection, we will mostly concentrate on the first subclass
of magneto-rotational supernovae, while in the following subsection we will focus on
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the second case with black hole formation (collapsars), often in the literature
identified with hypernovae.

The magneto-rotational mechanism proposed in the 1970s (LeBlanc and Wilson
1970b) relies on the extraction of rotational energy from the core via the magnetic
field. Therefore, rapid rotation of the iron core is necessary, as well as an
amplification of the magnetic field by rotational winding and/or the magneto-
rotational instability (MRI) (Obergaulinger et al. 2009). After bounce, the strong
magnetic pressure launches jets along the rotational axis (Burrows et al. 2007;
Takiwaki et al. 2009; Winteler et al. 2012; Mosta et al. 2014; Obergaulinger et al.
2014). However, some 3D models lead to kink instabilities and the formation of less
collimated bipolar jets (Mosta et al. 2014, 2018; Kuroda et al. 2020).

Even if MR-SNe may be rare compared with regular CC-SNe, they were probably
important contributors to the enrichment of galaxies with heavy elements in the early
universe as progenitors with rapid rotation are more frequently observed at low
metallicities. The existence of fast rotating massive stars at early times is also
supported by detection of Ba and La in metal-poor stars (Chiappini et al. 2011),
which is explained by the enhanced s-process via strong rotational-induced mixing
(Frischknecht et al. 2016; Nishimura et al. 2017). Even if MR-SNe are only active in
early galaxies, they can be responsible for the production of r-process elements (Coté
et al. 2019).

LeBlanc and Wilson (1970b) and later Cameron (2003) proposed MR-SNe as an r-
process site. First simulations, although ignoring or simplifying the neutrino
treatment, found a successful r-process in 2D (Nishimura et al. 2006) and 3D
(Winteler et al. 2012). There are still large uncertainties of progenitor rotation and
magnetic field, therefore recent investigations have varied both to explore their
influence on the r-process. Based on a simple neutrino treatment, Nishimura et al.
(2015, 2017) have explored the impact on the nucleosynthesis of different magnetic
field strengths and rotation rates, also varying neutrino luminosities. The strength of
the magnetic field required to produce r-process may depend also on a 2D vs. 3D
treatment. Mdsta et al. (2018) assumed that the neutron-rich material and thus the r-
process occurs in the collimated ejecta and argue that this jet-like structure is not a
robust 3D feature due to the kink instabilities (Kuroda et al. 2020). Also, a
misalignment of the magnetic field with respect to the rotational axis can have an
influence on the neutron-richness of the ejecta (reducing it), so that the r-process
becomes weaker (Halevi and Mosta 2018). For the neutrinos, there are less
uncertainties than for the magnetic field, but only recently it has been possible to
perform MHD simulations with accurate neutrino transport, first in 2D (Ober-
gaulinger and Aloy 2017) and recently in 3D (Obergaulinger and Aloy 2021; Kuroda
et al. 2020). There are many advances exploring the different aspects of these
energetic and rare explosions including the nucleosynthesis.

MR-SN have a very rich nucleosynthesis as they have several components:
neutrino-driven and shock nucleosynthesis as standard supernovae (see above) and,
in addition, elements formed in the ejecta triggered by magnetic fields. These
explosions have an early and fast ejection of matter where the r-process can
efficiently produce heavy elements, similar to the prompt explosions found in the
1970s (Hillebrandt et al. 1976). This matter gets collimated around the jets (Reichert
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et al. 2021). In addition to this prompt neutron-rich ejection, long-time simulations
that follow the evolution seconds after collapse show that rotation and magnetic field
impact the proto-neutron star shape making it very deformed (Reichert et al. 2021;
Aloy and Obergaulinger 2021). At late times, due to angular momentum
redistribution by the magnetic field, a sudden deformation of the neutron star can
occur. The change in the neutron star may allow some neutron-rich material to enter
outflow regions, leading to a late ejection of neutron-rich material. This enables the
weak r-process to produce elements up to the second peak. Further possibilities to
eject matter with favorable r-process conditions may be found in coming years as
more MR-SN simulations become possible (Reichert et al. 2022). To summarize the
nucleosynthesis aspects of ejected matter from this subset of magneto-rotational
supernovae, leading to highly magnetized central neutron stars, one should point out
that the initial hopes to have a full-fledged strong r-process (Winteler et al. 2012) are
only partially confirmed in more realistic simulations and more work is needed to get
the complete picture. The strong r-process depends on a very high magnetic field of
the rotating core before collapse. This would permit to have a fast ejection of
neutron-rich matter. If the magnetic fields are weaker and get enhanced by magneto-
rotational instabilities (MRI) only during the onset of the explosion, this permits
neutrinos streaming out from the proto-neutron star to enhance the Y, of the ejecta
and consequently reduces the strength of an r-process. The dependence of the
abundances on the magnetic field can be seen in the Table 12 for the models of
Reichert et al. (2021).

6.3 Collapsars

Other potential r-process sites associated with MR-SNe (not related to the jet ejecta)
are the accretion discs that form surrounding a massive neutron star (magnetars) or a
black hole (collapsars). In this subsection we want to focus on black hole accretion
disks, i.e. collapsars. Pioneering nucleosynthesis studies (Surman and McLaughlin
2004; McLaughlin and Surman 2005; Surman et al. 2006) have demonstrated that
also here neutrinos can play a critical role, reducing the neutron-richness of the ejecta
and thus the possibilities for the r-process in recent studies are not conclusive, yet.
Nevertheless, we will explore this line of investigations for the moment.

An interesting question is related to whether some environments can actually lead
to an actinide boost while others produce a normal solar-type r-process distribution.
Recent studies (Holmbeck et al. 2019b) based on one hydrodynamic trajectory from
tidal dynamical ejecta conclude that actinides are substantially overproduced relative
to lanthanides for Y.-values in the range 0.1-0.15, due to the influence of fission
cycling. This is consistent with Wu et al. (2017) and a recent study of Eichler et al.
(2019), which finds, with a variety of nuclear mass models, that slightly larger
electron fractions in the range of ~0.15 are most favorable to explain “actinide
boost” matter. Given that “actinide boost” compositions require a dominant fraction
of the ejecta to originate from a very narrow Y,— range in order to reproduce their
observed abundance pattern, indicates that nature robustly produces a restricted range
of conditions where such Y,—values occur. The question is how? To date this
question is not settled and we want to discuss here a new possibility, recently
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suggested in Farouqi et al. (2022). The equilibrium electron fractions for neutrino-
driven winds read (Qian and Woosley 1996; Martinez-Pinedo et al. 2017, with the
same expressions as in Eq. (32))

e — 2/, V17! ) N7t
Y3~ 1+LV5(€” 24+124°/e,) z[1+<6"€> (L‘)} : (34)

Ly, (e, +24+1.24%/¢,) e, ) \Ly,

e

In the approximation on the right, we have assumed that neutrino energies are large
enough so that, for acceptable accuracy, the terms containing 4 can be neglected. If a
black hole is present or forms, the neutrino irradiation is dramatically quenched and
the gas flow around the BH robustly regulates itself into a state of mild electron
degeneracy. Due to negative feedback between electron degeneracy and neutrino
cooling (higher degeneracy leads to fewer electrons and positrons, therefore reducing
the neutrino emission, which leads to a higher temperature and thus to a lowering of
the degeneracy), the disk midplane settles inside of the inner ~ 10 GMpy/c? to
electron fractions of ¥, ~ 0.1 (Beloborodov 2003). Interestingly, this occurs once the
accretion rates exceed an “ignition value” that depends on the BH spin (Chen and
Beloborodov 2007) and the corresponding accretion rates are those that are needed to

Table 12 Explosion energy and
yields of selected isotopes and
elements for various models of

350C-RO 350C-Rw 350C-Rs 350C-RRw

Reichert et al. (2021) with Eexp B] 178 28 416 0.21
various magnetic fields and A1 226 (=7) 1.94 (-6) 3.62 (-7) 433 (-7)
rotation: 350C-RO has the 44y 6.60 (—5) 1.34 (-4) 2.06 (=5) 1.16 (=5)
original rotation and magnetic 6
field of the progenitor (Woosley Fe 4.94 (-4 1.55 (-4) 3.62 (=3) 1.69 (=7)
and Heger 2006), the model SONi 4.73 (-2) 1.21 (-1) 2.54 (-2) 7.32 (-3)
350C-Rw has weaker magnetic 1291 _ 1.75 (—6) 6.93 (_4) _
field, 350C-Rs has stronger 137
magnetic field, 350C-RRw has Cs - - 3.18 (-6) -
faster rotation and weaker 247Cm — - 2.30 (-12) —
magnetic field Mn 153 (—4) 623 (=4)  274(=4) 687 (-4)
Zn 977 (=3) 423 (<3)  274(=2)  2.81(=3)
Sr 220 (—4) 256 (—4)  1.03(=3)  1.65(=6)
Y 222(=5)  405(=5) 223 (-4) 842 (-8)
Zr 201 (—4) 284 (—4)  345(—4) 129 (=7)
Ba - 284 (=10) 207 (=5) -
Pr - - 794 (=7) -
Nd - - 107 (=5) -
Eu - - 519 (=6) -
Dy - - 529 (=5) -
Pt - - 639 (=5) -
Au - - 1.06 (=5) -

Yields in M, using the notation 4(B) for 4 x 10. Radioactive isotope
yields are given as maximum synthesized value. Note that 2°Al and
60Fe are also synthesized during stellar evolution
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power (long or short) GRBs (Lee and Ramirez-Ruiz 2007). While discovered in
semi-analytic models, this self-regularization to low Y,-values in the disk midplane is
also found in full-fledged numerical (magneto-) hydrodynamic simulations, see e.g.
Siegel and Metzger (2018) and Fernandez et al. (2019).

The simulation of such neutrino-cooled accretion flows is a major challenge since
models should include the (potentially self-gravitating) MHD flow around a rapidly
spinning black hole, (semi-transparent) neutrino transport and effects of composition,
degeneracy and nuclear recombination. To make things even harder, one needs to
resolve the small length scales of the magneto-rotational instability (Chandrasekhar
1960; Balbus and Hawley 1998) and to evolve the black hole torus system for a very
large number of dynamical time scales (up to several seconds, while the dynamical
time scales are ~ ms). Therefore, it is not entirely surprising that the exploration of
this topic is still in initial stages, that large parts of the relevant parameter space are
not explored yet and, where parameters are comparable, the results do not yet agree
(at least not concerning the ejecta composition). The currently existing GRMHD
explorations (Siegel and Metzger 2017, 2018; Miller et al. 2020; Fernandez et al.
2019) agree that a large fraction ( ~ 40%) of the initial torus mass becomes unbound,
but to date there is no agreement about the resulting ¥, and composition of the ejecta.
For example, Fernandez et al. (2019) find Y, values around 0.12, those of Siegel and
Metzger (2018) peak around ~ 0.14, while Miller et al. (2020) find a broad
distribution between 0.2 and 0.4. Despite the current lack of consensus about the
ejecta properties, we find the black hole torus idea for the source of “actinide boost”
material compelling.

The progenitor systems of actinide boost material could then come from massive
accretion disks around black holes, forming substantial tori (either from low-mass
black holes or large BH spins) and, potentially, also collapsar accretion disks. There
are good reasons to believe that the relativistic jets needed for GRBs are triggered
when a black hole forms (McKinney et al. 2013, 2014; Ruiz et al. 2016; Murguia-
Berthier et al. 2017; Ruiz et al. 2019) (but see e.g. Mdsta et al. 2020 for a possible
alternative.). If black hole torus systems indeed manage to eject matter with
properties similar to what they produce robustly in their inner torus regions, and a
black hole is needed to launch an (either long or short) GRB (rather than, say, a
magnetized neutron star), then it would be the GRB engines that produce the
“actinide boost” matter.

7 Binary systems and their explosive end points

Binary stellar systems can have explosive endpoints. The majority of stars are born in
binary and multiple stellar systems. The gravitational interaction among them can
lead to mass exchange and mergers, affecting their final fate. This can take place (a)
via mass overflow, when one of the binary members fills the so-called Roche Lobe®
and the attraction for mass elements of one binary towards the other binary member
can supersede its own gravity. The other option (b) is that the emission of

& The critical equipotential surface of the joint system for which the individual equipotential surfaces of
both binary members touch in one point.
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gravitational waves causes rotational energy loss and a reduction of the distance of
the two members, resulting in an inspiral and a merger of both objects. (a) can be
important when one of the members experiences tremendous radius changes by a
factor of 100 or more, e.g. during the transition from an H burning main sequence
star to a red giant after the central H core is exhausted. This can lead to the expansion
beyond the Roche lobe and therefore mass overflow. (b) involves often binary
systems with both members being already in their final stage of stellar evolution, i.e.
compact objects like white dwarfs (after a planetary nebular event), neutrons stars or
black holes (after a supernova explosion).

Compact objects like white dwarfs and neutron stars are typically in thermody-
namic conditions of a cold (degenerate) Fermi gas (electrons in white dwarfs,
nucleons and electrons in neutron stars), where the pressure (being in general
temperature and density dependent) P(p, 7T, composition) lost its temperature
dependence and is determined only by the density. Mass transfer of unburnt
hydrogen from the outer layers of the companion (accretion) onto the surface of
compact objects can lead to ignition and an energy release by nuclear reactions,
which enhances the exponentially temperature-dependent thermonuclear reaction
rates. Up to a critical point the pressure (initially lacking all temperature dependence)
is not increasing. A temperature dependence could otherwise control and stabilize the
situation via expansion of matter leading to a pressure reduction. The fast transition
from a degenerate, only density-dependent, pressure to a highly temperature-
dependent behaviour after extensive energy release, leads to thermonuclear
runaways, causing an exploding behaviour. This ignites explosive hydrogen burning,
causing nova events on the surface of white dwarfs and X-ray bursts on the surface of
neutron stars.

If the accreting mass overflow is larger, it leads to a temperature increase already
during the accretion stage, i.c. before a runaway and avoiding ignition under
degenerate conditions. This permits subsequent quiescent H- and He burning on the
surface of an accreting white dwarf. This way the mass of the initially existing CO
white dwarf can grow towards the critical Chandrasekhar mass. It follows a
progressive and significant central density increase and C is ignited under degenerate
conditions before the Chandrasekhar mass is reached. [Otherwise a core collapse and
core-collapse SN type of event would take place, termed accretion-induced collapse
(Nomoto and Kondo 1991; Dessart et al. 2006; Ruiter et al. 2019).] Two options of
central degenerate ignition of C burning can occur: (i) directly, close to reaching the
Chandrasekhar mass, or (ii) it is also possible that a thermonuclear runaway He
ignition sets in at the base of the He zone for lower CO core masses, causing a shock
wave propagating to the centre where C is then ignited explosively. Both cases lead
to a complete explosive disruption of the white dwarf, known as type Ia
(Chandrasekhar mass or sub-Chandrasekhar) supernova. Both of these explosive
ignitions (i) and (ii) are of the type (a), i.e. driven by mass overflow. On the other
hand, the gravitational inspiral (b) of binary white dwarfs can also lead to type Ia
supernovae. The inspiral of a binary neutron star system leads to neutron star
mergers.

We will not discuss here in detail novae and X-ray bursts, as their nucleosynthesis
contribution to our known abundance pattern is close to negligible. Novae, due to
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high temperatures attained in H burning, burn H in the accreted material not via the
well-known CNO cycle, but in the so-called hot CNO cycle. It is characterized by the
fact that in the branching between the slow beta-decay of '*N and a further proton
capture to '#0, the proton capture wins because of a highly enhanced reaction rate for
such conditions. In a similar way hot CNO-type cycles for elements beyond Ne re-
arrange nuclei up to Mg and Si. When including ejecta of such nova explosions, a
few not highly abundant isotopes up to Mg and Si can be considered to have a non-
negligible contribution from novae (José et al. 2004; José and Coc 2005). There exist
also indications that novae can play an important role in the production of ’Li
(D’Antona and Matteucci 1991; Romano et al. 2001; Izzo et al. 2015) and 2°Al
(Vasini et al. 2022).

In type I X-ray bursts, due to the explosive ignition of H- and subsequent He
burning reactions, matter from the hot CNO cycle can even be transferred to heavier
nuclei up to '°°Sn (Rembges et al. 1997; Schatz et al. 1998). This is an important
stellar explosion, observed in X-rays, but the explosion energy is likely not sufficient
to eject matter out of the high gravitational binding of the neutron star. While some
elements can be identified in the observed X-ray spectra, such events do very likely
not contribute to our universal abundance pattern. For the reasons discussed above,
we will concentrate here on type la supernovae and neutron star, as well as neutron
star—black hole mergers. A detailed discussion of novae and X-ray bursts can be
found in Jose (2016), the evolution of knowledge on the nuclear reactions evolved
over many years from Wiescher et al. (1986) over Cyburt et al. (2010) to Meisel et al.
(2020).

Type | (a) Supernova

mass transfer
n star «)‘Z

binary system i i
ry sy increasing WD mass central ignition complete
and compression disruption

Fig. 25 Evolution of a binary system with one star in an advanced burning stage (a red giant that increased
its radius by a factor of 100 or more after central H burning), permitting under these conditions the mass
transfer to the companion white dwarf. For sufficiently high accretion rates H (and subsequently He) burns
quiescently, increasing the mass of the original C/O white dwarf towards the critical Chandrasekhar limit,
causing compression and central C-ignition, which ends in a complete explosive disruption of the object

@ Springer



1 Page 72 of 109 A. Arcones, F. Thielemann

7.1 Type la supernovae

Figure 25 shows case (a) of a binary system containing an advanced star and a white
dwarf (the “single degenerate” option), leading here to a Chandekhar-mass type la
supernova event. The early understanding of type Ia supernovae goes back to Hoyle
and Fowler (1960). First carbon-detonation models of a Chandrasekhar-mass white
dwarf were developed starting in the late 1960s and early 1970s (Arett 1969; Arnett
et al. 1971; Woosley et al. 1986). A detonation involves a burning front that ignites
matter via a compression wave, resulting in a propagation velocity in excess of the
sound speed for matter ahead of the front. This does not permit pre-expansion of the
material and burns (if ignited with a strong artificial flame for high densities with
p > 107 g cm™3, as experienced in the centre of Chandrasekhar-mass white dwarfs)
essentially the whole white dwarf to nuclei with the highest binding energies in the
Fe-group. Such early predictions were not consistent with observational spectra. The
theoretical groundwork for the so-called single and double degenerate (white dwarf
merger) systems were laid out by Iben and Tutukov (1984); Webbink (1984). First
1D carbon-deflagration models with subsonically propagating burning fronts were
developed in the 1980s (Nomoto 1982; Nomoto et al. 1984; Woosley and Weaver
1986). Here the burning front starts in the centre only with the speed permitted by
heat conduction (due to the mean free path of electrons), which is smaller than sound
speed, resulting in explosions where in the outer layers unburnt matter survives.
General combustion approaches, including so-called delayed detonations, were
undertaken by Mueller and Arnett (1986); Khokhlov et al. (1993), where a transition
from an initial deflagration to a detonation takes place. Presently, in addition to
single-degenerate Chandraskhar-mass systems, starting with a central or off-centre
carbon ignition, also single degenerate systems with He ignition in accreted matter,
before the Chandrasekhar mass is attained, are considered. Such sub-Chandrasekhar
models are triggered by double detonations, where a detonation is ignited in outer
layers at the bottom of the accreted He zone, resulting also in an inward moving
compression wave that causes finally a central detonation ignition, but in a pre-
expanded medium with a density p <107 g cm™3, avoiding unwanted abundance
features from central detonations as initially considered in Chandrasekhar-mass white
dwarfs.

The major problem for all these approaches is that a fully self-consistent
simulation, resulting in a thermonuclear ignition at high densities but initially low
temperatures, is problematic in grid-based codes, because they are limited in their
time steps by the sound speed between grid points, causing excessive computing
demands (Zingale et al. 2018). Instead, in most cases artificially ignited flames (and
their distributions) have been utilized. This problem can be avoided in dynamical
events like double degenerate mergers.

A number of general reviews discuss all of the aboved mentioned scenarios
(Hoflich et al. 1998; Ropke et al. 2012; Hillebrandt et al. 2013; Pakmor et al. 2013;
Dan et al. 2015; Maeda and Terada 2016; Garcia-Senz et al. 2016; Jiang et al. 2017;
Ropke and Sim 2018; Thielemann et al. 2018b; Shen et al. 2018; Leung and Nomoto
2018; Gronow et al. 2021; Lach et al. 2022), leaving also room for pure deflagration
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models as a best explanation for the subclass of SNelax. There exist also suggestions
that a rare and small fraction of type la supernovae goes back to white dwarf
collisions (Raskin et al. 2009; Rosswog et al. 2009; Garcia-Senz et al. 2013). At
present the major aid is coming from observational features, disentangling the
possible scenarios that lead to the full sample of observations (Maoz et al. 2014;
Noebauer et al. 2017; Goldstein and Kasen 2018; Seitenzahl et al. 2019), which via
light curve and spectral modelling permit an optical tomography of the exploding
object and provide support for the existence of both Chandrasekhar as well as sub-
Chandrasekhar models (Seitenzahl et al. 2019). In a later section, this will be
combined with galactic evolution tests.

An important feature is the contribution of type Ia supernovae to Mn (>*>Mn from
33Co-decay), shown in an early (spherically symmetric) simulation of the carbon-
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Fig. 26 Nucleosynthetic composition of the first W7 carbon-deflagration model after the explosion
(Nomoto et al. 1984; Thielemann et al. 1986). The bottom x-axis indicates the position in terms of radial
mass zones from the centre to the surface of the exploding white dwarf (close to a Chandrasekhar mass of
1.4 M), the top x-axis shows the respective expansion speed of that matter after the explosion. The y-axis
indicates the mass fractions of (a few) important species produced. One notices about 0.6 M, of *°Ni
(decaying later to *°Fe) and in the outer layers the results of incomplete Si as well as explosive O, Ne, and
C burning, leaving even unburnt fractions of C and O at the surface. An interesting aspect is that in the
central regions stable *°Fe and **Fe are produced directly, being more neutron rich than °Ni, due to the
high Fermi energies of electrons in degenerate matter and electron capture on protons and nuclei. This
effect is measured by Y,. This process is also responsible for producing 3°Co (decaying later to *Mn) in
the inner layers between 0.1 and 0.4 M, (red arrow) and responsible for the increase of [Mn/Fe] in Fig. 2 at
[Fe/H]= —1. The green arrow points to a region where no electron capture occurred and Y, is determined
by the initial metallicity of the white dwarf or the accreted matter. In H burning via the CNO cycle all CNO
nuclei are turned to '“N (with the slowest proton-capture reaction) and in subsequent He burning this is
turned into 22Ne via “N(a, 7)"*F(7)"*O(, )**Ne, a nucleus that is with N = Z + 2 slightly neutron-
rich. Thus, the fraction of *Co in the outer zones is dependent on pre-existing CNO, but the more central
part is a unique feature of the single-degenerate Chandrasekhar-mass branch of type Ia supernovae

@ Springer



1 Page 74 of 109 A. Arcones, F. Thielemann

55Co_max
. 1.060e-06

©
<
=
x
i
x
b
>

Ea,] 19e-22

20 40 60 80 100 120 140 160
X-Axis {x10"6)

Fig. 27 Results of a 2D simulation, where the >>Co enhancement can be seen in the inner layers, resulting
from a more general, non-spherically symmetric, topology. Image courtesy C. Travaglio

deflagration model W7 (Nomoto et al. 1984; Thielemann et al. 1986) in Fig. 26 and
more recent 2D and 3D simulations (Maeda et al. 2010; Travaglio et al. 2011) in
Fig. 27. In Chandrasekhar-mass deflagration models >>Co is produced in the inner
regions of explosive Si burning due to Y,.-values that result from electron capture at
high densities and consequently high electron Fermi energies (see Sect. 2). In the
outer regions incomplete Si burning and a Y, due to the metallicity of the object leads
to similar results (see Sect. 4 with respect to the build-up of 2*Ne after He burning).
Sub-Chandrasekhar mass single-degenerate models do not experience the high
density conditions in the central parts, but they find similar conditions as shown in
Fig. 26 for the outer parts, due to a Y, inherited from the metallicity of the objects.

As can be seen from the discussion above, the dominant scenario for type la
supernovae is not fully determined, yet, but observations indicate that apparently all
of the mentioned scenarios can contribute. This will be analyzed further in the
chemical evolution section. Nevertheless, a defining feature is that type la supernova
models produce on average about 0.6 M., of *Ni, decaying to *°Fe in comparison to
about 0.1 M, from core-collapse supernovae (see previous section). Therefore type
Ia supernovae are a major or the dominant producer of Fe in galaxies (the higher
frequency of core-collapse events makes up about a factor of 4-5), indicating that
SNela produce 55-50% of the Fe in the solar system, leaving the remaining fraction
for core-collapse supernovae. When having a look at Figs.22 and 26, we come to the
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Fig. 28 Schematic representation of a neutron star merger and its ejecta

conclusion that for the alpha elements core-collapse supernovae dominate, while type
Ia supernovae can essentially only contribute from Si to Ca, possibly of the order
33%.

In addition, light curve observations of the whole class lead to an empirical
relation between their maximum luminosity (related to the °Ni mass) and the
luminosity decline as a function of time. This way they can act as standardizable
candles to determine their intrinsic brightness and can therefore be utilized as
distance indicators, which permitted to understand the accelerated expansion of the
Universe (leading to Nobel Prizes for Perlmutter, Riess, and Schmidt in 2011 “for the
discovery of the accelerating expansion of the Universe through observations of
distant supernovae”).

7.2 Neutron star and neutron star-black hole mergers

A number of proposals for producing the heaviest (r-process) nuclei in Nature have
come forward over the years. These include especially neutron star mergers, going
back to early suggestions (Lattimer and Schramm 1974, 1976; Eichler et al. 1989),
and concrete predictions for resulting abundance features (Freiburghaus et al. 1999b;
Rosswog et al. 1999; Korobkin et al. 2012; Wanajo et al. 2014; Just et al. 2015;
Eichler et al. 2015; Goriely 2015; Mendoza-Temis et al. 2015; Shibagaki et al. 2016;
Radice et al. 2016; Wu et al. 2016; Rosswog et al. 2017; Lippuner et al. 2017; Siegel
and Metzger 2017; Bovard et al. 2017; Baiotti and Rezzolla 2017; Thielemann et al.
2017) before the observation of GW170817. The follow-up of the gravitational-wave
event GW170817 (Abbott et al. 2017) revealed strong electromagnetic emission in
the aftermath of the merger (Kasliwal et al. 2017; Evans et al. 2017; Villar et al.
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Fig. 29 The central merged object is (although beyond the stable neutron star mass limit) initially
supported by thermal and rotational energy and forms a hypermassive neutron star that blows off a neutrino
powered wind, as in core-collapse supernovae, preferentially in axis direction. After the formation of the
black hole an accretion disks forms that leads to axial jets (causing a gamma-ray burst with very large
Lorentz factors I') and horizontal accretion disk outflows. The tidal (almost pristine) very neutron-rich
ejecta and the accretion disk outflows form the heaviest elements. The neutrino-powered wind increases the
(initially very low) Ye from values <0.1 up to possibly 0.3 via neutrino captures on neutrons
(v+n— p+e), causes only a weak r-process and less massive nuclei. Due to the higher density of
electronic states in the heaviest elements (lanthanides and actinide) photonic radiation transport leads to a
red appearance of the hot object, while the intermediate to light heavy elements cause an appearance in
blue light. Image courtesy of B. Metzger

2018; Drout et al. 2017) and showed in particular the expected signatures of an
r-process powered kilonova. The decay of its bolometric lightcurve agreed well with
the expectations for radioactive heating rates from a broad range of r-process
elements (Metzger et al. 2010; Rosswog et al. 2018; Zhu et al. 2018; Metzger 2019).
The kilonova duration, brightness, and colour provide critical information about the
composition, amount, and velocity of the matter ejected. Observations of the 2017
kilonova (AT2017gfo) showed that it was initially blue indicating the synthesis of
elements lighter than barium (Z = 56) (Kasen et al. 2017). These elements have low
density of atomic levels and make the medium less opaque, allowing light to escape
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Fig. 30 (Left panel) Abundances as a function of the mass number (4) at 10° seconds after merger for
trajectories characterized by s ~ 1lkgbaryon~! and 7 ~ 11ms, but for different initial Y,’s, computed
using the SkyNet nuclear network (Lippuner and Roberts 2017; Perego et al. 2021). Black dots represent
the Solar r-process residual, as reported by Prantzos et al. (2020). (Right panel) Abundances again as a
function of 4 (Wu et al. 2017; Thielemann et al. 2020), focusing on low Y, values and the abundances of
actinides. Images reproduced with permission from [left] Perego et al. (2021), copyright by Springer
Nature; and from [right] Thielemann et al. (2020), copyright by the authors

(decouple from matter) earlier and without having lost too much energy. The
presence of lighter r-process elements was also confirmed by the direct observation
of strontium (Z = 38) in the spectra of AT2017gfo (Watson et al. 2019). After a few
days, the light of AT2017gfo turned from blue to red, pointing to the presence of
lanthanides and actinides. See also further reviews and recent results by Horowitz
et al. (2019); Shibata and Hotokezaka (2019); Metzger (2019); Cowan et al. (2021);
Perego et al. (2021); Shibata et al. (2021); Fujibayashi et al. (2022).

Based on these considerations, three components of neutron star merger ejecta
contribute to the overall nucleosynthesis site (see Fig. 28): (i) dynamical ejecta
including compressed and shock heated material from the initial collision as well as
possible—cold—tidal spiral arm-type ejecta, (ii) winds driven by neutrinos (emitted
from the central hot very massive neutron star and the accretion disk) and potentially
also by magnetic fields and (iii) finally mass outflow from the accretion disk (see the
series of Figs. 29, 30, 31, and 32) . A common feature of these scenarios is that
matter reaches NSE with Y, given by weak reactions or in the cold dynamical ejecta
component by beta equilibrium in the cold neutron stars before merger.

Combining the three types of ejecta discussed above with kilonova lightcurve and
spectra observations, there is no doubt that neutron star mergers are indeed a major r-
process source. The blue emission, that was observed after one day, points to the
production of a light (lanthanide-free) r-process (Evans et al. 2017), while the late
(~ 1 week) red emission is the natural expectation for heavy (lanthanides and
beyond) r-process ejecta. This heavy r-process is the unavoidable result of
decompressing neutron star matter from its initial, very low (¥, <0.1) f-equilibrium
electron fraction (Lattimer and Schramm 1976; Freiburghaus et al. 1999b; Korobkin
et al. 2012) and it is also supported by observational evidence from late-time near-
infrared observations (Wu et al. 2019; Kasliwal et al. 2022). The early blue emission,

® https://indico.gsi.de/event/14501/timetable/#20221017.detailed.
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Fig. 31 Elemental abundance comparison between BNS merger models and metal poor star observations.
The violet curve represents nucleosynthesis yields for tidally dominated dynamical ejecta (Korobkin et al.
2012), while the other curves yields from neutrino-driven wind ejecta for different massive NS lifetimes.
Theoretical abundances are compared with two classes of metal poor stars. In the right panel dynamical
ejecta have been diluted by a factor of 50 with respect to the neutrino-driven wind component. Images
reproduced with permission from Martin et al. (2015), copyright by AAS

in turn, shows that a substantial fraction of the ejecta has been re-processed via weak
interactions to larger Y,-values, resulting in a light, lanthanide-free r-process (for the
variation in nucleosynthesis conditions see Wanajo et al. 2014; Just et al. 2015;
Martin et al. 2015; Wu et al. 2016; Bauswein et al. 2017; Miller et al. 2019; Barnes
et al. 2021; Lund et al. 2022, and talks at the recent EMMI and IReNA Workshop
“Remnants of Neutron Star Mergers™”). This is also supported by the identification of
the light r-process element strontium (Watson et al. 2019). In summary, there is
strong evidence that this neutron star merger event has produced at least a broad, and
maybe the whole, r-process range. However, based on the observed lanthanide
fraction Xp,, Ji et al. (2019) find that at least for the neutron star merger GW170817
this might not represent a typical solar r-process pattern.

8 Galactic chemical evolution (GCE)

We have gone in this article through a number of astrophysical sites from the Big
Bang via stellar evolution of low and intermediate-mass stars to massive stars, their
winds and explosive ejecta. We find that H, He, and Li are the products of the Bing
Bang, spreading this abundance floor throughout the Universe before galaxy
formation. Star formation in galaxies results then in the formation of the other
elements. There exist many observations of individual objects, which hint at their
ejecta compositions, from supernovae and their remnants (e.g. Arnett et al. 1989;
McCray and Fransson 2016; Seitenzahl et al. 2019; Weinberger et al. 2020;
Jerkstrand et al. 2020), from neutron star mergers (Abbott et al. 2017; Ji et al. 2019),
from indirect investigations via meteoritic inclusions, pointing to the composition of
ejecta and dust formation from stellar evolution or stellar explosions (Nittler et al.
1996; Zinner 1998; Zinner and Amari 1999; Lugaro and Gallino 2006; Zinner
2008Db, a; Lugaro and Chieffi 2011; Nittler and Ciesla 2016; Kobayashi et al. 2020;
Busso et al. 2021), just to name a few. However, there exists also an integrated view,
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Fig. 32 Abundance comparison between BNS merger models and solar system r-process. Left panel:
viscous disk ejecta with various viscosity paramters o, showing the intensity of r-processing. Right panel:
top model of the left panel (that overall reproduces solar r-abundances) with integrated ejecta compositions
as a function of integration time since merging. Images reproduced with permission from Wu et al. (2016),
copyright by the authors

how all these additions changed the composition of the interstellar gas out of which
the next generations of stars formed. We can follow this behaviour in Fig. 2. This
evolution of element abundances in galaxies (termed usually also chemical
evolution) has been pioneered in the 1960s to 1980s by Tinsley (1968); Truran
and Cameron (1971); Talbot and Arnett (1971); Tinsley (1972); Audouze and Tinsley
(1976); Tinsley (1980); Matteucci and Greggio (1986); Wheeler et al. (1989) and
described in a number of books, e.g. Pagel (2009); Matteucci (2012).

The most massive stars have the shortest life span and enter their products first.
Collapsars and hypernovae experience very energetic explosions and comparably
high entropies. This does not lead to the regular NSE abundances, dominated by a
composition of nuclei with the highest binding energies like Fe and Ni. In a milder
form than for the Big Bang one finds high He abundances (the production of
elements beyond He is hampered at high entropies or low densities for the relevant
temperatures) and an alpha-rich freeze-out of explosive Si burning, that produces
nuclei like ®*Zn (decaying from ®*Ge, which was built by further alpha-captures on
S%Ni and %°Zn). This is seen in Fig. 2 for low metallicities around [Fe/H]= —3 with
the upturn of Zn and Co and the downturn of Mn.

Regular core-collapse supernovae, being the next massive stars and next fastest
source in galactic evolution, produce lots of O, Ne, Mg in the outer zones during
stellar evolution (see Fig. 22) and Si, S, Ar, Ca, as well as Ti and 3637.58N (PO37Nj
decaying to Fe) in the explosively processed zones during the passing of the
explosion shock wave. However, the ratio of these “alpha-elements” (O, Ne, Mg, Si,
S, Ar, Ca, Ti) to Fe is about a factor of 3 higher than in the solar composition ([X/Fe]
= 0.5 corresponds to a factor of 3, which can be seen in Fig. 2 for [Fe/H]<-1). C is
also produced by these massive stars in He burning, as well as N in H burning due to
the proton capture on '“N being the slowest reaction in the CNO cycle (acting on pre-
existing CNO). However, with low- and intermediate-mass stars dominating the so-
called initial mass function IMF (the distribution of star formation as a function of
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initial mass), due to a decline as a function of initial mass close to M 23 (initially
introduced in Salpeter 1955), they are the main contributors to C and N, which show
a different behaviour at these low metallicities.

It remains to be mentioned that the abundances of B and Be are due to galactic
cosmic ray (GCR) spallation reactions involving C and heavier nuclei, similar to
what is shown for °Li and other nuclei in Fig. 7. These nuclei were initially attributed
to an x-process of unknown origin (Burbidge et al. 1957).

As discussed already with respect to the contributions from the most massive and
massive stars, the understanding of the combination of contributing stellar sites is
coming from their stellar life times and galactic nucleosynthesis contributions as a
function of time. The impact of type la supernovae is delayed due to two facts: (a)
white dwarf progenitors are low- and intermediate-mass stars with a comparably
slow evolution and (b) the delay due to binary interaction until accretion/merging sets
in. Thus, their impact is only seen at about [Fe/H]= —1, shown by a downturn of the
[alpha/Fe]-ratios, driven by the dominant production of Fe (at a galactic age of about
1 Gyr). It should also be mentioned that some heavier alpha elements (Si, S, Ar, Ca,
Ti) are also part of type la ejecta, but less important than the contribution from core-
collapse supernovae. They result in this case from explosive burning (rather than the
ejection of hydrostatically evolved shells of massive stars with O, Ne, and Mg), For
type la supernovoae an important additional contribution to the dominant Fe
production is related to Mn (from >3Co-decay), adding to the Mn production. Further
aspects, testing the role of type Ia supernovae, and their possible subsites (single vs.
double degenerate, Chandrasekhar mass vs. sub-Chandrasekhar and He-detonation
scenarios) have been discussed in Seitenzahl and Townsley (2017); Hoeflich (2017);
Leung and Nomoto (2018); Mishenina et al. (2015); Tsujimoto and Nishimura
(2018); Palla (2021); Gronow et al. (2021); Lach et al. (2022). When having a look at
Fig. 2, one sees (i) the impact of the strong Fe-production (mainly from *°Ni-decay)
at metallicities of [Fe/H]= —1. The slow stellar evolution of stars turning into white
dwarfs with originally low and intermediate masses <8 M, delays this process, plus
the evolution of the binary system to mass transfer or a merger. This can be seen in
the [O/Fe], [Mg/Fe], [Si/Fe], [S/Fe], [Ca/Fe], [Ti/Fe] downturns at [Fe/H]= —1. On
the other hand Mn is rising at this point, i.e. type la supernovae must be a strong
contributor of Mn.

Because Chandrasekhar as well as sub-Chandrasekhar models of type Ia
supernovae can contribute >>Mn (either in the inner electron-capture dominated
parts or due to reduced Y, because of higher metallicities) both types of scenarios
could therefore explain the rise of [Mn/Fe] due to the onset of type la supernovae in
galactic evolution for metallicities [Fe/H] > — 1. Similar aspects are discussed by
Palla (2021) and Gronow et al. (2021) also for V, Cr, and Ni. Another feature that still
needs to be explained is the behaviour of [Zn/Fe] (see also Fig. 2), which stays
constant during galactic evolution across the [Fe/H]= —1 boundary, dominated by
core-collapse supernovae or type la supernovae, respectively. The Zn in core-
collapse supernovae is made in high entropy explosive Si burning, where matter is in
an alpha-rich freeze-out processed beyond *°Ni up to ®°Zn and **Ge (decaying to
%47Zn). Chandrasekhar-mass models seem not to be able to result in such conditions.
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The open question is whether specific conditions of He detonations in sub-
Chandrasekhar models might nevertheless be able to do this or whether binary
merger double-degenerate systems can do so. In order for [Zn/Fe] to stay constant
during galactic evolution across the [Fe/H]= —1 boundary, also a fraction of type Ia
supernovae has to experience such conditions.

The understanding how the different stellar contributions enter the chemical
evolution of elements in our Galaxy evolved over the years from the above
mentioned early references to, e.g. Nomoto et al. (2013); Prantzos et al. (2018, 2020);
Kobayashi et al. (2020); Matteucci (2021); Cescutti and Matteucci (2022). This
involves specifically also the production of the heavier elements by sequences of
neutron captures and beta-decays up to Pb and Bi or even Th, U, Pu and beyond,
which has been discussed in the s-process and r-process sections. Here we want first
to focus on the evolution of the s-process contributions. In the stellar evolution
section we mentioned essentially two sources: (a) the weak s-process in core He
burning of massive stars, based on the >*Ne neutron source (a further option is C
burning, see case (c) in Table 4 or Table 12 in Limongi and Chieffi 2003) and (b) the
dominant main/strong s-process driven by the *C source (in combination with 2>Ne),
which is based on the mixing of H into He burning zones, and therefore the neutron
production is almost independent of metallicity. However the neutron/seed ratio, with
seeds dependent on metallicity, increases towards lower metallicities. Therefore the
abundance pattern is shifted to higher masses. This is observed as the high s / low s
ratio, shown in Fig. 33 (Kamath and Van Winkel 2022, see also Magrini et al. 2018).
The trend is not a very clean one, as also the weak s-process of massive stars
contributes, as well as the effect of rotational mixing in massive stars that permits the
production of primary N and consequently *’Ne, the latter also not dependent on
metallicity.

The relation of the s-process vs. r-process impact can also be viewed as a function
of metallicity. As mentioned before, the dominant s-process contribution comes from
low- and intermediate-mass stars with long evolutionary lifetimes, therefore entering
late in galactic evolution. Although there exist still doubts on the origin(s) of the
r-process, Fig. 34 indicates that at the lowest metallicities abundance features
represent solar r-process ratios, before during the later evolution also s-contributions
enter, leading eventually to the solar abundance ratios (see also the extended
observational overview by Battistini and Bensby (2016)).

While the pioneering papers (Burbidge et al. 1957; Cameron 1957a) laid out also
the underlying nuclear physics of the rapid neutron capture r-process, responsible for
the heaviest elements in the Universe, the site was still unclear. For many years the
subject gained maturity by improving nuclear input, astrophysical modelling, and
observational efforts (Seeger et al. 1965; Hillebrandt 1978; Cowan et al. 1991; Kratz
et al. 1993; Woosley et al. 1994; Takahashi et al. 1994; Hoffman et al. 1997,
Freiburghaus et al. 1999a; Pfeiffer et al. 2001; Arnould et al. 2007; Qian and
Wasserburg 2007; Farougqi et al. 2010; Roederer et al. 2010; Kratz et al. 2014; Cowan
et al. 2021), starting from neutron density superpositions via adiabatic expansions of
matter for a given Y, entropy S, and expansion time scale 7, to realistic astrophysical
scenarios. Only in recent years these became more concrete, including neutron star
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Fig. 33 Observed hs/ls ratios as a function of metallicity. A general tendency of the abundance pattern can
be noticed, changing from supersolar to subsolar values for hs/Is. This is consistent with the dominant s-
process origin from low- and intermediate-mass stars, where the '3C neutron source is not dependent on
metallicity, but the neutron to heavy seed ratio declines with metallicity. Image reproduced with
permissions from Kamath and Van Winckel (2022), copyright by the authors

mergers (see e.g. Freiburghaus et al. 1999b; Just et al. 2015; Bauswein et al. 2017;
Thielemann et al. 2017; Rosswog et al. 2018; Shibata and Hotokezaka 2019; Shibata
et al. 2021; Barnes et al. 2021), magneto-rotational jet supernovae (see e.g. Winteler
et al. 2012; Mosta et al. 2018; Nishimura et al. 2017; Reichert et al. 2021) and
collapsars (fast rotating massive stars whose final core collapse ends in a black hole
and mass ejection from jets and disks, see Siegel et al. 2019; Siegel 2019, 2022). The
first site is related to stellar evolution (and explosions) in binary systems, while the
latter two options are both related to the final collapse of massive stars. The original
idea was that regular core collapse supernovae could be responsible for a strong r-
process, i.e. reproducing solar r-process abundances (see e.g. Woosley et al. 1994;
Takahashi et al. 1994) also up to the heaviest nuclei, within a high-entropy neutrino-
powered wind. Recent supernova simulations, however, do not support the required
conditions and it seems that, if at all, supernovae could only lead to a weak r-process,
not producing the heavy r-process nuclei in solar proportions (Roberts et al. 2012;
Martinez-Pinedo et al. 2012; Wu et al. 2014; Fischer et al. 2020a; Ghosh et al. 2022).
Quark-deconfinement (QD) supernovae (Fischer et al. 2020b) were suggested as
another weak r-process site.

As seen in Fig. 35, observations of low metallicity stars indicate the existence of a
weak or limited r-process (dependent on the [Eu/Fe]-ratio, categorized into limited-r
and r-enriched r-I and r-II stars), while most r-process enhanced stars show a solar r-
process pattern. This goes together with a variation of e.g. the St/Eu ratio, ranging
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Fig. 34 Observed La/Eu ratios as a function of metallicity. A general tendency can be noticed that the
abundance ratio is at low metallicities dominated by the r-process contribution while the combination with
the delayed s-process leads finally to solar ratios. Image reproduced with permission from Sneden et al.
(2008), copyright by Annual Reviews

from about 1120 down to 0.5 (Hansen et al. 2018), and indicating the different
decline of the abundance curve as a function of A. Some of the r-process enriched
stars show an “actinide boost”, i.e. their Th or U to Eu ratio is supersolar (see e.g.
Roederer et al. 2010; Holmbeck et al. 2018, 2019b, a).

Summarizing the discussion above: we have a number of suggested r-process
sites, but only one of them is proven by a direct observation of the explosive event.
Observations of low metallicity stars show essentially three types of patterns, a weak
or limited r-process, a strong solar-type r-process, and an actinide-boosted r-process
(for reviews and impact on galactic chemical evolution see e.g. Matteucci et al.
(2014); Wehmeyer et al. (2015); Cescutti et al. (2015); van de Voort et al. (2020);
Perego et al. (2021); Cowan et al. (2021); Thielemann et al. (2022); Farouqi et al.
(2022)). Whether the latter two types are produced in different sites or result from
variations within the same site (e.g. neutron star mergers) is still debated. The
question is now how to identify features that can point back to individual sites. In
terms of chemical evolution models it is important to utilize inhomogeneous models
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Fig. 35 Left: [Eu/Fe] ratios of 1572 stars with Eu detections from the SAGA database (Suda et al. 2008).
A huge scatter can be observed before at about [Fe/H]= —2 an averaging (smaller spread) sets in,
continues with a different gradient when SNe Ia start to contribute at —1. Right: St/Eu ratios for all stars
with [Fe/H] < — 2.5, show a drastic change at about [Eu/Fe]= 0 — 0.3, i.e. the division between limited-r
stars and r-enriched stars (for these observational classifications and the definition of actinide boost stars
see e.g. Schatz et al. 2002; Roederer et al. 2009, 2010; Mashonkina et al. 2014; Roederer 2017; Holmbeck
et al. 2018; Hansen et al. 2018; Sakari et al. 2018; Holmbeck et al. 2020; Ezzeddine et al. 2020). Notice
that some points are identical for SAGA and JINA and only the entry plotted for JINA—in blue—is
visible, especially the value of about 1100 for [Eu/Fe] ~ 0

that do not make use of the instantaneous mixing approximation IMA and can treat
the impact of rare events, leading to a sizable spread in abundance ratios (see
Fig. 35). A promising approach is to look for correlations among different elements.
Comparing the abundances of Fe, Ge, Zr, and r-process Eu in low metallicity stars
led to a strong correlation of Ge with Fe, indicating the same nucleosynthesis origin
(core-collapse supernovae), a weak correlation of Zr with Fe, indicating that other
sites than regular core-collapse supernovae (without or with low Fe ejection)
contribute as well, and no correlation between Eu and Fe, pointing essentially to a
pure r-process origin with negligible Fe ejection (Cowan et al. 2005). More recent
data from the SAGA and JINA databases (Suda et al. 2008; Abohalima and Frebel
2018) permit a correlation between Eu and Fe for [Eu/Fe]<0-0.3, i.e. for stars with
lower than average r-process enrichment that also show high [Sr/Fe] values (Fig. 35,
right panel). Interpreted in a straightforward way this would point to a negligible Fe/
Eu ratio (in comparison to solar ratios) in the major r-process sources (like neutron
star mergers and collapsars), while a noticeable co-production of Fe with Eu is
possible in less strong r-process sources, e.g. with a weak r-process (probably
pointing to rare supernova types). The latter options have been discussed in more
detail in Thielemann et al. (2022); Farouqi et al. (2022), requiring further and
continuous consistency checks through observations, modelling of the contributing
objects, and the treatment of their impact in galactic evolution.

9 Summary and future
This has been a long and maybe (but hopefully not) fatiguing journey through the

chart of nuclei and periodic table of the elements, but hopefully it gave an impression
how we arrived at the abundance pattern of elements and isotopes on earth, in the

@ Springer



Origin of the elements Page 85 of 109 1

BB Fusion NSE Neutron Reactions
P 1 |

Abundance (Si=106)
=)

Mass Number A

Fig. 36 Solar abundances as a function of mass number A, divided in the responsible processes from Big
Bang nucleosynthesis, fusion reactions in the evolution of stars and their explosions, including conditions
that lead to a full chemical equilibrium of abundances for nuclei with the highest binding energies (nuclear
statistical equilibrium NSE), and s- and r-process contributions. The abundances of p-nuclei are too small
to be visible in this plot. Image courtesy of F. Kédppeler
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Fig. 37 The periodic table of the elements, where the processes of the preceding figure are translated into
stellar sites. It should be noticed that the s- and r-process should be divided into weak and main
components, where the weak components are related to different sites than indicated in the plot, like
massive stars for the weak s-process and probably rare classes of supernovae for the weak r-process. Image
courtesy of M. Reichert
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solar system, the Milky Way and the Universe. It remains to be mentioned, that the
abundances of B and Be are due to galactic cosmic ray (GCR) spallation reactions
involving C and heavier nuclei, similar to what is shown for °Li and other nuclei in
Fig. 7 (Prantzos 2012). These nuclei were initially attributed to an x-process of
unknown origin (Burbidge et al. 1957).

We want to conclude with a summary of all these nucleosynthesis process
contributions to the elements and isotopes known on Earth with two figures (Figs. 36
and 37), which hopefully provide an excellent overview on the topic of this review.
Future progress depends on many efforts in the research areas discussed in this
review: starting with extended input from a variety of nuclear physics (experimental
and theoretical reaction determinations, at lowest energies in underground labs, far
from stability in radioactive isotope facilities, weak interactions from decays to
electron capture and neutrino interactions with nuclei, the nuclear equation of state),
stellar evolution modelling (including radiation transport, the impact of rotation, the
advent of multi-D modelling that will improve the treatment of convection and
mixing and magnetic fields), the treatment of explosive events (with all aspects from
neutrino transport, the combination of hydrodynamics with nuclear energy gener-
ation and losses with their different timescales, the high density equation of state, the
numerical problems related to the transition from quasistatic hydrostatic evolution to
a sudden onset of explosions in some sites like novae, X-ray burst and type la
supernovae, the correct and efficient numerical treatment of environments were
general relativity plays an important role), the prediction of light curves, spectra, and
gravitational wave emission, the observation of individual stars (during their
evolution and in catastrophic end stages), the abundance determinations of stars in
galaxies like the Milky Way as well as dwarf galaxies, which serve as the witnesses
of the evolution of the elements throughout our universe, from the Big Bang to the
role of stars in galaxies, and finally the information from gamma-ray detections of
unstable isotopes in remnants of explosions or interstellar space, as well as the
isotopic composition of meteoritic grains and deep-sea sediments which can give us
information about the composition of individual event ejecta and the recent addition
of such ejecta to the solar system or even the Earth environment. On all these fronts,
we expect further progress in theory as well as experimental and observational
facilities.
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