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Abstract

Nucleosynthesis is the science related to all astrophysical processes which are responsible for the
abundances of the elements and their isotopes in the universe. The astrophysical sites are the big bang
and stellar objects. The working of nucleosynthesis processes is presented in a survey of events which act
as abundance sources. For intermediate-mass and heavy elements, these are stellar evolution, type la and
core collapse supernovae as well as hypernovae. We discuss successes and failures of existing processes
and possible solutions via new (hitherto unknown) processes. Finally an analysis of their role is given in the
puzzle to explain the evolution of the elemental and isotopic compositions found in galaxies, and especially
the mixture found in the solar system. Different timescales due to the progenitor mass dependence of the
endpoints of stellar evolution (type II supernova explosions — SNe II vs. planetary nebulae) or single
vs. binary stellar systems (the latter being responsible for novae, type la supernovae — SNe Ila, or X-ray
bursts) are the keys to understand galactic evolution. At very early times, the role of explosion energies of
events, polluting pristine matter with a composition originating only from the big bang, might also play a
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role. We also speculate on the role of very massive stars not undergoing SN II explosions but rather causing
“hypernovae” after the formation of a central black hole via core collapse.
© 2007 Published by Elsevier B.V.
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1. Introduction

The sites of stellar nucleosynthesis span stable (hydrostatic) stellar evolution and wind
ejection [30,62] as well as explosions like novae and both types of supernovae [107,89,54,11,
12,90,96,39] hypernovae/gamma-ray bursts [104,72,70,7] or possibly other events, where binary
stellar systems are involved. The understanding of each of these environments requires in general
hydro (fluid/gas) dynamics, thermodynamics, energy transport [55,12] and last but not least,
the knowledge of nuclear physics comprising nuclear reactions, nuclear structure and decay
properties [45,51] as well as the nuclear equation of state [52]. Thermonuclear burning, nuclear
energy generation and resulting nuclear abundances are determined by thermonuclear and weak
interaction rates. Before reviewing hydrostatic burning phases in stellar evolution, the specific
burning features of explosive stellar events, astrophysical sites and their contribution to galactic
evolution, we want to outline briefly the essential features of thermonuclear reaction rates and
the basic equations governing composition change in nuclear reaction networks, and the required
nuclear physics input.

In general, when targets j and projectiles k follow specific thermal momentum distributions
dnj and dny in an astrophysical plasma, leading to relative velocities v; — Uk, r, the number of
reactions per cm® and sec, is given by

rjik= /U(ﬁ}j — ﬁk|)|5] — 5k|dnj dnyg.

The evaluation of this integral depends on the type of particles (fermions, bosons) and
distributions which are involved. For nuclei j and k in an astrophysical plasma obeying
a Maxwell-Boltzmann distribution, this simplifies to rjx = (ov)n;ni. The thermonuclear
reaction rates have the form

1

(ov) i = (iy T)> /Oo Eo(E)e E/FTdE.
2% 0

Here 1 and E denote the reduced mass and center of mass energy of the target-projectile system.
When particle & is a photon, the relative velocity is always c and the quantities in the integral are
not dependent on dn ;. This simplifies tor; = A ,n;. A;, (T) results from an integration over a
Planck distribution for photons of temperature 7.

A similar procedure is used for electron captures by nuclei. Because the electron is about
2000 times less massive than a nucleon, the velocity of the nucleus j is negligible in the center
of mass system in comparison to the electron velocity (|v; — v.| = |v.|). The electron capture
cross section has to be integrated over a or Fermi distribution of electrons. The electron capture
rates are a function of 7 and n, = Y,pNp, the electron number density, where p denotes the
matter density and N4 Avogadro’s number. In a neutral, completely ionized plasma, the electron
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