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a b s t r a c t

The origins of the elements and isotopes of cosmic material is a critical aspect of
understanding the evolution of the universe. Nucleosynthesis typically requires physical
conditions of high temperatures and densities. These are found in the Big Bang, in the
interiors of stars, and in explosions with their compressional shocks and high neutrino
and neutron fluxes. Many different tools are available to disentangle the composition
of cosmic matter, in material of extraterrestrial origins such as cosmic rays, meteorites,
stardust grains, lunar and terrestrial sediments, and through astronomical observations
across the electromagnetic spectrum. Understanding cosmic abundances and their evo-
lution requires combining such measurements with approaches of astrophysical, nuclear
theories and laboratory experiments, and exploiting additional cosmic messengers, such
as neutrinos and gravitational waves. Recent years have seen significant progress in
almost all these fields; they are presented in this review.

The Sun and the solar system are our reference system for abundances of elements
and isotopes. Many direct and indirect methods are employed to establish a refined
abundance record from the time when the Sun and the Earth were formed. Indications
for nucleosynthesis in the local environment when the Sun was formed are derived
from meteoritic material and inclusion of radioactive atoms in deep-sea sediments. Spec-
troscopy at many wavelengths and the neutrino flux from the hydrogen fusion processes
in the Sun have established a refined model of how the nuclear energy production
shapes stars. Models are required to explore nuclear fusion of heavier elements. These
stellar evolution calculations have been confirmed by observations of nucleosynthesis
products in the ejecta of stars and supernovae, as captured by stardust grains and by
characteristic lines in spectra seen from these objects. One of the successes has been
to directly observe � rays from radioactive material synthesised in stellar explosions,
which fully support the astrophysical models. Another has been the observation of
radioactive afterglow and characteristic heavy-element spectrum from a neutron-star
merger, confirming the neutron rich environments encountered in such rare explosions.
The ejecta material captured by Earth over millions of years in sediments and identified
through characteristic radio-isotopes suggests that nearby nucleosynthesis occurred in
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recent history, with further indications for sites of specific nucleosynthesis. Together
with stardust and diffuse � rays from radioactive ejecta, these help to piece together how
cosmic materials are transported in interstellar space and re-cycled into and between
generations of stars. Our description of cosmic compositional evolution needs such
observational support, as it rests on several assumptions that appear challenged by
recent recognition of violent events being common during evolution of a galaxy. This
overview presents the flow of cosmic matter and the various sites of nucleosynthesis,
as understood from combining many techniques and observations, towards the current
knowledge of how the universe is enriched with elements.

© 2022 Elsevier B.V. All rights reserved.
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1. Introduction

In the decade of the 1860ies, a table of elements was put together by chemists including Dmitri Mendeleev and
Lothar Meyer, based on regularities in chemical properties. Mendeleev’s 1869 version [1] contained 63 elements, and
the prediction that many more elements were to be discovered, filling gaps in the regularity scheme. Controversies were
discussed on how the sequences should properly be arranged in detail, e.g. concerning lanthanides. The table of elements
is shown in Fig. 1 and currently holds 118 elements, with many stable and also unstable isotopes.

Geochemists such as Frank Wigglesworth Clarke in 1889 and Victor Goldschmidt in the 1930ies [3] developed this early
research further towards comparing elemental abundances in different layers of Earth and with meteorites, recognising
surprising regularity of abundances. The discovery of radioactivity by Henry Becquerel in 1896 had stimulated the work
of Pierre and Marie Curie on fission, and it became clear at the turn of the century that atomic nuclei of a kind could be
transformed into those of another elemental type. In an interesting cosmic viewpoint, Maria Goeppert-Mayer connected
radioactivity with nuclear theory [4]: ‘‘It begins to look as if the universe contained a very large number of metastable,
‘‘fundamental’’ particles of which we are able to observe only those which, by some accident, have a low probability of decay’’.

In the 1920ies, Cecilia Payne [5] analysed spectra of starlight, to find characteristic absorption lines of chemical elements
such as carbon and silicon. In that work, she noticed ‘‘unbelievably-high abundances’’ of hydrogen and helium. At about the
same time, Sir Arthur Eddington made a first astrophysical connection between elemental abundances and the nuclear
transformations in stars, stating the hypothesis that the energy source of starlight was the release of some form of
subatomic energy [6]. In the 1950ies, Hans E. Suess and Harold Urey [7] extended the geological aspects to the quest
for the cosmic origins of elemental abundances, and also included isotope abundances in their compilation as an essential
part of their reasoning. Important milestones thereafter were the publication of an insightful theory paper in 1957, the
B2FH paper [8], that named a set of processes of cosmic nucleosynthesis [8], then the experience of a contemporaneous
supernova explosion with 1987A [9], which has since been measured with many astronomical instruments as it
evolves [10], and lately the celebrated witness of r-process nucleosynthesis in spectra from a kilonova [11,12] associated
with signatures of a neutron star merger and formation of a black hole (a gravitational-wave event and a � -ray burst) [13].
Since more than a century the quest for the origin of the elements and isotopes that make up cosmic material has been
one of the main challenges of astrophysics (see [8,14,15], for summaries and milestones of cosmic nucleosynthesis studies
and more details).

This science field involves tools from laboratory experiments, astronomical observations of electromagnetic radiation
and other cosmic messengers, a variety of theoretical models, descriptions of nucleosynthesis sources and astrophysical
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Fig. 1. The table of elements as currently known. In this representation (from [2]), it is indicated for each element if abundance observations from
stellar spectroscopy are available.

Fig. 2. The electromagnetic spectrum (top panel) of radiation from radio waves to � rays provides astronomical windows into a variety of cosmic
phenomena. Different physical processes are reflected in the origins of emissions within such windows, and are identified below. Spectral lines are
most important messengers for nucleosynthesis studies, and are indicated further below. Particles of cosmic origins have been added as messengers
on each side of the spectral scale, and also measurements of gravitational waves and stellar oscillations are considered astronomical messengers
here. Images in the bottom row show instruments used for specific messengers.

material flows. Observations now cover radiation from across the entire electromagnetic spectrum, then other cosmic
messengers such as cosmic rays, neutrinos and gravitational waves, and traces of cosmic material transported to Earth
by meteorites, or found as collected over time in lunar and geological archives, or captured directly by space missions
(Fig. 2). They will all be described in this article.

Spectroscopy of starlight was the original tool of astronomy for this field. It had been pioneered by Joseph Fraunhofer’s
insight that absorption lines against the thermal spectrum of starlight reflect the abundance of specific atomic species
in the outer stellar region above the photosphere. With refined spectrometry, the standard tools of classical astronomy
have built up an impressive wealth of stellar spectra in our Milky Way and galaxies of the Local Group. In rare cases
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Fig. 3. The elemental abundances of cosmic gas are best determined for the Sun, and appear to be similar in other regions of the current universe.
They are characterised by a dynamic range extending over twelve orders of magnitude, with a dominance of hydrogen and helium, a prominent broad
peak around iron-group nuclei with zig-zag abundance patterns bridging the region from light elements to iron, and two characteristic double-peaks
across the heavy-element region beyond iron. This plausibly is the result of nuclear-stability physics, as convolved with nuclear-reaction environments
for the different cosmic sites where they can occur.

isolated (giant) stars have been observed out to about 4 to 5 Mpc distance. The observable parts of the electromagnetic
spectrum have continuously been expanded over the past century, beginning with radio astronomy, then X-ray and
infrared astronomy, and most recently � -ray astronomy. These provided access to abundances of elements and isotopes
in interstellar matter, from cold clouds through hot plasma, and with nuclear information independent of thermodynamic
environment variables. Overcoming transparency issues that are characteristic for dense sites of nuclear reactions,
neutrinos could be detected from the core of the Sun, and allow for a detailed verification of the reaction chains involved
in stellar hydrogen burning.

Photons and neutrinos are not the only cosmic particles that serve as messengers from cosmic nucleosynthesis:
Meteorites deliver probes of material from the early history of the solar system 4.5 Gy ago, and can be analysed at great
precision in terrestrial laboratories. In this way it has been possible to build a database of isotopic compositions found in a
variety of mineral phases, as solids had formed in the nascent solar system. Moreover, tiny stardust grains are embedded
in meteorites. Their vastly different isotopic composition identifies them as of extra-solar origin. We have dust particles
that formed in the immediate vicinity of sites of cosmic nucleosynthesis. But a bias from the need to form dust particles
from ambient plasma and gas can be a concern. In particular, explosive nucleosynthesis ashes can also be uncovered in
these stardust studies.

The detailed analysis of terrestrial material led geophysicists to speculate about the cosmic origins of elements and
their abundances. The observation of Tc in stellar atmospheres [16] demonstrated that these origins are not restricted to
the distant past, because the element Tc only has one isotope that is radioactive and decays within ⌧ = 3.8 My according to
N(t) = N(0) ·e�t/⌧ . This was reinforced with the detection in the Galactic plane of diffuse � -ray emission from radioactive
26Al [17], which has a lifetime of ⌧ = 1.04 My. Cosmic nucleosynthesis has been ongoing from the early Galaxy until today.

Cosmic-rays and their nuclear composition near Earth show a striking similarity to the solar abundance, yet with
a surprising overabundance for elements lighter than carbon, that hint at interstellar nuclear reactions and cosmic-ray
spallation also contributing to the patterns of cosmic abundances. Most-recently, exploration of gravitational radiation
had been established as a cosmic messenger. Together with detectability of � -ray bursts, these were key to discover a
new type of cosmic explosions, the kilonova phenomenon related to the collision of two neutron stars. While it was long
believed that ejection of material from such compact-star collisions were unlikely, the follow-up spectroscopy of the first
clearly-identified kilonova event led to strong observational support for heavy-element production and their ejection in
significant amounts.

Cosmic nucleosynthesis occurs in different sites, where conditions for particular reactions are fulfilled (Table 1). This
requires a detailed understanding of nuclear reactions as driven by nuclear stability and nucleon binding energies in
mostly unstable, nuclear species that can be created in such environments.

The origin of the hot big bang left little time for nuclear reactions due to the extremely violent expansion, and big-bang
nucleosynthesis (BBN) products are mainly hydrogen and helium, with some trace amounts of deuterium, lithium, and
carbon. From this primordial dominance of hydrogen and helium, newly-produced nuclei ejected from nucleosynthesis
in stars and explosions have gradually built up the currently-observed cosmic variety of nuclear species, from carbon
through silicon and iron up to lead, platinum, and uranium (see Figs. 3 and 4). Identifying and understanding the sources
of nucleosynthesis is one aspect: the detailed nuclear reaction paths that may occur in their specific environments may
become obvious, as we are able to constrain environmental parameters. Then, cosmic transports and trajectories of
materials are to be understood, to reveal how nuclei once ejected from creation sites may find their way into newly-
forming stars and planets or other kinds of observable material such as dust grains and cosmic-ray nuclei. We call this

4



R. Diehl, A.J. Korn, B. Leibundgut et al. Progress in Particle and Nuclear Physics xxx (xxxx) xxx

Fig. 4. The cosmic enrichment of matter with new nuclei from nucleosynthesis occurs from a variety of sources, and at different times. The y axis of
this graph is cosmic time, with the big bang origin at the top, and current time at the bottom. Arrows indicate the epochs where different sources
contribute, with arrow width indicating their relative importance.

Table 1
Examples of the sites of nucleosynthesis and their typical environmental characteristics for nuclear reactions. Given are: typical temperatures in K,
typical densities in g cm�3, typical energies E of reacting particles in the Gamov peak in eV, and the characteristic duration of the nucleosynthesis
process. Within sites, variations from those typical values may be significant, e.g., few orders of magnitudes in densities, and up to one order of
magnitude is temperatures.
Site T ⇢ E Duration

[GK] [g cm�3] [eV]

Big bang nucleosynthesis 1.0 1019 107 102 s
Core H burning (Sun) 0.02 102 104 1010 y
Explosive H burning (nova) 0.02 103 102 102 s
H shell burning (AGB star) 0.1 102 102 108 y
Core C burning (massive star) 0.7 105 106 103 y
Explosive burning (ccSN) 2.0 106 106 1–2 s
Explosive burning (SN Ia) 2.0 1010 106 0.5 s
Explosive n captures (kilonova) 0.02 105 102 10 s
Interstellar spallation 0.1 101 107 107 y

process cosmic chemical evolution, which combines different disciplines of astrophysics, of nuclear physics, and of analysing
data from multiple messengers, but little in terms of chemistry, contrary to what the name might suggest.

In this paper, we aim to trace how the different cosmic messengers as shown in Fig. 2 have contributed to the study
of cosmic nucleosynthesis, and we also present the results and challenges of each of these messengers. We begin with a
description of our Sun and solar-system material, and how measurements have stimulated the research towards cosmic
origins of its materials in terms of nuclear astrophysics. We proceed to address issues of the interiors of stars in general,
expanding to massive, rapidly-evolving, and often unstable stars, and to compact stars interacting in binary systems. We
then turn to stellar explosions, and how we can understand cosmic extremes of matter and energy density, in terms
of how they may contribute to enrich interstellar gas with new nuclei. Finally we discuss how this all comes together,
in the cosmic cycle of matter and abundance evolution at all scales. This is the final quest, and the goal of chemical-
evolution models and their observational tests. Material composition must be studied throughout the scales and variety
of time, space, mass, and density. We begin with the large-scale picture obtained from cosmological observations, chemical
evolution models, and stellar archeology. Then we address in more detail how interstellar gas ends up in stars and how
ejecta may be recycled. We conclude and summarise how different astronomical messengers are woven together within
this challenge to understand nuclear transformations and nucleosynthesis across all times and scales of our cosmos.

2. Nuclear processes in cosmic environments

Basics of nuclear reactions
Nuclear reactions between two particles are fundamentally described by their interaction cross section, which can be

understood as their effective size if imagined as colliding hard spheres. The typical sizes of atomic nuclei were determined
from Rutherford scattering as 10�15 m, and should scale with the number of nucleons A within each nucleus as / A1/3 .
This is well within the dimensions of the atom of ⇠10�11 m, hence the bare positive charge of the nucleus determines
electromagnetic interaction upon encounter.

All reactions between two nuclei that involve the nuclear force with its short range of ⇠10�13 m require close
encounters, i.e. ‘hard’ collisions, or collisions at a small impact parameter. Impact parameters can be expressed as angular
momentum quantum numbers l of a plane-wave expression in spherical coordinates. Then, the cross section � for the
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wave component l scales as �l = ⇡ (r2l+1 � r2l ), where rl = l·h̄
m·v = l · �B is the size expressed in units of the de Broglie

wavelength �B. This is a purely geometrical aspect of the interaction cross section � , and it scales with energy as �geo / 1/E .
One can estimate the cross section in its energetic and geometrical aspects considering that it is required to cross the

Coulomb barrier to enter the realm of the nuclear potential. For s-wave scattering, i.e. the smallest impact parameter
and equivalent to a head-on collision, this re-writes the probability for such a close-enough encounter between nuclei of
charges Z1 and Z2 at relative velocity v using the Sommerfeld parameter ⌘ as P = e�2⇡⌘ with ⌘ = 2⇡ · Z21 ·Z22 ·e2

h̄·v . This is an
aspect of the nuclear reaction cross section between charged particles, called �Coulomb. It is absent for neutron reactions.

Nuclear reactions: cosmic reaction specifics

The total cross section for a nuclear reaction drops steeply towards lower energies, which is mostly due to diminished
tunnelling probability and the above geometrical aspects. But the reaction cross section can be written as � (E) =
�geo · �Coulomb · �nuclear. This can be rewritten with the above as � (E) = 1

E · e�2⇡⌘ · S(E), with the definition of a term
S called the astrophysical S-factor. This is a very useful separation of the components that contribute to the reaction cross
section, as it introduces the astrophysical S factor to include all nuclear aspects of the reaction. In laboratory experiments,
a target material is prepared holding one of the reaction partners, while a beam of the other reaction particles is prepared
to hit the target at well-defined angle and kinetic energy E. This guarantees an optimal preparation of the initial conditions
of a reaction between projectile and target, and the measurements of outgoing particles and photons with their directions
and momenta then constrains what happened during the reaction. The astrophysical S factor in its energy dependence
then does not extend over many orders of magnitude any more, and clear effects of nuclear structure are revealed,
e.g. in showing sharp resonances. Laboratory experiments are combined with nuclear reaction and nuclear force theory to
determine the astrophysical S factors for the reactions of interest; theory is required, because many reactions cannot be
measured directly in the laboratory, either because unstable isotopes with short lifetimes are involved, or because required
beam energies or target/beam materials cannot be provided. Major efforts are being undertaken towards reaching low
energies typically found in stars, as typical particle beam energies in the laboratory are ⇠MeV and above. Underground
laboratories are required to suppress cosmic-ray backgrounds. Exotic reaction partners away from stable isotopes can be
provided through isotope separators and sometimes storage rings. Particular efforts are necessary to measure neutron
reactions; neutrons may either be prepared in energy using their time of flight between two detectors, or prepared in
a broad range of energies resembling hypothetical cosmic sources. The latter approach results in Maxwellian-averaged
neutron capture cross sections.

Nuclear-reaction environments in cosmic sites

Atomic nuclei reacting with each other in cosmic sites exist within a plasma of variate composition and thermodynamic
state. It is necessary to integrate over energies of the reaction cross section weighing with the particle population.
For a thermal plasma, energies will be populated according to the Boltzmann distribution, equivalent to a Maxwellian
distribution of particle velocities. The probabilities for close-enough encounters are obtained by a convolution of such a
Maxwellian distribution with the above probability for close encounters between charged particles. Quantum tunnelling
through the remaining Coulomb barrier is essential to describe penetration of reaction partners into the binding force of
the strong and short-range nuclear potential for kinetic energies below the repulsive Coulomb energy. The result of this
convolution between an exponentially falling Maxwellian and an exponentially-rising tunnelling probability is a peak of
almost Gaussian shape that is called the Gamov peak. It reveals the energy range where collisions among charged nuclei
are close enough for nuclear reactions to occur. Typical energies of the Gamov peak centroid are '10 keV for interiors of
normal stars and up to '1 MeV for explosive environments such as supernovae or type-I X-ray bursts.

Under astrophysical conditions, nuclear reactions lead to a change in the composition. Each reaction may either produce
or destroy a particular isotope, so that abundances of isotopes of each type are coupled to the full variety of nuclear
reactions (charged-particle reactions, neutron reactions, weak reactions such as � decays or electron captures). Nuclear-
reaction network equations need to be solved, often with hundreds of isotopes involved, and the variety of nuclear
reactions, including strong and weak processes as well as photon reactions.

Note that cosmic sites include extremes in terms of explosive or strong-field environments, such as supernovae with
strong dynamical evolution in their cores (magnetic-jet supernovae, a-spherical core-collapse supernovae), neutron star
collisions, and edges of black-hole accretion disks. Under these conditions, plasma states are dynamic and less well-defined
by e.g., a single temperature value or otherwise regular distributions of particle energies.

This makes it even more challenging to estimate nuclear reaction rates and concepts such as the Gamov peak loose
their merits. In explosive environments, rapidly changing energy distribution and temperature, and the dynamical motions
of plasma regions add to the complexity of nuclear reactions. Therefore, care must be taken to applications of simplified
nuclear reaction networks with few isotopes, or equilibrium assumptions, and to modelling that ignores the 3D character
of the cosmic site of nuclear reactions.
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Fig. 5. The table of isotopes, with the reaction paths of major processes of cosmic nucleosynthesis.

Towards cosmic nucleosynthesis
Astronomical observations have established abundances of elements across a dynamic range of over 12 orders of

magnitude, as shown in Fig. 3. This abundance pattern shows several characteristics: The dominance of hydrogen and
helium proceeds towards heavier elements with a paucity of nuclei below mass 12, then a plateau of abundances up
to the iron group with local maxima for multiple ↵ nuclei, and abundances fall by several orders of magnitude beyond
elements heavier than iron. These signatures are already quite informative, and suggest that aspects of nuclear structure
and stability combine with astrophysical conditions for nucleosynthesis in sources of different types. The strong nuclear
binding of ↵ nuclei and iron group nuclei is reflected by the corresponding abundance maxima. It also was found that
the abundance pattern shown here is fairly typical for objects in the universe at moderately-evolved times, abundances
varying among elemental groups, but the general patterns discussed above remain universal.

From remarkably bold extrapolation, several scientist groups including Fred Hoyle, Al Cameron, and the Burbidges [8]
discussed processes of cosmic nucleosynthesis, that proceed in different types of cosmic objects. These processes were
identified as:

• equilibrium nucleosynthesis responsible to produce most-tightly bound isotopes;
• charged-particle fusion reactions to produce intermediate-mass elements up to the iron group;
• neutron capture at a slow rate to produce elements heavier than iron along the region of stable nuclei in the chart

of isotopes;
• neutron capture at a rapid rate to produce elements heavier than iron all along the chart of isotopes;
• proton capture or photon reactions to produce elements in the proton-rich region beyond stable nuclei in the chart

of isotopes.

We add here:

• interstellar cosmic-ray spallation reactions

The above processes are illustrated in the context of the table of isotopes in Fig. 5. Fig. 6 shows how the origins of
different elements are commonly understood.

Towards the iron group: Charged-particle reactions
A first obstacle to build heavier elements from primordial hydrogen and helium is the lack of a stable nucleus in the

mass region between helium and carbon. This requires a three-particle reaction to form carbon, the triple-↵ reaction
4He(4He, � )8Be! 4He(8Be, � )12C with 8Be as intermediate nucleus, which has to react with another ↵ particle to form
12C before 8Be decayed. The latter reaction requires a resonance in the 12C nucleus excitation level structure that overlaps
with the energy regime that is accessible to the 4He+8Be configuration at reaction energies, as shown in Fig. 7. This
excited state had been predicted by Fred Hoyle before it was confirmed by measurements in nuclear experiments. A
second obstacle is the reaction variety that can process 12C into heavier isotopes. Detailed level structures of daughter
nuclei are decisive for different reaction channels to open, in the 12C(↵, � )16O reaction often called the holy grail reaction
(see Fig. 8), as it opens the chain of fusion reactions towards elements heavier than 12C. Note that both of these key
reaction rates are subject to significant uncertainty (see [19,21], for details on uncertainties).

In the realm of intermediate-mass elements, the variety of nuclear reactions includes proton captures (p, x) with x
being p/n/↵/� , then ↵ reactions similarly, weak reactions (� decays, electron capture), and photon reactions, all play a
role. Reaction networks as shown in Fig. 9 are expected to describe nucleosynthesis in environments such as interiors of
massive stars.
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Fig. 6. The elemental abundances, as commonly attributed to different processes of cosmic nucleosynthesis. (Figure courtesy Andrew Davis).

Fig. 7. The nuclear level scheme of 12C, with reaction paths of different processes for its production illustrated (from [18]). The level at 7.65 MeV
is also called the Hoyle state.

Fig. 8. The 12C(↵, � ) reaction, with the level scheme of the 16O nucleus (left), and reaction paths of different processes (right). Source: From [19].
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Fig. 9. The reaction paths among isotopes in the group of intermediate-mass elements from Na to Si. Source: From [20].

Fig. 10. The reaction paths of neutron captures on iron seed nuclei towards production of radioactive 60Fe (from [22]). Yellow-marked isotopes
are stable, and the thickness of the arrows correspond to the intensities of the flows; red and black arrows show � decays and nuclear reactions,
respectively.

Towards iron group nucleosynthesis, equilibrium conditions are expected to strongly favour 56Ni as a product,
maximising the binding energy of all nucleons for nuclear burning from symmetric matter (consisting of equal numbers
of protons and neutrons). The abundances of neighbouring isotopes such as 57Ni and 58Ni then will characteristically be
shaped by the conditions where the reaction equilibrium freezes out, as neutrons then can be captured on 56Ni as the
plasma cools down.

Beyond the iron group: neutron capture reactions
Neutron capture reactions also can occur in cooler environments further away from equilibrium, and produce heavier

isotopes from pre-existing seed nuclei. This is called secondary nucleosynthesis, as pre-existing seed nuclei from primary
nucleosynthesis are required, which must have been made before gas condensed to form the star where such neutron
captures subsequently occur. Such s process nucleosynthesis is, e.g., expected to occur in shell burning regions of massive
stars. A typical reaction sequence is shown in Fig. 10. On the other hand, neutron capture reactions also may occur at
opposite extremes, where high neutron fluxes ensure that neutrons can be captured on unstable isotopes while they have
not yet �-decayed. Neutron capture may continue along the isotope sequence of an element to produce ever neutron richer
isotopes, until an additional neutron cannot be bound any more, and the neutron capture sequence only proceeds after
� decay of this most neutron-rich isotope; this is referred to as the r process.

The synthesis of elements heavier than iron through neutron capture reactions reveals itself in local maxima at
magic numbers of nuclear stability. In the elemental abundance pattern (Figs. 3 and 6), these characteristic pairs of local
abundance maxima appear around atomic masses 130/140 and 190/215. The s process of neutron captures, and with
time for intermediate � decays proceeds along the valley of stable isotopes (example shown in Fig. 10). It is thought to
occur within stars, as neutron-releasing reactions such as 13C(↵,n) and 22Ne(↵,n) occur in He burning shells. Neutron-
capture cross sections of stable nuclei follow simple rules, so that detailed calculations of s-process nucleosynthesis were
considered reliable [14,23–25]. Subtracting predicted s-process patterns from observed heavy-element abundances, there
appears to be a universal pattern, identical in solar and low-metallicity abundance data; this suggests that the cosmic
sources of the r process are universal, well regulated and unique [25,26] (see [27], for a current and refined view). Fig. 11
shows the path of the r process in the table of isotopes, as compared to the location of stable elements, and the regions
where our knowledge of nuclear properties ends. Environments for the r process are thought to exist near neutron stars,
as they are formed during collapse of a massive star, or as they are destroyed in collisions with other neutron stars or
black holes. From the very nature of such scenarios, a highly-dynamic evolution of environments is to be expected, and
explosion kinematics may add complex 3-dimensional plasma flows near compact neutron stars.
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Fig. 11. The knowledge of nuclear properties as of today (blue line), and as planned to be accessible with future fragments of radioactive ion beam
experiments (FRIBs, red line), shown in the diagram of isotopes (cmp. Fig. 5). The reaction path of neutron captures in the r process and including
fission recycling are indicated for a specific scenario. Source: From [27].

Nuclear fission
In the case of a collision of two neutron stars, one may expect an r process to occur at an extent that can produce the

heaviest elements in the realm of instability towards nuclear fission, because the collision disrupts the neutron star(s), thus
providing an environment which is characterised by extremely neutron-rich nuclei and a large abundance of neutrons.
Then, fission re-cycling can occur, distributing nucleons back towards lighter isotopes in forms of a variety of fission-
product nuclei. This re-arranges the seed abundances of the r process, and thus complicates outcomes of nucleosynthesis.
It is mainly the goal of theory of nuclear stability and of heavy-ion collision experiments to explore the nuclear binding
properties of isotopes away from the valley of stability and in the realm where the neutron capture reaction paths of the
r process may fall. Fig. 5 shows the table of isotopes, with arrows indicating the different reaction paths of nucleosynthesis
processes.

How to proceed
Observations play a major role for understanding cosmic nucleosynthesis. They are often guided by simulations of the

complexities of the cosmic sites; although approximations are necessary herein, such simulations are able to reveal which
observational signatures might be teaching us the most about the cosmic-source interior and its dynamical evolution.
Combining all cosmic messengers leads to a better understanding of cosmic nucleosynthesis and the resulting evolution
of the composition of cosmic gas in stars, planets, and interstellar space as well as in space between galaxies.

3. Understanding the cosmic sources

3.1. The Big Bang

Following the hot big-bang origin of the universe, primordial nucleosynthesis begins as the temperature of the early
universe has cooled below GeV energies, so that nucleons as particles freeze out of the primordial hot plasma. The
abundances of protons and neutrons are then held in a weak equilibrium, as long as the temperature remains above
800 keV, with a number-density ratio 0.17 of neutrons to protons at freeze-out. Free neutrons have a decay lifetime
of (880.3 ± 0.1) s. Interactions of protons and neutrons may result in formation (and destruction) of deuterium and He
isotopes. But effective nucleosynthesis must wait until the universe cooled down to below the binding energy of deuterium
(78 keV), to proceed with the formation of 3He as the lightest isotope of helium.

Fig. 12 shows all nuclear reactions that are considered possible and relevant during this period. Typical interaction
energies are below MeV, which presents the main experimental challenge to measure these reactions in the laboratory
and implies the use of low-background environments in underground laboratories [29,30]. Beyond He, only trace amounts
of Li, Be, B, and C are created in the epoch of big-bang nucleosynthesis. This reflects the non-existence of stable nuclei
with masses 5 and 8, so that synthesis of carbon requires the coincident collision of three 4He nuclei (triple alpha reaction).
In the rapidly-expanding universe, this is a rare event. Below an energy of 10 keV (or about 108 K), collision energies are
too low for further nucleosynthesis to occur. This leaves a rather small window for primordial nucleosynthesis, as the
universe cools from ⇠80 to 10 keV. At its beginnings the neutron/proton abundance had fallen to 0.13, from neutron
decay.

Nuclear-reaction theory for this reaction network and the rapidly-expanding universe predicts relative abundances for
a few key isotopes that can be compared to observations (see Fig. 14). These are deuterium 2H, the helium isotopes 3He
and 4He, and the lithium isotopes 6Li and 7Li.

Deuterium as well as lithium are very weakly bound, and can easily be destroyed in environments that reach
temperatures above a few 106 K. The main observational challenge is to find objects that have preserved primordial
abundances, and have not been exposed to significant sources of energy. Passive material such as cold gas clouds can be
identified in quasar spectra. Their redshifts indicate that they are from an early time in the universe. The abundances of
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Fig. 12. The nuclear reactions that are relevant for primordial nucleosynthesis. (From [28], see details therein).

Fig. 13. Comparison of big-bang nucleosynthesis constraints (horizontal bands) with cosmic abundances of D/H from high-redshift gas clouds (above)
and Li/H from Galactic halo stars (below). (From [28], see details therein).
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Fig. 14. The comparisons of observational constraints (horizontal rectangles/lines) to big-bang nucleosynthesis models (blue lines), versus the
baryon-to-photon ratio ⌘. (From [28], see details therein).

metals (all elements heavier than helium) grow with time (few very fragile nuclei such as deuterium are the exception to
this rule, see below). Low abundance in a well-observable element would be used as a selection criterion for the objects
of choice. Spectral lines from iron are strong even in cold material and guide the search. Alternatively, H and He lines
could be used, and the requirement for high redshifts of 3 and beyond helps to focus on old and pristine material.

Abundances of He have been derived from ionised gas through recombination lines [31], from gas clouds in dwarf
galaxies at low metallicities. These dwarf galaxies are believed to have had little star forming activity, and hence little
ejection of He into their gas reservoir. Models are used to describe line shapes and ratios, such that the thermodynamic
conditions of the low-metallicity HII regions can be reproduced. Carefully selecting best-fitting datasets, a metallicity-
dependent (using [O/H]) set of measurements can be used to extrapolate to zero metallicity, thus determining a best
value for primordial 4He of Yp = (0.2449 ± 0.0040) [28].

The deuterium abundance requires selection of passive gas clouds, where absence of any stellar activity suggests that
D has not been destroyed substantially. The relative abundance D/H thus has been determined to be (2.527 ± 0.03) ·
10�5 [28,32], from analysis that appeared to show lowest scatter among different objects. Still, such scatter leaves concerns
that some systematics from varying D destruction might affect the result.

The primordial abundance of 7Li again can be determined from absorption line spectroscopy of stellar photospheres
(as discussed in more detail below for the Sun). Care must be taken to account for Li sources other than the big
bang nucleosynthesis and Li destruction in stars. From observed Li abundances versus metallicity, the Spite plateau was
revealed [33–35], that suggested one had reached the level of the primordial abundance, while the Li abundances seen
in more metal-rich stars included stellar production.

With detailed measurements of anisotropies in the cosmic microwave background [36,37], it became clear that
this Spite plateau interpretation could not be held up: big-bang nucleosynthesis predictions [31,38] are up to a factor
three higher than inferred stellar lithium abundances (see Fig. 13). Refinements of the big-bang nucleosynthesis nuclear
reactions over the last decade have increased this cosmological lithium problem, rather than helped to diminish it [39,40].
Tracing the cosmic abundance evolution of Li, it is inferred that at most 30% of solar Li abundance could be attributed
to cosmic ray production, while the majority should arise from stellar sources such as novae [41,42]. The cosmic-
ray production arises from spallation reactions of cosmic rays with interstellar gas, and has been inferred from direct
measurements of cosmic rays in near-Earth space [43,44]. Extrapolating this to low metallicity and primordial Li
abundances, we face the Li problem of observing less Li than predicted by BBN. Hence, the solution ought to lie in stellar
processes or early-Galactic evolution systematically lowering observable lithium abundances at low metallicities (see also
[45]).
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Fig. 15. The phase diagram for the evolution of stellar cores, through the different burning stages from hydrogen burning until silicon burning before
gravitational collapse. The red line shows the separation between thermal and degenerate plasma (towards bottom right), where in the latter the
pressure is dominated by Fermi pressure of electrons in degenerate gas. Source: From [61].

It is not understood how surface lithium could have been reduced in stars on the Spite plateau over the 10+ billion
years of their existence. The outer convection zones of these stars contain little mass (a few % of the total mass), which
may not be representative of the material the stars were formed from. Refined stellar-structure models including the
effects of pre-main sequence destruction and re-accretion [46], of stellar-internal atomic diffusion [47], and of mixing
below the outer convection zone [48], obtain surface depletions of order a factor two, partly closing this discrepancy.
Given the vast range of length and time scales involved in stellar-evolution calculations, convective-boundary mixing
cannot be modelled from first principles. It currently needs to be parametrised and constrained observationally. Stars in
globular clusters can provide constraints on atomic diffusion and mixing. Ideally, one uses heavy elements observed in
stars of different evolutionary phases (and thus differently affected by internal diffusion) to estimate the mixing efficiency;
with this model one then makes an inference for the more fragile element lithium. In subgiants of the nearby globular
cluster NGC 6397 ([Fe/H] = �2.1), a specific lithium signature has been found and interpreted as lithium being mixed up
into the atmosphere, as the outer convection zone of stars in this phase of evolution deepens [49–51]. This is the most-
direct evidence for lithium diffusion in stars that are located on the Spite plateau. Trends of lithium abundance with the
stars’ mass lend further support to this semi-quantitative picture [52], while the partial meltdown of the Spite plateau at
metallicities below [Fe/H] ' �3 remains challenging to explain [53]. A subpopulation of relatively high-mass halo stars
has recently been identified which seems to display lithium abundances in agreement with BBN predictions [54].

There were also claims of an observed plateau of 6Li abundances for metal-poor stars, alike the Spite plateau of 7Li,
orders of magnitude in excess of BBN predictions [55]. If confirmed, such a plateau would support discussions towards
non-standard big-bang nucleosynthesis [56,57]. However, the 6Li lines are not resolved in stellar spectra due to thermal
and convective motions. Rather, they are seen as a line-shape asymmetry in the 7Li doublet. Convection has been shown
to cause very similar asymmetries in spectral lines. More detailed studies rule out a 6Li plateau in Galactic-halo stars at
the current level of detectability [58,59].

Adopting predictions of big-bang nucleosynthesis and the baryon-to-photon ratio derived from the Planck-mission
data, there are still other possibilities to explain the lithium discrepancy: non-standard big-bang nucleosynthesis (lowering
predicted lithium, but leaving in particular deuterium unchanged), a cosmic process globally lowering lithium (possibly in
connection with Population III stars, [60]) or a better understanding of stellar lithium depletion (diffusion and destruction,
before and after the stars reach the main sequence). Just like the abundance of primordial helium can only be correctly
inferred by taking into account the stellar contributions to the helium emission lines in HII regions, stellar lithium
abundances need to be corrected for effects of stellar evolution. High-redshift deuterium abundances provide the most-
direct access to the era of big-bang nucleosynthesis. Performing such measurements at even higher redshifts might reveal
systematics not captured in the assessment of the few (<10) measurements performed to date.

3.2. Stars

Following up on Eddington’s hypothesis that subatomic energy is the source powering stars, stellar models were
developed and refined towards higher degrees of realism. Today, we understand that stars are assemblies of gas held
together by gravity and in hydrostatic equilibrium. Density and temperature are highest in the centre, and this is the
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region where conditions where nuclear reactions take place and hence the release of nuclear binding energy from the
transformations of nucleons among different isotopes that are made through nuclear reactions.

Taking this model further through evolution over the nuclear time scale (i.e., when the H fuel is exhausted), further
energy releases occur as different reaction thresholds are overcome in a contracting, hence compressionally-heated,
star. Stan Woosley called this a gravitationally-confined nuclear reactor [62], a concise description of a star in terms of
astrophysics. Fig. 15 [61] shows the phase diagram of massive stars in the temperature-density diagram in log–log units,
and illustrates the diagonal path of stars as they evolve through the different core burning stages, from main sequence
to silicon burning. The more-rapid evolution of later burning stages compared to the main-sequence phase of hydrogen
burning is largely due to the increasing involvement of neutrino-emitting reactions and thermal creation of neutrinos,
leading to enhanced loss of parts of the nuclear energy that is released. The wiggles in the evolutionary path for late
stages then reflect deviations from hydrostatic equilibrium, as energy release is stronger and locally disturbs equilibrium
conditions.

The theoretical modelling of the hydrostatic evolution of massive stars nowadays is encoded in different simulation
tools (e.g. [63–65]). The uncertainties in massive-star evolution are manyfold, including most importantly aspects and
drivers of mixing in the stellar envelope and around the different burning shells.

The Sun
Towards consolidating stellar modelling for an extraordinarily well-observed star, a specific modelling variant has been

developed that most precisely represents our Sun [66]: In this case, observations can be a most powerful constraint to
validate, or improve, modelling of hydrostatic stars. Although photons that reach us from the photosphere of our Sun
have lost all specific information about their origins in the energy release from nuclear reactions of hydrogen fusion
to helium in the centre of the Sun, these photons have been a key to the study of stellar interiors and to cosmic
nucleosynthesis. First generation models for the processes inside the Sun were gradually refined, and have reached
impressively detailed treatments of stellar rotation and of convection. Important determinations of uncertainties were
achieved [67], in particular also bounds for key observational parameters, specifically for the surface helium abundance,
the profile of the sound speed and density versus radius, the extent of the convective zone in the outer envelope, the
neutrino fluxes from all burning reactions, and the fractions of nuclear reactions that occur in the CNO cycle or in the
three branches of the p-p chains. These modelling efforts were brought to yet another level of precision [68], when new
insights into atomic radiative properties (laid down in consolidated databases [69–71]) could be exploited for precision
modelling of the variations of opacities along the solar radius, and after improved nuclear reaction rates had become
available. In these recent models, specifically two opposing modelling scenarios were evaluated in detail, a low Z and a
high Z model of surface abundances (where Z denotes the mass fraction of all ‘‘metals’’, elements with atomic mass >4).
The solar composition had become a renewed focus, after a sequence of studies since the turn of the century [72] had
re-analysed observational values and uncertainties for photospheric abundances, now accounting for atmospheric effects
from granulation and 3D characteristics with significantly-improved atmosphere model, in addition to also accounting
for deviations from local thermodynamic equilibrium and the influence of different atomic data tables for transition
probabilities for atomic species. This new generation of models solves the physically appropriate set of coupled equations
(the radiative-transfer equation and the Navier–Stokes equations) in order to predict the stellar surface flux (or even
the specific intensities for spatially resolved observations of the solar surface). This is a numerical and computational
challenge. But this approach advances our knowledge beyond the assumptions necessary in one-dimensional models,
e.g. to model an inherently three-dimensional energy-transport process such as convection, using stability criteria. These
new models are virtually without free parameters (unlike the 1D models which, e.g., need micro- and macro-turbulence
to describe spectral-line broadening).

Hydrodynamic (3D) models have undergone rigorous testing, and generally improve upon all previous semi-empirical
or theoretical models. Important consistency tests include spectral-line shifts and asymmetries as well as atmospheric
velocity fields (as caused by convective motions), the centre-to-limb variation of spectral lines, and comparing different
diagnostics such as low- vs. high-excitation, atomic vs. molecular lines, for a specific element (e.g. oxygen). Thermody-
namic equilibrium is a common assumption for gas inside stars, but can only adopted locally in stellar atmospheres (local
thermodynamic equilibrium, LTE. Non-equilibrium (non-LTE) line formation plays a key role here, even if departures from
LTE are often small in the Sun, and LTE is still assumed to be valid when constructing the atmospheric model.

However, in the treatment of opacities, i.e. how atoms and their absorption lines affect the radiative energy transport,
the new models might still be inferior to the classical one-dimensional stellar-atmosphere models: While some classical
models treat opacities at 100,000 wavelengths points [73], the 3D models need to group similar opacities into a few
opacity bins for computational reasons; comparisons indicate that the changes to the model structures are modest, but
efforts need to be made for further improvements.

Spectroscopy of sunlight shows characteristic features (Fig. 21), which are caused by selective absorption of the
underlying thermal radiation by atoms in the solar photosphere. Absorption lines occur when photons resonate with the
atomic excitation levels of an elemental species; therefore, the strength of such absorption lines reflects the abundances
of the respective element in the atmosphere of the Sun. In this way, spectroscopy of solar photons allows to measure
abundances of most elemental species in the Sun, basically unchanged since the formation of the Solar System, about
4.6 Gy ago.
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Fig. 16. The sound speed profile differences between different solar-model predictions and the inversion of the solar-oscillation measurements from
heliosesmology. Models have been computed using different solar gas compositions: ([74], C11), ([72], AGSS09-met), ([75], GS98), ([76], AG21), ([77],
MB22-phot and MB22-met). Model uncertainties are represented in shaded blue, while error bars denote uncertainties from helioseismic data and
their analysis. Source: Figure taken from [77] as updated from [68].

Fig. 17. The solar neutrino spectrum, identifying the spectra of neutrinos from each of the weak reactions that are part of hydrogen fusion in the
Sun due to proton–proton and CNO reaction chains. Source: From [82].

Spectroscopy of starlight in general, and telescopes and their spectrographs in particular, have been improved since
their beginnings in the 19th century. Today’s sophisticated instruments show an impressive precision of spectroscopic
data (see Fig. 22). Unfortunately, exquisite data do not necessarily imply properly-inferred chemical abundances.

As one of the main results of the application of hydrodynamical models to the interpretation of solar spectra, CNO
abundances in the solar atmosphere have been found lower by almost 30%, which results in a solar metallicity Z
'0.014 [76] compared to the earlier agreed and widely used solar metallicity of '0.019 [78]. In particular, the oxygen
abundance has decreased from log (O/H) + 12 = 8.93 ± 0.035 to 8.69 ± 0.04 over the course of the last 30 years. Naturally,
this transition was not uncontroversial. Mainly two independent teams debated abundance revisions back and forth [79]
vs. [80], but it can now be concluded that the downward revision is basically correct, with remaining differences – on a
much smaller scale than the revision itself – reflecting different preferences and choices by the spectroscopist teams. As
the case of the forbidden oxygen line at 630 nm shows, sometimes the revision of a line-blending contribution makes all
the difference [81].

The quest for a realistic and consistent solar model continues. Comparisons of the solar model with data reveal a
significant disagreement of the low-metallicity model (about 3� ; see Fig. 16) with the sound velocity as inferred from
helioseismology measurements around the transition between non-convective and convective energy-transport zones in
the Sun. Helioseismology or, more generally, asteroseismology is a fairly recent observational discipline for astrophysics,
which helps to understand the interior structure of a star, such as the Sun, and its evolution [83–85]. The roots of this
method lie in the period-luminosity relationship for Cepheid stars, (Leavitt law, discovered through Henrietta S. Leavitt’s
variable-star surveys in the 1900s [86]), which enabled the use of Cepheids as distance indicators. The physical background
are the oscillatory resonances that may occur in a star, as its internal structure is bounded by regions with different
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Fig. 18. Solar neutrino fluxes, measured from different experiments. The top panel shows the chemical experiments of the first and second generation,
where after a collection time the detector material was analysed for neutrino reactions to have altered the composition creating characteristic
isotopes. The second panel below shows results from Borexino for the different hydrogen fusion reaction chains. All experiments record a rate that
is substantially below the theoretical predictions; this demonstrated the requirement for neutrino oscillations. Source: From [84].

stiffness; the laminar/convective boundary in the outer envelope is the most-significant such transition along the solar
radius. The modes of oscillations caused by such internal structure are propagated to the surface in the forms of luminosity
variations at the photosphere, or of gas motions of gas in the upper atmosphere that converts into variations of Doppler
shifts. Essentially, deviations from sphericity in the baseline hydrostatic model of stellar structure remove degeneracy of
oscillatory modes as it would appear in a solid sphere, and result in modes that depend on internal (differential) rotation as
well as convective behaviour varying within the star (see [85], for the method to deconvolve helioseismic observations).
Gradients in density and pressure are thus related to the sound velocity, and a linear expansion around the standard
model for the Sun then relates measured variations to a difference in modelled versus observed sound velocity. This is
shown in Fig. 16, as a function of solar radius, highlighting the lower boundary of the Sun’s outer convective zone. The
position of the lower boundary of the outer convection zone depends on the composition of solar gas through opacities
caused by metals, as shown in the Figure. Remarkably, the improvements in surface abundance determinations from solar
spectroscopy (as described above) increased the mismatch between helioseismic data and the solar model predictions, as
shown in Fig. 16.

Observations of stellar interiors are not possible through electromagnetic radiation: The high optical depth of the
envelope corresponds to a photon propagation time of 105y from centre to surface in the Sun, due to a large number
of individual absorption, re-emission and scattering processes. Neutrinos, however, have tiny interaction cross sections
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Fig. 19. The CNO component of solar neutrinos as measured with Borexino. The red line shows the CNO neutrino component as fitted in the analysis,
the purple line marks the total fit including all background types. The best signal to noise is obtained in the yellow-marked region (see text). Source:
Updated recently by [87] from [82].

with matter, and leave the dense core of the Sun. Fig. 17 shows the spectrum of neutrinos expected from H burning
in the core of the Sun. First-generation neutrino detectors revealed the importance of neutrino flavor oscillations for
proper interpretation of measurements (see Fig. 18), and current detectors allow precision measurements of neutrinos
of specific reactions. The Borexino neutrino detector is located underground under more than 1 km of rock in the Gran
Sasso mountains of Italy, and is today’s most-sensitive detector for neutrinos in the MeV range where nuclear-reaction
neutrinos occur. It consists of 278 tons of a hydrocarbon-based liquid scintillator, viewed with 2212 photomultiplier tubes.
An outer fiducial volume of the scintillator tank is used as a veto counter to ensure that only scintillation events created
from neutrinos inside the inner talk, rather than from any other particles penetrating from the outside, are registered. With
this setup, the neutrino flux from the dominating proton–proton reaction cycles of hydrogen fusion could be measured
at high significance [88–90]. Recently, also neutrinos from the CNO burning cycle could be discriminated against the
background [82,87], as shown in Fig. 19. Although this cycle only contributes ⇠1% of the hydrogen fusion energy in the
Sun, it has been part of our solar model, and is now experimentally verified at 5.1� significance to occur [82]; the inferred
count rate is 7.2 (+2.9�1.7) (68% uncertainties from likelihood analysis) counts per day and 100 tons of scintillator liquid.
The next goal is to advance precision such that a measurement of metallicity in the central regions of the Sun may be
achieved through CNO neutrinos.

Another way to determine the abundances of elements and isotopes in solar matter is provided by the laboratory
analysis of the chemical and isotopic composition of meteorites, interplanetary dust or cosmic rays. This method analyses
sample material in terrestrial laboratories and is free from the potential systematic uncertainties related to models of the
solar atmosphere, as needed in spectroscopy of sunlight.

Laboratory analysis of meteorites can provide accurate information on both stable elemental and isotopic abundances in
the presolar nebula. This method analyses the stable elements and isotopes of meteoritic material. The meteorite studies
probe the elemental and isotopic composition at the time the solar system formed 4.6 Gy ago. In a complementary analysis
method, accumulated interplanetary and interstellar dust can be analysed for characteristic radionuclide composition.
Interstellar radionuclides if detected before they have decayed away, probes recent nucleosynthesis events.

Mass spectrometry measures the isotopic composition of physical samples with very high precision. This method is by
nature destructive and consumes part of the sample material during the measurement. Conventional mass spectrometry
almost exclusively measures stable atoms as isotope ratios. A complementary method is accelerator mass spectrometry
(AMS) which also allows to measure signatures of interstellar origin. This method is detailed in chapter 4.

While there are also meteorites from Mars, the Moon, and Vesta, most meteorites effectively are the remains of
broken-up asteroids [91]. Iron and stony-iron meteorites (roughly 7% of all) are understood to be the melted interior
cores of their parent asteroid, while the other, stony, meteorites instead represent the asteroid’s crust. Stony meteorites
further divide into chondrites (roughly 86% of all) and achondrites (roughly 7%), differentiating if they have chondrules
(chondrites), or they do not (achondrites). Chondrules are small (⇠1 mm sized) spherical inclusions, which are clearly
visible in the meteorite’s matrix, the finer-grained, often microscopic, mass of material in which the larger grains and
structures are embedded. Chondrules are believed to have formed very early in the presolar nebula, accreted together,
and remained largely unchanged since then [92]. To have a most-useful meteoritic sample of the material that made the
Sun, one needs the meteorites that can be considered to have formed earliest from the pristine gas and have undergone
very little chemical modifications after that. Carbonaceous chondrites (⇠6% of falls) are therefore considered near-ideal,
because they contain a lot of organic compounds, which indicate that they experienced very little heating — some were
never heated above 50 degrees C.

By comparing the elemental composition derived from the spectra of sunlight and from the analysis of meteorites,
one obtains an extremely close match for elements where bias from systematics are unlikely. The main difference is
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Fig. 20. The elemental abundances of solar-system material as obtained from absorption-line spectroscopy of the solar photosphere, supplemented
by analysis of the solar-wind, of terrestrial materials, and of material from primitive meteorites that have formed early after the formation of the
Sun. Source: From [94].

Fig. 21. The Ca I line at 6439 Å in the solar spectrum is a strong unblended absorption line. It forms over a wide range of photospheric depths.
Interpreting the measurement with different models and assumptions about the level populations of Ca atoms and their interactions results in
different values for the derived Ca abundance. Source: From [95].

that meteoritic data are derived from direct laboratory analysis and, although they may still suffer from systematic
uncertainties due to the particular sample and its chemistry [93], their abundance data are more precise than those from
solar spectroscopy [94]. It needs to be considered, however, that the abundances of the major elements, such as C, N
and O, as well as H and the noble gases, cannot be derived from meteorites because these volatile elements do not fully
condense into rocks.

The first table of elemental and isotopic solar abundances based on meteoritic analysis was published in 1956 [7].
Since then, many compilations have been presented and updated, with a recent fully updated discussion of this history,
of the analytical methodology, and a revision of solar abundances, as shown in Fig. 20 [94].

Isotopic abundances are crucial for nuclear astrophysics because they reflect the nuclear processes that produced them
(see Section 2).

In spite of these various challenges, present-day chemical abundances in the solar photosphere are nowadays
determined at a precision down to 0.03 dex [72,76].

The set of abundances as shown in Figs. 3 and 20 are, by necessity, composites from several astronomical messengers.
Photospheric abundances are complemented by solar-wind isotopic abundances, such as the analysis of samples collected
with the recent Genesis space mission [96], and by the detailed richness of elemental and isotopic abundances extracted at
great precision from meteorites. The solar system provides us with this rich detail of abundances, that serves as a pivotal
point for studies of cosmic nucleosynthesis. We take these to be representative of the solar system at birth, 4.56 Gy
ago. Combining meteoritic and photospheric results, we now have a solid basis of elemental and isotopic abundances,
deviations mostly attributed to known biases in the respective messenger [76,94,97] (Fig. 23).
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Fig. 22. The spectrum of the benchmark star ✏ Eri as recorded with four modern medium-to-high-resolution spectrographs. The signal-to-noise
ratio is high facilitating a reliable continuum normalisation. The spectra then mainly differ due to the finite resolution of the spectrograph used. To
resolve the individual spectral features requires high resolution. Source: From [2].

Fig. 23. The elemental abundances of solar-system material can be obtained from absorption-line spectroscopy of the solar photosphere, and from
materials captured and analysed by mass spectrometry from solar-wind samples, from terrestrial materials, and from meteoritic samples. Source:
From [94].

Beyond the Sun
Naturally, we are interested to find out how abundances evolved, from solar birth until the present time and of gas in

the current interstellar medium in our vicinity, but also for stars other than the Sun, which formed from interstellar gas
at their different locations and times. Spectroscopy as a remote-sensing technique allows astronomy to reach out into the
more distant parts of our Galaxy and beyond.

One would wish to see nucleosynthesis in action, following the increase of surface abundance of an element as it
is synthesised inside a star. The long timescales of stellar evolution make this an almost impossible task, and work-
arounds have to be found to study nucleosynthesis by approximations. One such ‘‘proxy’’ is comparing stars sharing some
properties of evolution. Such objects can be binary stars or stellar associations and clusters. The former class of objects has
given us important constraints on the s process in AGB stars (CEMP-s stars, see [98]), as AGB stars have dynamic complex
spectra the modelling of which suffers from large uncertainties and biases; the latter class has been key to piece together a
comprehensive picture of stellar evolution, one of the biggest achievements of 20th-century astrophysics. Another proxy is
to study the integrated effect of chemical enrichment through generations of stars. The number of generations contributing
to the enrichment of a specific star can vary greatly: from potentially one (as discussed in this Section 3) to many thousand
(as discussed in Section 4). At the low end we can hope to see the imprints of individual nucleosynthesis events, while
at the high end we will measure ensemble-averaged abundances as produced by polluters from a range of stellar masses
(i.e. weighted by the initial mass function). This is the situation in the Galactic thin disk to which the Sun belongs.

The solar neighbourhood has been charted in stars and their respective abundances during the past century, allowing
a first discussion of chemical evolution of our nearby part of the universe [99,100]. (This aspect is discussed in more detail
in Section 4.2.) Progress in infrared spectroscopy has allowed the study of stars in farther regions of the disk, towards the
Galactic centre and in the Galactic bulge [101–103]. Abundances have been assembled for many elements (see Fig. 1) by
modern spectrographs, as exemplified in Fig. 22. High spectral resolution is key to isolate, as much as ambient velocities
in the light-emitting regions allow, the individual spectral fingerprints of the various atoms and ions.

There are limitations and constraints on how well abundances can be extracted from spectroscopic data. On the one
hand, physical details such as the existence or deviations from local thermodynamic equilibrium, 3D motions of gas in the
photosphere, and species-dependent photosphere descriptions provide challenges for modelling atmospheres with state-
of-the-art tools. Opacities need to be binned or sampled, and ideally departures from local thermodynamic equilibrium
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Fig. 24. The isotope abundances of solar-system material for elements up to Si, with the range of isotopic abundances marked as vertical bars
(relative to the most abundant one) for presolar grains found in meteoritic materials. Source: Figure from [115].

considered in an iterative fashion. At present, model atmospheres for solar-type stars rarely consider magnetic fields and
are generally constructed assuming local thermodynamic equilibrium.

On the other hand, radiation transport through the stellar atmosphere should ideally be calculated tracing radiative
transfer at the microscopic level, i.e. not relying on equilibrium-thermodynamics assumptions which break down in
the very layers from which we receive the photons. This requires lots of atomic data: e.g. level energies, transition
probabilities, photo-ionisation as well as collisional-interaction cross sections. For rarer species, such data are often
incomplete or of insufficient accuracy for quantitative spectroscopy, especially in the infrared. Here, astronomy depends
heavily on new data provided by laboratory spectroscopists with high-temperature furnaces and theorists performing
ab-initio quantum-mechanical calculations (e.g. [104], for recent progress).

Classical methods of abundance determinations from spectra, such as techniques based on 1D model atmospheres
and equivalent-width measurements, are often too imprecise and depend on questionable assumptions (see [105], for
details on achievable precision of abundance determinations from stellar spectra). However, careful differential abundance
techniques have revealed interesting differences between the Sun and solar twins. In such analyses, one performs a line-
by-line comparison to the solar spectrum and this approach helps to cancel most systematic errors at least for stars very
similar to the Sun. One interesting result is the finding that the Sun is not fully representative of local sun-like stars when
it comes to the abundances of volatile elements like C, N, O, S and Zn. These are found to be enhanced by 20% in the
Sun [106]. Such departures are a hot topic in contemporary astronomy, as they may reveal planetary signatures [107]. If
this is the case, then we have ever more reason to question the simple-minded picture of stellar atmospheres as perfect
time capsules. In reality, the stellar surface layers reflect the sum of all internal and external processes acting on the
material since gas accretion in connection with star formation started. Quantifying and correcting for these processes is
the forefront of contemporary stellar modelling [108,109].

Novel inference techniques which connect stellar observables and stellar parameters have been developed in recent
years (e.g. [110–112]). Complex algorithms herein train a regression model on previously analysed training sets with
relevant stellar labels [113], rather than modelling the matter-light interaction for every object. The main advantage of
these machine-learning approaches lies in the fact that, after a careful training phase, large samples of stellar spectra
(100,000+) can be handled very efficiently (e.g. [114]). Variants of these algorithms also make use of genetic hierarchy
analyses [2].

Massive stars are hot enough so that their spectrum reaches higher ionisation levels of gas in their upper photosphere
and chromosphere. This results in emission lines from highly-ionised species. In particular, it has been a success of high-
resolution X-ray spectroscopy to determine abundances of C, N, O, S and Si and to simultaneously constrain the ionisation
of the chromospheric plasma. This, in turn, constrains the wind and mass-loss properties of massive O and B stars, which
are key parameters for their evolution (see above).

Material of extrasolar origins have been collected from meteorites [116,117], and also directly in space [118] (for the
analyses of terrestrial sediments see Section 4.4). These are often called stardust or pre-solar grains. Such pre-solar grains
are identified to be of stellar origin due to their very different isotopic composition: while meteoritic materials generally
follow the isotopic composition of solar system material to within a few percent, isotopic ratios in stardust grains exceed
this range, sometimes even by up to several orders of magnitude. For example, the carbon isotopic ratio 12C/13C in the
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solar system is 89, while in stardust it can vary from ⇠2 to ⇠10,000; the solar 16O/18O of '500 is > 10,000 in some
stardust instead — see Fig. 24 for more examples [119]. These variations are too large to be attributed to chemical or
physical fractionation and could only have been produced by nuclear reactions in stars, therefore, these grains must have
formed within stellar gas. One of the most favourable, and observationally confirmed, location for the formation of dust are
the wind-driven, extended envelopes of asymptotic giant branch (AGB) stars, which are the final phases of the evolution
of stars of mass between roughly 0.8 and 8 M�. The majority of the known stardust grains came from such stars, and
will be discussed below in more detail. Other astrophysical sites where dust is observed to form are the cooled ejecta of
core-collapse supernova and nova explosions. Some stardust grains have been attributed to such origins, as they carry
the signature of material expected within these ejecta [120–122].

After being ejected into the interstellar medium via stellar winds or explosions, together with most of the gas that
formed the star, stardust grains travel through the interstellar medium and are eventually incorporated into regions of
new star formation, such as the proto-solar nebula. We find them inside meteorite parent bodies, where they survived
until today (see [116], for a review of the astrophysics of presolar grain studies).

In general, stardust grains are made of strongly refractory materials that condense directly from the gas phase at high
temperatures (1300–2000 K). The condensation sequence of minerals depends predominantly on the C/O ratio of the
gas. If C/O < 1, all the carbon is locked up in carbon monoxide (CO) molecules and the condensed minerals are mostly
oxides and silicates (like in the Solar System, where C/O ' 0.4). If C/O > 1, all oxygen is locked up in CO molecules,
and carbon compounds can condense, such as graphite and carbides. Among the carbon-bearing minerals, stardust silicon
carbide (SiC) grains are the most studied, with several thousands of them analysed to date.1 This is because they are
relatively easier to extract and they are also large enough (from a fraction to a few tens of µm) to allow the isotopic
analysis of single grains. Based on their C and Si compositions, SiC grains have been classified into several populations,
the largest of which (mainstream SiC) comprises more than 90% of the grains. They are believed to originate in C-rich
AGB stars of approximately solar metallicity [125,126]. The remaining (relatively few) SiC grains are classified into four
populations: A + B grains of unclear origin [127–129], X grains attributed to core-collapse supernovae (e.g [130,131]),
and Y and Z grains attributed to C-rich AGB stars of metallicity lower than solar [125,132,133], although there are some
inconsistencies with such an interpretation [134,135]. Some SiC grains have also been interpreted as material originating
from nova explosions [136].

Like the SiC grains, also the graphite grains are large enough to be analysed individually for their isotopic composition.
However, their extraction procedure is more complex, and trace elements are present in extremely low abundances. About
one third of stardust graphite grains have low densities (1.6–2.05 g cm�3), and appear to originate from core-collapse
supernova explosions [130,137,138]. Higher-density grains may originate from a range of stellar environments [139].
Silicate and oxide grains are more difficult to locate among the abundant silicates of solar origin (where C/O < 1) that
constitute the main part of meteorites. Oxide grains comprise mostly corundum and spinel, and also a few hibonites.
Only a small fraction of oxide and silicate grains are of stellar origin. Special techniques have been developed to recognise
them [140]. Oxide and silicate grains have also been separated into distinct groups, mostly based on their oxygen isotopic
ratios. The composition of most of these grains suggests that they have formed around O-rich AGB stars.

Overall, the vast majority of stardust grains recovered from meteorites originated in AGB stars and have provided us
with high-precision constraints on the operation of nuclear reactions in the deep layers of these stars and on the mixing
processes that carry processed material from inner to outer layers, where the dust forms. Nuclear processes in AGB stars
include H and He burning, and the slow neutron-capture process (the s process) that produces roughly half of the elements
heavier than Fe in the Universe. Mixing processes include (i) the dredge-up of material from the He burning region —
specifically s-process elements and C, so that the star can reach C/O > 1 at the surface and produce carbonaceous dust,
(ii) the partial mixing at the border of the H-rich and He-rich regions, leading to the formation of the main source of
neutrons (13C in the so-called 13C pocket), and (iii) the convective mixing of H-burning processed material in the more
massive AGB stars (>3 M�) in which the base of the convective envelope is hot enough for proton captures to occur (see
[141], for a review on AGB stars). Stardust mainstream SiC grains carry a clear signature of the s process in the isotopic
composition of the elements heavier than Fe, present in trace amounts, which is another strong indication of their origin
in AGB stars. The composition of these mainstream grains is in agreement with the composition predicted by models of
AGB stars of initial masses between roughly 2 and 4 M� and metallicity from solar up to roughly twice solar [142–144].

Using these grains it is possible to constrain not only the nucleosynthesis and mixing in AGB stars, but also the dust
formation process. For example, the vast majority of relatively large SiC grains measured individually and with high
precision, using resonant ionisation mass spectrometry [145] show 88Sr/86Sr ratios lower than solar (Fig. 25). The s process
can produce such ratios only together with Ce/Y ratios also lower than solar. This is because the s process proceeds from
lighter to heavier isotopes, and it is impossible to overproduce (relative to solar) the element Ce (with mass around 140)
relative to Y (with mass 89) before Sr at mass 88 is overproduced relative to Sr at mass 86. Ce/Y ratios lower than solar
are predominantly observed in Ba stars – the binary stars that accreted s-process material from AGB companions – of
metallicity higher than solar. Therefore, these large grains must have originated in AGB stars of higher metallicity than
solar. This conclusion is complemented by fact that the 88Sr/86Sr ratio measured in smaller grains (this is done for large

1 Stardust grain data has been collected and can be retrieved from the Presolar Grain Database at presolar.physics.wustl.edu/presolar-grain-
database/[123,124] of the Laboratory for Space Sciences of Washington University in St Louis (USA).
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Fig. 25. High-precision measurements of the 88Sr/86Sr and 138Ba/136Ba isotopic ratios (in � notation, i.e., relative to the solar value and multiplied
by 1000) in SiC grains of relatively large size. (>1 µm). The colour coding on the right corresponds to the number of grains, and shows that the
vast majority of the grains have 88Sr/86Sr ratios lower than in solar abundances (i.e., negative � values). Source: Figure from [145].

collections of many grains, since individual measurements are not possible) is on average higher than solar, corresponding
to Ce/Y also higher than solar as observed in Ba stars of metallicity lower than solar. Therefore, the data show that the
size of the SiC grains increases with the metallicity of the parent star and AGB stars of metallicity higher than solar are
predicted to produce larger grains more favourably than AGB stars of metallicity around solar [146]. Furthermore, this
high-metallicity origin for the large SiC grains can explain why the Earth is observed to be more s-process enriched than
bodies that formed farther away from the Sun [147]. The larger SiC grains provide us with the best candidates to have
carried s-process nucleosynthetic signatures in the proto-planetary disk [148].

Stardust oxide and silicate grains are also mostly believed to originate from O-rich AGB stars. Fig. 26 shows ‘Group 1
grains’, which mostly have excesses in 17O. These can be explained by the operation of the first and second dredge-up
during the red giant phase prior to the AGB phase. However, the origin of Group 2 grains, which also show a strong
depletion in 18O, has so far been elusive; current candidate sites are indicated by the lines in Fig. 26. The first candidates
are massive AGB stars (>4 M�), where proton captures destroying 18O are expected to occur at the base of the convective
envelope; this is referred to as hot bottom burning. In this case 18O is predicted to be even more than is observed in the
grains, and some few percent dilution with material of solar composition is required to match the grains’ data [149]. The
other candidate site are low-mass AGB stars (<1.5 M�), if extra mixing processes are assumed to occur below the base
of this envelope [150]. It is also possible that Group 2 grains are made of two different populations, with two different
origins.

AGB stars as discussed above are of low- and intermediate mass, with masses 7-8 M�, and are in their giant
phase, burning He and H in outer shells while no core burning of heavier nuclei occurs. The structure of more-massive
stars becomes increasingly complex during their later evolution, i.e. beyond hydrogen and helium burning stages (see
Figs. 15 and 27). For massive stars, messengers such as presolar grains (e.g. [152]), asteroseismology (e.g. [153,154]),
and neutrinos (e.g. [155]) are becoming available only in single, selective, cases; this does not yet support the detailed
exploration of their interiors, unlike what we showed above for the Sun and AGB stars.

But radioactive isotopes produced in the nucleosynthesis reactions within massive stars provide indirect information
on nucleosynthesis in these later evolutionary stages. The rapid evolution of massive stars in these late stages with typical
time scales of order My and radioactive lifetimes of My, the 26Al and 60Fe products of massive-star fusion reactions are
still alive when they are ejected and their decay in circumstellar space can be observed through � -ray telescopes.

As shown in Fig. 27 from our current understanding of massive-star structure and evolution, 26Al and 60Fe synthesis
occurs at different locations within massive stars. 26Al production in the early main-sequence phase can be mixed into the
hydrogen envelope, and may thus be ejected by the strong wind that is typical for such massive stars. Later 26Al production
is expected from the neon-oxygen shell, and from the explosive nucleosynthesis as the supernova shock proceeds through
the star from its central region. Unlike the main-sequence production of 26Al, these later products are ejected by the
supernova itself. This is also the case for all 60Fe synthesised within the star, which is expected to occur in the helium
and carbon burning shells; neither of these are coupled to the surface where late mass loss would occur, and are ejected
with the supernova.

The origin of these two radioisotopes from the same object, though with some offset in ejection times, implies that
the ratio of their amounts can be used as a global test of our understanding of massive-star nucleosynthesis. The detailed
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Fig. 26. The O isotopic ratios measured in stardust oxide grains of Group 1 (cyan points) and Group 2 (green points). Note that the uncertainties
of the measurements are typically smaller than the symbol size. These are compared to predictions from models of AGB stars of mass 1.2 and 1.5
M� that remain O-rich because of inefficient third dredge-up, and of mass 4.5, 5, and 6 M� that remain O-rich because of hot bottom burning. The
black and grey solid line and black dots indicate the composition predicted during the red giant branch (RGB, i.e., before the star starts to ascend
the AGB phase). The red curves represent the AGB evolution: for the 1.2 and 1.5 M� stars they show predictions from models with extra mixing
below the formal border of the convective envelope due to magnetic effect for different values of a free parameter representing the depth by the
mixing. For the 4.5, 5, and 6 M� stars they represent the effect of hot bottom burning on the O isotopic ratios. Source: From [150].

Fig. 27. This Kippenhahn diagram shows the structure and evolution of a massive star, in theoretical modelling [151]. The time axis is logarithmic,
extending from star birth (left) to core collapse (right), a few million years altogether, and emphasising late evolution towards the supernova from
log scaling. The y axis is a radial coordinate in enclosed mass, from the centre of the star (below) to its surface (above). 26Al and 60Fe are produced
in different locations and at different times, as indicated.
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Fig. 28. The spectrum of diffuse � -ray emission from the Galaxy shows the characteristic lines from 26Al and 60Fe decays, with 26Al being several
times brighter than 60Fe [156].

location of each massive star cancels out in such a ratio, and cumulative 60Fe to 26Al mass ratio for the entire massive-star
population of our Galaxy can be measured through integrated diffuse emission in their characteristic decay lines, at 1332
and 1173 keV for 60Fe, and 1809 keV for 26Al.

Fig. 28 shows the � -ray line intensities as measured. From these an observational upper limit on the 60Fe/26Al � -ray
flux ratio of 0.4 is obtained [156], so that the steady-state mass ratio of 60Fe/26Al is constrained to be below 0.9.

Interestingly, in deep-sea archives on Earth, live 60Fe had been discovered about 15 years ago [157]. This measurement
demonstrates that cosmic material is being deposited on Earth at a small rate. This can be observed through sensitive
material analysis, here with accelerator mass spectrometry that can measure particle amounts of 60Fe relative to terrestrial
Fe as isotope ratios down to 10�17. The observation of 60Fe in layers that can be constrained in age (for details see [158])
has been taken as evidence that material from supernova activity in the vicinity of the solar system has been collected;
stated otherwise, nearby supernova activity can be measured in suitable samples from ocean floors. (See Sections 4.3 and
4.4 for more discussion of cosmic material transport). If we assume that the solar system vicinity is not too different
from a Galactic average as measured in � rays, then also an 60Fe/26Al ratio constraint from ocean floor analyses should
constrain the nucleosynthesis in nearby massive stars, as an ensemble constraint. 26Al may, however, also be produced
in the Earth atmosphere from cosmic-ray spallation reactions, unlike 60Fe. Therefore, accounting for the rather high
contamination, only an upper limit on 26Al could be determined from such ocean-floor material analyses [159]. This
constrains the 60Fe/26Al ratio for nearby massive stars to a value above 0.2. Evidently, combined astronomy for this ratio
is informative. Current models of nucleosynthesis in massive stars and their supernovae predict a yield ratio 60Fe/26Al of
order unity, hence significantly above the region of values as constrained by above � -ray measurements. The ways out
could be diverse, as massive stars and supernovae are not understood in such detail. One of the possibilities discussed is
that very massive stars above a mass of about 30 M� fail to explode as a core-collapse supernova. This would bury their
nucleosynthesis products in the black hole remnant, and, as 60Fe yields are expected to be much higher than 26Al yields
for such massive stars, would bring the theoretical value closer to observational constraints.

3.3. Stellar explosions

Explosions inside or at the surface of stars occur when energy release from nuclear reactions rises faster than the
reaction environment can transport energy away from the reaction site. This causes the nuclear-reaction environment
(the central region of a star or the burning layer in case of an explosion on the stellar surface) to rapidly expand and
absorb energy in expansion work. As a result, an explosion shock wave is created and propagates through the envelope
inside-out causing compression and heating. This can lead to hot plasma exceeding the thresholds for nuclear reactions.
The combination of these processes is called explosive nucleosynthesis [160,161]. Merging compact stars, or gravitational
shredding of stars as they approach a black hole’s extreme gravity, are special cases, where also compression and heating
is expected to lead to nuclear reactions of stellar material [162,163]. Compact stars that accrete additional material also
provide scenarios for thermonuclear explosions, as the accreted material may accumulate and exceed reaction thresholds
through higher densities and compressional heating. This leads to nova explosions caused by runaway hydrogen burning
on white dwarf surfaces and to type-I X-ray bursts as thermonuclear explosions of accreted helium, followed later under
suitable conditions by superbursts caused by explosive carbon burning on the surface of neutron stars [164].
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Explosive nucleosynthesis occurs with rapid dynamical changes of density, pressure, temperature, and composition.
Unlike hydrostatic nucleosynthesis the outcomes of explosive nucleosynthesis are the result of a complex interplay of
nuclear reactions, their energy release, the local conditions and the hydrodynamic reactions. The relevance for cosmic
abundance evolution hinges on the fraction of nucleosynthesis ashes that is ejected into the circum-source environment,
rather than being swallowed by the compact remnant object (neutron star or black hole).

The nuclear reactions that may occur in such environments can be grouped into their approximate extremes: nuclear
statistical equilibrium is likely for extremes of density and temperature, such as in a gravitational collapse of a massive
star or explosive runaway of heavy-ion fusion reactions such as 12C+12C fusion in white dwarf interiors causing a
thermonuclear supernova. Another extreme is the significant contribution of neutrino reactions, when neutrino intensities
become very high and the matter density is high enough to provide an efficient target for neutrino reactions; this is
expected in the vicinity of newly-forming neutron stars in the gravitational collapse of the core of a massive star or
accretion-induced collapse of a white dwarf to a neutron star in a binary system. A third extreme is a dominance of
neutron reactions in neutron-rich environments, such as is expected from the mergers of neutron stars, when matter
of the destroyed neutron star interacts in the strong field and density of a companion neutron star or black hole. The
high-entropy wind that characterises the vicinity of the proto-neutron star in core-collapse supernovae has long been
thought to provide such a region with dominance of neutron capture reactions. Other sites of neutron capture element
formation are electron-capture supernovae, collapsars, hypernovae and long-duration � -ray bursts [27].

Supernova explosions are the most-prominent events that release nucleosynthesis ashes into their surroundings. We
distinguish core-collapse supernovae at the end of stellar evolution of massive stars (M � 8�10 M�) from thermonuclear
supernovae caused by the thermonuclear disruption of a white dwarf. Recent reviews on Supernovae include [165–167].

Supernovae from massive stars are understood from above-discussed stellar evolution when the end point of nuclear
energy release in the hydrostatic evolution with its increasing central compression and heating is reached. This occurs
when the central composition is mostly iron, because iron group nuclei have the highest binding energy per nucleon.
Further fusion reactions to heavier nuclei, which may occur at such a high temperature and density, are endothermic
and will not liberate energy. As a result, the inner energy source of a star can no longer counter gravity and gravitational
collapse will occur. Matter that falls onto the central iron core will experience inverse beta decays, as electron pressure
increases and favours neutronisation of the central plasma. Intense neutrino emission accompanies this neutronisation.
Matter is more compressible towards the densities of nuclear matter as Coulomb repulsion among protons becomes less
important. When nuclear density is reached in the centre, further compression is inhibited and in-falling matter now
hits a hard wall. This results in a compression shock that is strong enough to decompose in-falling matter at a typical
radius of 100 km, while the proto-neutron star in the centre is about 50 km in size. Now the environment becomes
complex and highly dynamic, as hydrodynamic, magnetic, and nuclear-reaction processes re-distribute internal, kinetic,
and thermal energies. It is likely that nuclear statistical equilibrium is reached in some regions herein, but the intense
dynamic evolution results in freeze out of nuclear reactions as materials are redistributed towards an explosion of the
collapsed star in a supernova.

SN 1987A
Observations of core-collapse supernovae try to shed light onto these complex interiors. But, as in the case of stars, high

opacities of the massive-star envelope prevents direct observations of the collapse. The outgoing shock from the supernova
explosion reaches the surface of the star several hours after the implosion and represents the first electromagnetic signal
from the supernova. Supernova 1987A was discovered in the Large Magellanic Cloud on 23 February 1987 and provided the
current generation of scientists with a unique opportunity to witness the disappearance of a massive star and the evolution
of the ensuing supernova explosion towards a young supernova remnant, now at an age beyond 35 years [9,10,168].

The first signal from the exploding SN 1987A was a neutrino burst, that was recorded at several neutrino observato-
ries [9]. The neutrino burst in itself indicated that the core-collapse picture is correct, and that neutron stars form within
stellar explosions (see Fig. 29). The first optical detection of SN 1987A appeared 3 h after this neutrino burst.

The first direct indication of radioactive material came from the detection of the 1.238 MeV and 847 keV ��lines
from the decay of 56Co about one hundred days after explosion (e.g. [170,171]). This was clear evidence that some
newly-synthesised material had been transported to the surface of the explosion. Elemental-line ratios can also indicate
radioactive decays. Since Co decays to Fe, the relevant observed line ratios should change accordingly. The infrared lines
of [Co II] 1.547 µm and [Fe] 1.533 µm were observed between 250 and 500 days past explosion, and clearly display the
expected change in their intensity ratio [172]. There was also a first indication of the longer decay time for 57Co in the
line evolution. The 67.9 keV and 78.4 keV lines of 44Ti decay have been observed 25 years after explosion [173,174]. This
means that all predicted radioactive decays have been directly observed in SN 1987A (see Fig. 30).

The observed Co decay lines contain a further piece of information. Their velocity evolution indicates the distribution
of the newly synthesised material within the explosion. In a combination of the direct X-ray decay line evolution with
the infrared lines described above, it is possible to deduce a Ni offset from the centre of about 500 km s�1 [176]. This is
the signature of an asymmetric explosion.

The optical supernova light displays an early cooling of the atmosphere, followed by a re-brightening due to the
increasing surface of the explosion. The light curve of SN 1987A was unusual, as it displayed a long rise time of 90
days to maximum followed by a decline for several years. The early light curves are dominated by shock energy and
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Fig. 29. A burst of neutrinos has been captured in the IMB neutrino detector (red dots). Shown here are comparisons of three models for SN 1987A
neutrino emission and three cases of neutrino oscillation treatment. Source: From [169].

Fig. 30. Longterm evolution of energy sources in the bolometric light curve of SN 1987A. Source: From [175].

recombination of the outer layers in SN 1987A. The radioactive material synthesised in the explosion powered the optical
emission after about 100 days. The bolometric light curve of SN 1987A follows the predictions of fully trapping the energy
from 56Co decay for several hundred days. It can be modulated by changes in the escape fractions due to decreasing
densities. While present to some degree in SN 1987A, this was not a dominant effect until about 1000 days after the
explosion. The bolometric light curve started to deviate from the radioactive energy input around 500 days [177]. At
the same time the far-infrared flux started to increase [178]. This is attributed to dust, formed around this epoch in the
ejecta. Another indication of dust formation was a blueshift of several emission lines as the backside of the ejecta was
blocked by dust [179]. The presence of dust was furthermore indicated from mm wavelength observations after about
1300 days [177]. Such formation of dust was another sign of extensive mixing of newly synthesised material to the outer
layers of the ejecta and significant cooling.

At later times the bolometric light curve changed slope, to follow the decay times of other dominating isotopes, first
57Co and then 44Ti [175] (Fig. 30).

Spectral information about nuclear ashes ejected with the supernova are harder to come by, as the explosion results in
fully-ionised plasma that gradually neutralises as it cools down. Fig. 31 shows an optical/UV spectrum collected with the
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Fig. 31. Spectrum in the optical/ultraviolet regime from the remnant of SN 1987A, as observed with the Hubble Space Telescope. Source: From [180].

Fig. 32. Image of the Cas A supernova remnant from different messengers: Characteristic lines from 44Ti decay (blue) reveal the location of inner
ejecta through this radioactive nucleosynthesis product, while X-ray line emissions from iron (red) and silicon (green) atoms, that also are emitted
from those inner ejecta, show a somewhat different brightness distribution, due to ionisation emphasising the parts of ejecta that have been shocked
within the remnant. Source: From [187].

Hubble Space Telescope, indicating a few characteristic lines that convey fresh nucleosynthesis. Their detailed analysis
provides evidence of energy input from the 44Ti decay [180].

Observations of SN 1987A typically cover several emission sites simultaneously. In addition to the cooling ejecta,
SN 1987A is surrounded by an equatorial ring of circum-stellar material, presumably ejected by the progenitor star about
20,000 years prior to explosion [181,182]. After 8 years, the first evidence of interaction of the fastest supernova ejecta
with the ring material appeared. Strong shocks built up in the ring material and quickly outshone the supernova (e.g.
[183]). Separating the various emission sites is not trivial (e.g. [184]). The inner ejecta are now illuminated by X-rays
from the shocks in the equatorial ring, which is visible in the H↵ lines [185]. The radioactive energy input is observable
in other lines, e.g. [Si I] + [Fe II] 1.644 µm and also He I 2.05 µm [186], which are powered by the 44Ti decay. The
inner ejecta display an asymmetric shape. The reason is due to the asymmetric distribution of the radioactive material,
which strongly deviates from a spherical distribution [186]. Comparisons with explosion models confirm the clearly
non-spherical distribution of ejecta material in SN 1987A.

SN 1987A is a rich resource for the understanding of supernova explosions and their interactions with the surrounding
medium. It is a backyard example of how stellar material is returned to the interstellar medium and how the kinetic energy
is affecting the immediate environment. The transition from supernova to supernova remnant is in full swing and will
continue to provide us with insights into the nucleosynthetic products of core-collapse explosions.

Core-collapse supernovae: Beyond SN 1987A
44Ti as a nucleosynthesis product is also an important energy source of young supernova remnants, as discussed

for SN 1987A; due to its 89 yr radioactive lifetime it is expected to contribute significantly to core-collapse supernova
remnants at times of order hundreds of years. The Cas A supernova remnant at a distance of 3.4 kpc is about 350 years old
[188]. It was the first source where 44Ti decay was directly observed through � -rays [189], later confirmed by several other
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Fig. 33. Prospects of discriminating different variants of core-collapse supernovae through their signatures in gravitational-waves [195].

instruments [190–193]. With its size, it was ideally suited for the NuSTAR imaging hard X-ray telescope [194] to measure
its radioactivity � -rays from the radioactive 44Ti that had been ejected with the supernova [187]. This image (Fig. 32)
spectacularly shows directly that radioactive ejecta appeared in several clumps, rather than as spherically-symmetric
shells. After SN 1987A’s asphericity indicators (see above), this is another direct demonstration that sphericity is not
common in core-collapse supernova explosions.

Other messengers may convey even more directly how the explosion develops. The rise and spectral evolution of
neutrino emission (as discussed above), if measured with better detectors than at the time of SN 1987A, promises a
wealth of constraints on how the dynamics of the collapsing core is energised from within [196]. This intense neutrino
emission is held responsible for reverting the implosion into an explosion, and constraints on the energetics through
neutrino light curve and spectrum will be decisive.

Moreover, adding constraints in the future from yet another messenger promises to complement information on the
mass distribution and its dynamics during core collapse and early supernova: gravitational waves will provide a diagnostic
on the details of the collapse [195], and thus help understand the explosive nucleosynthesis from the very inner regions in
the core-bounce shock and gain regions. Fig. 33 illustrates typical gravitational-wave signatures as they are expected from
different scenarios of core collapses, from the above-mentioned neutrino-burst initiation, through a magneto-rotational
collapse (see also [197,198]) where in-spiralling magnetic fields are wound up and finally release their energy, to a
scenario where the oscillations stimulated by asphericities in the collapse superimpose and steepen up to develop an
explosion.

Searching for sources of the r process
The high-entropy region very close to the proto-neutron star in a core collapse has long been thought to provide

an ideal setting for the r-process, i.e. rapid neutron capture reactions on seed nuclei as a process to form elements
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Fig. 34. Detections of 60Fe and 244Pu in the same sediments on ocean floors of the Pacific [199]. The 60Fe abundance history (top panel) shows
similarity with the sparse observation history of 244Pu deposits (middle panel). The ratio measured for these two radioactive isotopes (bottom panel)
is consistent with being constant. This does, however, not necessarily imply the same sources (see text and also Section 4.4).

heavier than iron (see Section 2). The recent detection of interstellar 244Pu and 60Fe in terrestrial ocean-ground sedi-
mentations [199] is a particularly interesting messenger on core-collapse and r-process nuclei, as shown in Fig. 34. (See
Section 4.4 for details on the detection and analysis of radioactive isotopes in terrestrial sedimentation archives). As
discussed above, core-collapse supernovae are believed to eject 60Fe. However, from recent simulation and modelling
work, they have been questioned to be able to produce sufficient r-process ejecta and the heavy actinides. Currently-
favoured r-process scenarios are rather rare events such as neutron star mergers or a selected subset of supernovae
(magnetars, collapsars) [27,200]. Measurable deposition of live 244Pu, if produced in a rare event, strongly constrains
time and space of such an event, considering its low probability to occur near the solar system in the recent past.

A significant influx of interstellar 244Pu had been observed recently in samples from the deep-sea crusts, in the same
samples that also exhibited enhanced 60Fe values (Fig. 34 from [199]). These are the only two radionuclides with a clear
interstellar signal in terrestrial archives. Earlier limits based on no or just one AMS (accelerator mass spectrometry)
244Pu detection are consistent with these results from improved analysis [201–205]. The recent data were obtained from
layers that accumulated over 3 to 5 million years, and correspond to an averaged influx rate of only ⇠10 and ⇠70 244Pu
atoms cm�2 Myr�1, respectively. Two crust layers suggest atom ratios of 244Pu/60Fe between 3 ⇥ 10�5 and 5 ⇥ 10�5.

The integrated 244Pu flux suggests that supernovae may produce some, but not be a major producer, of the heaviest
r-process nuclides [199,205,206]. The concomitant influx of both nuclides in the measured crust sample might relate their
sources; but, alternatively, it might be related to how ejecta flow through the interstellar medium on long time scales,
and could thus point to a common driver for a simultaneous presence in the terrestrial record. The radioactive decay
time of 244Pu is 30 times longer than that of 60Fe, so that 244Pu would be sampled much further back in time. Even if
found in the same terrestrial deep-sea layers, 244Pu could have been produced in older events prior to the 60Fe-delivering
supernovae, if ejecta from such events reached the solar system around the same time as the 60Fe, leading to a synchronous
deposition. (Ejecta transport through the interstellar medium and towards the solar system is discussed in more detail
below, Section 4.4.).

Supernovae of type Ia
Thermonuclear explosions are the other physical type of supernova that is rather well studied. They are believed to

result from explosive carbon fusion reactions inside a white dwarf star [207]. These transients are remarkable in that
they do not display lines from the most abundant cosmic elements H and He. They show a distinct spectral evolution, as
measured from absorption spectra during the maximum light phase, with lines of intermediate-mass elements (Fig. 35),
changing into emission lines several weeks later. The emission spectrum is dominated by Fe-group elements (Fig. 36).
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Fig. 35. Spectra in the optical window, showing lines from various elements, as they vary before and through the light curve maximum of a few
typical supernovae of type Ia. Source: From [208].

Many uncertainties regarding the exact explosion mechanisms and the progenitor systems of SNe Ia remain [208,209].
But there is general agreement on their nucleosynthesis products [207]. Several observational subtypes of thermonuclear
supernovae have been identified [210,211]. The exact mapping of progenitors and explosion mechanisms to these
observed types of SNe Ia remains open. However, it is clear that the explosion of such a small star would cool rapidly, if
no extra energy source becomes available. Without the energy supplied by radioactive isotopes, type Ia supernovae would
have very tight light curves of only a few days and would be very difficult to observe. It is the radioactive decay, which
releases the energy over longer time scales and makes SNe Ia shine for weeks to months.

The Ni!Co!Fe decay chain has been identified as the energy source for SNe Ia over 50 years ago [212–214]. Indirectly,
the decay energy could be observed in the bolometric, i.e. the integrated electromagnetic spectrum, light curves of the
supernovae (e.g. [215]). Since for most supernovae it is not possible to observe much more than the optical and infrared
– and in recent years also the ultraviolet [216] – electromagnetic spectrum of a typical SN Ia, one often uses the UVOIR
(UV-optical-infrared) light curves as a proxy.

Another attempt to witness the driving energy source was made by analysing the evolution of the emission lines of
[Co III] and [Fe III] in the late spectra (Fig. 36) out to several hundred days after maximum. Unlike in SN 1987A, where
infrared lines were used, here optical lines of a higher excitation were employed. The Fe/Co line ratio increases with time,
exactly as expected from the conversion of Co to Fe, providing another piece of observational evidence of the Ni-Co-Fe
decay chain acting in SNe Ia [217]. Arnett [215] presented a connection of the nickel mass and the maximum luminosity
of type Ia supernovae through analytic light curves. Using Arnett’s rule it became obvious that these explosions produce
varying amounts of 56Ni [218]. They are not the accurate ‘standard candles’ as which they had been promoted before.

Additional information is encoded in the bolometric light curves: Its shape is dominated by the radioactive-energy
input and the increasing escape of � -rays due to the decreasing density in the expanding ejecta. The escape can be
parametrised (see the formalism developed in [219]), which then can be applied to the analysis of observed light curves.
This yields an estimate of the relative ejecta masses, assuming that the density structures in SN Ia explosions to do not
vary too strongly. The resulting recognition is that most SNe Ia appear to be less massive than the maximum-mass limit
for a neutron star2 [220,221].

The 56Ni mass in SNe Ia can be determined also from near-infrared light curves. These IR light curves show a
characteristic second maximum after about 20 to 40 days past the B-band maximum. This second maximum is associated
with the release of infrared photons due to a decrease in line opacity of iron. The cooling of the supernova leads to the
ionisation change from doubly-ionised to singly-ionised iron (from [Fe III] to [Fe II]). The removal of the [Fe III] lines
decreases the opacity and temporarily increases the infrared flux [222]. The time of the second maximum correlates with
the 56Ni mass in the supernova [223].

Forty years after the direct measurement of � rays of 56Ni decay had been predicted from supernova models (e.g.
[212,213]), finally supernova SN 2014J was close enough for current � -ray telescopes and the characteristic 56Co � -ray
lines could be observed [224]. In particular, � -ray spectrometry [225,226] at adequate spectral resolution contributed to
resolve and measure the characteristic lines from the decay chain of 56Ni. This is observational proof of a key ingredient

2 This mass limit arises from the relativistic limit to the energy of electrons as their Fermi energy must rise to support the star through degeneracy
pressure. It was discovered by Landau in the 1930ies and is called the Chandrasekhar mass limit, attributed to Subrahaman Chandrasekhar from his
work on the stability of stars.
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Fig. 36. Spectra in the nebular late phase when the supernova is transparent, and lines from the inner regions also can be seen. Lines from various
iron group elements provide useful diagnostics of supernovae of type Ia. Source: From [208].

Fig. 37. Early � -ray spectrum from SN 2014J, finding the characteristic line at 158 keV from 56Ni decay. Observed from a three-day interval around
day 17.5 after the explosion, this confirms an early visibility of 56Ni , probably close to the surface, rather than embedded in the supernova centre.
The SPI instrumental background is shown as a scaled histogram, showing the SN 2014J line offset from the centroid of a strong background line.
The measured intensity corresponds to an initially-synthesised 56Ni mass of 0.06 M� . Source: From [225].

of modelling supernova light from thermonuclear supernovae, from 56Co radioactivity with its characteristic 111 day
decay time. The amount of 56Ni inferred from the � -ray flux of 0.49 ± 0.09 M� [225] is in agreement with the amount
inferred from the optical brightness of the supernova, as based on the empirical peak-brightness/56Ni heating-rate relation
discussed above (Arnett’s rule [215]). The 56Ni mass determination with infrared light curves [223] (see above) also is in
agreement with this direct � -ray based 56Ni mass determination in SN 2014J. This is reassuring.

Spectacularly, there had been indications in the time series of � -ray spectra from the 56Co decay lines that individual
clumps of 56Co decay at different bulk velocities appeared at different times, signifying substantial deviations from
spherical symmetry of explosion or 56Co distribution (see [225], for more detail on the 56Co � -ray signal).

Even more spectacular was the detection of 56Ni decay lines early-on (Fig. 37): With a radioactive lifetime of about 9
days, it was believed that 56Ni would always be embedded so deeply within the supernova’s core that even � rays could
not leak out before 56Ni was converted to 56Co. Only some He cap models included the possibility of early � -ray emission
from 56Ni decay [227], as helium deposition on the surface of the white dwarf could cause a helium surface explosion
triggering the thermonuclear supernova. Thus, this discovery of early 56Ni � -ray lines was discussed as a support for such
a double detonation (see [228], for more detail), and double-degenerate progenitor models in general.

The line emission from decay of 56Co was traced over 3 months, and the line centroid and width could be constrained
in their evolution, as shown in Fig. 38. Naively, one would have expected a Doppler-broadened Gaussian line to appear
and fade in its brightness, with some centroid shift from blue to red as the facing ejecta would shine early and receding
ejecta from the distant part of the supernova would add later. But, as shown in Fig. 38, the spectra rather show surprising
spikes, which appear to come and go with time. Although statistical noise is substantial, it was asserted that a smooth
appearance of the lines as suggested from a spherically-symmetric gradual transparency to centrally located 56Ni could
be excluded [225]. Thus, � -ray spectroscopy provides an additional indication that non-sphericity may be significant in
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Fig. 38. SN 2014J signal intensity variations for the 847 keV line (centre) and the 1238 keV line (right) as seen in four epochs of high-resolution
� -ray observations, in 10 keV energy bins. Clear and significant emission is seen in the lower energy band (left and centre) through a dominating
broad line attributed to 847 keV emission, the emission in the high-energy band in the 1238 keV line appears consistent and weaker, as expected
from the branching ratio of 0.68 (right). For the 847 keV line, in addition a high-spectral resolution analysis is shown at 2 keV energy bin width
(left), confirming an irregular appearance, i.e. not homogeneously in the form of a broad Gaussian. Source: From [225].

type Ia explosions, and rather smoothed out in signals based on bolometric light re-radiation from the entire supernova
envelope. The standard MCh model with its 1D nature appears inadequate to describe these observations.

Some newly synthesised elements can be tracers of the neutron richness in the explosion sites (e.g. [229]) and also
the progenitor mass (e.g. [207]). The higher central densities in higher-mass progenitors, and the very low densities in
mergers on the other hand, can result in the unique production of certain neutron-rich elements. Most prominent in the
case of SNe Ia appears to be stable 58Ni. It has now been identified in a number of late time-spectra [230–232]. A Ni
emission line showing after several hundred days must come from a stable isotope. The comparison with models shows
that the most-favoured progenitor white-dwarf mass range is sub-Chandrasekhar [232], rather than a MCh model.

It is believed that the very early light curve may be a good diagnostic for the surface composition, potential interaction
with circum-stellar material or a companion star. Fig. 39 shows examples of a few supernovae where this early phase
could be observed [208]. Evidently, different rise behaviour can be seen which may indicate radioactive material close to
the surface predicted in some double-detonation models or interaction of the ejecta with a companion star or material
lost by the system prior to explosion. The shape of the rising light curves further gives a hint on the extent of mixing of
material in the explosion [233].

Nucleosynthesis clues from supernova remnants
Supernova remnants are formed as a supernova expands into the interstellar medium and the interactions with the

surroundings dominate the physical processes (see [234,235], for reviews). These interactions with surroundings can
lead to illuminations of the supernova ejecta, e.g. through heating and ionisation from the outer discontinuity and the
inward-travelling shock wave.

Combining X-ray with optical spectroscopy, the hot plasma in supernova remnants offers an opportunity to obtain a
tomographic view of the material composition. Fig. 40 illustrates recent work for the type Ia supernova remnant 0509-
67.5. Here, material near the reverse shock is seen in different ionisation stages, at the shock in X rays, and further inside
in optical lines from highly-ionised Fe [236]. Such studies provide better detail about how atomic-line excitations depend
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Fig. 39. Early light curves in optical/bolometric emission [208], may hold information on how the explosion was started.

Fig. 40. Left: Multi-line image of the young supernova remnant 0509-67.5 in the Large Magellanic Cloud in optical lines from sulphur (red, S XII)
and iron (blue Fe IX, green Fe XIV). Right: Multi-messenger image of the same remnant, with X-rays (red; measured with the Chandra satellite), H↵
(blue), and iron (green; Fe XIV) (the latter measured with MUSE on the ESO VLT. Source: From [236].

on the kinematics of the ionising reverse shock, avoiding misinterpretations from unknown ionisation levels (as shown
in Fig. 32 for Cas A).

X-ray spectra from young supernova remnants display emission lines from several species including Mn and Fe, as
the reverse shock has ionised inner ejecta and they de-excite [237]. Mn is produced as a decay product from 55Co
through 55Co!55Fe!55Mn, and has been identified as a tracer for high-mass explosions [238,239]. Mn abundances versus
metallicity as observed from stellar spectroscopy in stars indicate that some fraction of SNe Ia explode in high-mass
progenitors [238]. Analysis of supernova remnants that had been attributed to SNe Ia explosions [240] are inconclusive,
however, as different supernova remnants exhibit a variety of Mn/Fe ratios on either side of model calculations (Fig. 41).
Other explosion models, in particular He-shell detonations of sub-Chandrasekhar mass progenitors, can also create
increased amounts of Mn [241,242].

55Co decay also may be directly measured through an X-ray line at 5.9 keV from the atomic K-shell transition as the
55Mn daughter de-excites; but this has yet to be observed with future X-ray spectroscopy [239].

Often, supernova remnants that are bright enough for spectroscopy of high-energy emission in X- and � -rays cannot be
attributed to an explosion type, i.e., thermonuclear or core-collapse. Nevertheless, spectroscopy has provided interesting
results. From a survey for radioactive emission in 44Ti lines, comparing to expectations from supernova rates, Galactic
remnants support our current belief that 44Ti radioactivity is a characteristic of core-collapse events more than of
thermonuclear explosions [244]. Comparing X-ray luminosity in the Fe K↵ line to the spectral line energy of the X-ray
emission, it could be shown [243] that X-ray spectroscopy results [245] cluster to allow discrimination of the remnant
origins versus supernova types (Fig. 42).

Supernova dust grains
As another messenger, a small population of stardust grains show the signatures of explosive nucleosynthesis, and are

believed to originate mostly in core-collapse supernovae (and some in novae) [120,152]. Comparison of isotopic details to
models of supernova nucleosynthesis is more complex here, compared to the above-discussed AGB-star studies, because
it is uncertain how different supernova layers can mix during the explosion and before dust is formed. Therefore it is
uncertain if the composition of the dust grains forming in the ejecta may reflect either the mixing between inner and outer
layers (see, e.g., [138]), or, for example, nuclear burning at higher energies than those used as standard in models [130],
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Fig. 41. Elemental ratios of Mn and Ni over Fe as extracted from three different supernova remnants and their X-ray spectra, versus calculations
from different SNe Ia models. Source: From [240].

Fig. 42. Analysis of X-ray emission from supernova remnants reveals that brightness and line centroid energy of Fe line emission are characteristic
for the explosion type. Source: From [243].

or the realisation of their nucleosynthetic signatures in different parts of an asymmetric supernova explosion. In spite
of the intrinsic difficulties of a detailed interpretation of their composition, due to the many uncertainties that affect
the modelling of supernova explosions, stardust grains represent a main evidence that supernova stardust survive the
explosive shock waves, and is present in the interstellar medium; it even was within the inventory of presolar dust at
the time of the formation of the Solar System.

Nova explosions
Novae are believed to originate from stellar explosions driven by explosive hydrogen burning (see [246,247], for recent

reviews). Their contributions to cosmic nucleosynthesis are thought to be dominant for few elements only, including
fluorine, sulphur, and lithium, and major contributors to C, N, and O isotopes [248]. The hydrogen-burning sequence
proceeds on the proton-rich side of the stable isotopes in the nuclide chart (see Fig. 5) up to Calcium, after breaking out
of the CNO cycle that dominates H burning initially. Many �+ unstable isotopes are produced alongside, most of which are
quite short-lived, and are expected to produce a large amount of positrons. Among observational signatures a bright flash
in 511 keV annihilation � -rays is predicted to signal the nova explosion, but has not been detected up to now. Similarly,
a UV/X-ray flash as the shock wave from the explosion reaches the photosphere of the expanding nova, has not yet been
detected [247]. Novae are discovered in transient surveys only after reaching sufficient brightness to be recognised as an
optical transient, which is typically 1–2 weeks after the thermonuclear runaway occurs [249–251]. The release of nuclear
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energy leads to expansion of the nova envelope, which, in turn, stops the nuclear runaway due to adiabatic cooling with
the expansion, so that radioactive heating of the envelope drives the nova in this expansion phase.

From spectroscopic observations of nova envelopes, large enrichments have been found in elements C, O, Ne, and up
to S, confirming the hot-H burning model for nucleosynthesis [247,248]. But spectroscopic identifications are difficult,
as the nova envelope expands, producing Doppler shifts and broadenings of characteristic atomic lines. More recently,
lines attributed to 7Be have been identified [252,253], which suggest that novae are significant sources of 7Li in the
Galaxy. A search for the corresponding � -ray line from the decay of 7Be (lifetime 111 days) to 7Li, however, could not be
found [254,255]. Similarly, � -ray line emission from the decay of 22Na (lifetime 3.8 y) that is predicted to be produced in
particular in novae from O-Ne white dwarfs [121] have not been detected [255].

On the other hand, presolar grains have been found that carry an isotopic signature which is reminiscent of hot
hydrogen burning [256]. This interpretation depends on production of C-rich dust in nova envelopes. Infrared observations
of novae have lent support to such C-rich dust grains being present in nova envelopes.

Nucleosynthesis in other types of explosions
Other types of cosmic explosions have been observed. Among them are super-luminous supernovae (e.g. [257]),

hypernovae and long-duration � -ray bursts (e.g. [258]) and kilonovae and short-duration � -ray bursts [11,12,259]. All
these explosions contribute to the nucleosynthesis of heavy, in particular r-process elements [27]. The exact contributions
are difficult to assess as no clear models have been identified for the various explosion types. All these explosions are
extremely rare with rates several orders of magnitude lower than supernovae. At the same time, each individual event
might produce large masses of heavy elements and even small rates may represent significant contributions.

Superluminous supernovae are a special class of explosions, which emit extraordinarily-large amounts of light. Some
of these objects might be powered by the conversion of kinetic energy to radiation by shocks in extended envelopes
or circum-stellar material, e.g. the objects displaying narrow emission lines. In general, two types of super-luminous
supernovae are distinguished (analogous to the regular supernova types): type I, which do not display hydrogen lines
in their spectra; and type II, where prominent hydrogen lines are found [257]. All these supernovae are associated with
massive stars and presumably will produce similar nucleosynthesis yields to regular core-collapse supernovae. The energy
source is debated, but could come from the braking of highly magnetised neutron stars formed in the collapse — so called
magnetars [260]. The exact mechanisms of the energy conversions remain uncertain, but the effects on the nucleosynthesis
are expected to be minimal.

Long � -ray bursts (GRBs) are highly collimated so that the total (isotropic) energy is several orders of magnitude higher
than that of regular core-collapse supernovae. In general, nucleosynthesis reactions are expected to occur in black-
hole accretion disks [261–265], may they arise from neutron star mergers or from collisions of stars with a black-hole
companion in binary systems. The latter would produce gravitational-wave events. However, it remains unlikely, and at
least unclear, if substantial material would be able to escape into the interstellar medium. Production of 56Ni with masses
of several tenths of M� have been inferred for such explosions [266–268]. In many GRBs a supernova can be observed
after the afterglow [269].

Potential r-process element production has been predicted, but the models are very complex and no consensus has
emerged so far (see the discussion in [27]). Hypernovae are also often associated with long GRBs, although in these cases
the GRB jet is not observed. Hypernovae are characterised by high expansion velocities and are also associated with
massive stars, sometimes stripped of their hydrogen envelope [270].

Kilonovae are associated with short � -ray bursts, and the detection of gravitational waves points to the merger of
binary neutron stars. The recent detection of the electromagnetic counterpart of a gravitational wave source called
GW170817 or AT2017gfo demonstrated that such events can be observed [11,12,259,271]. The neutron density in such
mergers is naturally extremely high and they had been proposed as potential sites of r-process nucleosynthesis [272].
The kilonova emission that was tracked from the GW170817 source, however, shows a radioactive afterglow [11,12].
Moreover, spectroscopic data supports the synthesis of heavy elements and indicates elements such as Sr might have been
ejected as shown in Fig. 43. Kilonovae could contribute significantly to the nucleosynthesis of heavy elements, despite their
rare occurrences. The rate of kilonovae is estimated to be about 48 Gpc�3 y�1 [273], translating into ⇠25 events My�1 for
our own Galaxy. But uncertainties are large: a range between ⇠0.1 events My�1 and ⇠100 events My�1 is consistent with
a standard model of binary evolution [273]; observational uncertainties are even larger, as merely three double neutron
stars as candidate sources are known in the Galaxy. The amount of r-process material produced in such mergers can
be substantial, but observations of more events are needed to interpret the spectral evolution in terms of astrophysical
dynamics and underlying processes.

Potentially interesting, although rarely-occurring, cosmic nucleosynthesis events also include explosions of very
massive (>100M�) progenitors, where the end of stellar evolution might be different: In such pair instability supernovae
either the progenitor is disrupted entirely or a black hole is formed directly [151,274]. No observational evidence of such
explosions has been found so far, although there are a number of events among the superluminous supernovae that have
been proposed as pair-instability supernovae (e.g. [275–278]).
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Fig. 43. Indication of a spectral line from Sr in the IR spectrum of the kilonova corresponding to gravitational-wave event GW170817. Source: [279].

Specific sources of nucleosynthesis
Molecular lines can become important for abundance measurements in cold interstellar gas. Advances in sub-mm

spectroscopy, and corresponding advances in laboratory studies to identify lines for molecules including radioactive
species have been made. Rotational lines of 26AlF could be measured from a nova-like source called CK Vul [280]. This
represents a breakthrough for isotope spectroscopy in molecules due to the spatial resolution, which allowed the direct
identification a specific source. However, it is also clear that molecule production will only occur under very special
conditions, such as in this case. This bias makes it difficult to derive general conclusions on 26Al sources, like in the cases
of meteoritic inclusions. But, learning about specific sources and their nucleosynthesis complements observations of entire
source populations, such as in � rays, stardust, and cosmic rays. The sub-mm observations are important for molecule-rich
environments such as AGB stars and even proto-planetary discs.

There is another application for nucleosynthesis in the distant universe. The fluorine-carrying molecule HF shows its
lowest-lying excitation line at 1232 GHz and was observed in a lensed galaxy at a redshift of 4.42 [281]. Fluorine is
very reactive and thus capable to split molecular hydrogen to form the HF molecule, which by itself is very stable and
accumulates readily as a tracer of fluorine nucleosynthesis. The galaxy had been identified based on a rising spectrum at
500 µm wavelength. This indicates a dusty, star-forming galaxy. The CI line was used to calibrate the molecular hydrogen
content. As Fig. 44 shows, in this way we learn that early nucleosynthesis of fluorine is due to very massive stars, while
from the current universe, AGB stars are established as dominating fluorine production.

4. Understanding the cosmic cycle of matter

4.1. The cosmic cycle of matter

Once new products of nucleosynthesis have been ejected from stars or explosions, they have to find their way into
future generations of stars. The cosmic compositional evolution results from the re-cycling of cosmic gas, as shown in
Fig. 45, with continuous increase of elemental abundances in every cycle. Secondary nucleosynthesis processes have a
greater variety of reaction paths to form new nuclei. The yields are proportional to the abundances of seed nuclei, hence
depend on the nucleosynthetic history of stellar gas, and the re-cycling of nucleosynthesis ashes.

The different sources of nucleosynthesis occur with different frequencies at different cosmic times, and in different
environments. Fig. 4 shows the cosmic time axis from top (big bang) to bottom (current time), together with the different
nucleosynthesis sources. Massive stars appear earliest, and continue to contribute until today, albeit the range of stellar
masses that dominates the production changes with increasing metallicity. Lower-mass stars are formed along with the
earliest massive stars, but their more modest contributions appear later, due to the longer evolution towards mass-
shedding stages. Massive stars with their rapid stellar evolution and then their core-collapse supernova explosions are the

36



R. Diehl, A.J. Korn, B. Leibundgut et al. Progress in Particle and Nuclear Physics xxx (xxxx) xxx

Fig. 44. The abundance of fluorine in gas clouds of different densities, as measured through the HF molecule and its 1-0 transition, provides a
tracer of nucleosynthesis. Left: HF abundance appeared to decline towards more-massive gas clouds, until the recent measurement showed abundant
HF in galaxy NGP-190387. Redshift information allowed to attribute ages to the respective measurements. Right: The nucleosynthesis of fluorine in
our current Galaxy is mostly due to AGB stars. At earlier times, however, supernovae, and in particular Wolf Rayet stars, are much more efficient
producers of fluorine, hence from more-massive and faster-evolving stars. Source: From [281].

Fig. 45. The cycle of matter, with stars forming out of interstellar gas, evolving towards wind and explosions releasing newly-formed isotopes, that
are then fed back into the next generation of stars.

dominating sources at early times. The typical environment where nucleosynthesis products are ejected is the turbulent
interstellar gas that is energised from stellar winds and explosions.

Binary evolution and the accretion of matter onto otherwise inert white dwarf requires more time, typically of order
one Gyr [282,283]. This implies a new important source of nucleosynthesis appearing with such a delay after the formation
of first-generation stars in a galaxy. These are the type Ia supernovae, which are efficient mass ejectors with abundant
product nuclei up to the iron group. Their contribution can be easily identified in histories of observed abundances relative
to the abundance of iron. Therefore, the abundance of iron also serves as the most widely used cosmic clock, and would be
strictly proportional to time if supernovae of type Ia occurred regularly and their ejected materials would be well mixed
into observable cosmic gas, such as in stellar photospheres. Due to the delay time of such binary evolution, supernovae
of type Ia are expected to occur in an environment typically different from massive stars, as during the binary evolution
the interstellar gas may have cooled and be dispersed, plus the binary may have moved away from denser regions and
other stars due to even small kicks received when the binary system formed. Also, the evolution of binaries towards
these supernovae is independent of the star-formation activity within the galaxy, and thus continues even in epochs of
galaxy evolution where feedback and other processes may have increased, or extinguished, formation of stars. Therefore,
enrichments from type Ia supernovae occur in all types of galaxies, even elliptical galaxies that have ceased forming stars.
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An example of using Galactic chemical evolution studies to constrain binary evolution addresses different subtypes of
supernova type Ia progenitors (see above): The ratio of Mn and Zn abundances in the Milky Way shows a flat evolution
compared to the Fe abundance. This implies that most type Ia SNe in the Galaxy are well below a MCh. Rather, a
dominance of the double-degenerate progenitor models (75% contribution) is suggested. Thus, abundance archeology
includes messages about supernova explosion types and binary evolution towards these.

Similarly, the evolution of binaries including a neutron star towards becoming a source of nucleosynthesis takes time;
the binary orbit shrinks gradually due to the energy loss from gravitational radiation. Estimates of such evolutionary times
are uncertain, but are �1 Gy. Therefore, the disconnection to the massive-star forming environment and appearance of
nucleosynthesis ashes in a more remote and different environment, as for type I supernovae, holds even more for kilonovae
and the ashes ejected from neutron star mergers.

Tracing the re-cycling efficiency of matter from the nucleosynthesis sources is a challenging task for astronomy in the
attempt to describe the abundance evolution on all scales.

4.2. Cosmic compositional evolution

The solar neighbourhood and the Galaxy
The solar neighbourhood has been studied using hundreds of normal stars like our Sun (e.g. [99,284–287]). The solar

neighbourhood is dominated by stars attributed to the thin disk of our Galaxy, with a small fraction of thick-disk and halo
stars. These global, Galactic, populations have been distinguished through their mean metallicities, their ↵-to-iron ratios,
their kinematics, and their ages [288]. From abundance ratios such as [Mg/Fe], it can be inferred that both the halo and
the thick disk formed on short timescales: their elevated [Mg/Fe] ratios reflect an earlier time, before supernovae of type
Ia (producing copious amounts of iron, but no ↵ elements; see Section 3.3) bring these ratios down towards solar-like
values as seen in the thin disk [289].

More generally, the successive build-up of elemental abundances over the course of the last 10 Gyr can be studied
using disk stars (e.g. [290]). This is done employing descriptions, models, and simulations of chemical evolution, developed
after pioneering work [289,291,292] in semi-analytical (e.g. [293–296]), numerical-cosmological (e.g. [297–300]), and
hybrid (e.g. [301]) forms. Fig. 46 shows an example of elemental-abundance data from stars, as compared to recent
models of chemical evolution [296]. We expect that improvements in stellar abundance precisions (from improved
models of the stellar-atmosphere physics; see above), from nucleosynthesis yields of the various source types, and from
chemical-evolution modelling (inhomogeneous evolution, treatment of ejecta recycling from specific source types) will
lead to improvements in future comparisons of observations and models. Such modelling includes explaining abundance
gradients with Galacto-centric radius, the effects of radial migration of stars, and inhomogeneities from spiral arms and
star-forming regions along these, and analysis of nucleosynthesis yields for the different sources (discussed in Section 3)
and their parameters. Recent progress and challenges are met, as star clustering and the impact of binary evolution on
nucleosynthesis yields are being addressed (e.g. [302–305]).

A new population of stars in the Galactic halo was discovered with the astrometric space mission Gaia, and named Gaia
Enceladus [306,307]. These stars show lower ↵-to-iron ratios compared to other halo stars of the same metallicity. This
points towards an origin in a smaller galaxy that merged with our Galaxy some 10 Gyrs ago, and in which star formation
had progressed at a lower pace. Other such events have been inferred from identifying stellar streams [308], but Gaia
Enceladus likely represents the last major merger, which is believed to be connected to the formation of the Galaxy’s thick
disk [309].

Studying stellar systems in the Galactic halo has become scientific routine since the advent of multi-object spec-
trographs at 8 m telescopes. Two classes of stellar systems have received particular attention: globular clusters and
dwarf galaxies. The detailed study of elemental anti-correlations in Galactic globular clusters has revealed a remarkable
complexity of systems which not even 50 years ago were considered the best realisations of single stellar populations, i.e.
stars born from one and the same gas cloud at the same time. Practically all globular clusters are now known to contain
multiple stellar populations [310] and seem unique in their abundance fingerprints [311]. The variations are inherent
to the cluster environment and not an effect of stellar internal processes, as even unevolved stars show abundance
variations [312]. A coherent picture that explains all observed abundance variations (involving elements ranging from
He to K, and Fe-peak elements in some cases) has not emerged yet [313]. The cores of asymptotic giant branch stars
reach temperatures sufficient to produce some of the observed elemental variations, but not all. The mechanical winds of
fast-rotating massive stars are other contenders, as are super-massive stars. Isotopic ratios are important constraints, but
with few exceptions have not received adequate attention [314]. Observations are very challenging, however. Explaining
globular-cluster compositions is one of the central riddles of 21-century nuclear astrophysics.

In recent years, astero-seismology has added to the domain of Galactic archeology, through provision of significantly-
improved age estimates for stars [315–317]. This is a key step to disentangle stellar groups of different origins, as the
degeneracy between age effects and different star forming histories is lifted.

Abundances can be determined from emission lines of hot and ionised gas [318]. Planetary nebulae have received a
prominent role herein [319,320]. These are the ionised circum-stellar gas regions around low- and intermediate-mass
stars, as the central star transitions from the AGB phase to being a white-dwarf remnant which strongly ionises its
surroundings. The gas is shed off outer shells of the central star [321]. Planetary nebulae have provided an independent
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Fig. 46. The elemental abundances for elements up to Fe, as observed in stars (dots), and as modelled in current treatments of Galactic compositional
evolution (lines). Source: From [296].

set of stellar abundances [322]. Beyond tracing abundances and chemical evolution across the Galaxy (e.g. [320]), these
data also provide constraints on AGB stars [141] (see Section 3). Some tension exists between results from collisionally
excited lines versus those from recombination lines for these regions around the central ionising star [323].

Compared to this, the nucleocosmochronology based on radioactive isotopes and their information regarding the age
of stars and the Galaxy are less precise, though important as an entirely different messenger [324,325]. The method
of age determination is similar to age-dating on earth using the 14C/12C ratio and the fact that 12C is stable while 14C
has a radioactive lifetime of 8270 yr. Assuming deposition of C isotopes at material condensation with the solar-system
isotopic abundance ratio of 14C/12C, a measurement of the current isotopic ratio determines the age, Cosmo-clocks are
isotopes with radioactive decay times beyond ⇠108y, such as 238U (6.49 ⇥ 109 yr), 235U (1.01 ⇥ 109 yr), 232Th (20.2 ⇥ 109

yr), or 187Rh (72.1 ⇥ 109 yr). These all are expected to be produced from the r process (see Section 2). Metal-poor
stars have shown abundance patterns that resemble the solar system r-process abundance pattern, except at a much
lower abundance level due to the overall lower metallicity [326]. Thus, if one can predict the production ratio of these
chronometers to a stable reference isotope (or element) that is well measured and known, then application of the
radioactive-decay law results in an age constraint. A commonly-used stable reference for the r-process products is the
abundance of Eu; for the 187Rh isotope measurements in meteorites, the 187Os abundance provides the reference.

One must adopt an enrichment model for reference. As an example, one may assume the r process contributing linearly
with time since the early Galaxy; another extreme would be to adopt single events. Depending on these assumptions,
the radioactive age constraints provide upper or lower limits. The adopted enrichment history, however, appears as a
second-order correction, which reflects the astrophysical usefulness of the radioactive age method [325].

Using meteoritic measurements of the abundances as reference at the time of solar system formation, one obtains
a lower limit for first r-process nucleosynthesis in our Galaxy of larger than 8.7 Gy [325]. Ages for r-process-enhanced
metal-poor stars can be determined assuming a single source for the nucleosynthesis. The results are 15.6 ± 4.6 Gy for
CS22892-052 and 12.5 ± 3 Gy for CS31082-001, two of the best-studied halo stars [327].

Nuclear properties (the decay may be different from above values in a stellar environment), production ratios (for the
r-process sources that are fundamentally unknown, and nucleosynthesis unknowns of the r process including fission
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cycling and nuclear stability models (see Section 2 and [327]), and the various uncertainties of stellar photosphere
abundance determinations contribute to the uncertainties. It is important to have this age determination method from
nucleocosmochronometers that is fundamentally independent of metallicity indicators and chemical evolution models.

The presolar dust grains of type SiC from meteoritic material and discussed above (Section 3.2) allow us to investigate
the chemical evolution of the Galaxy. This is achieved by exploiting specific isotopic compositions of the intermediate-
mass elements, such as Si and Ti, that are not affected by nucleosynthesis in the parent AGB stars, but reflect the initial
composition of the star. These elements provide an independent constraint on the age-metallicity relationship of stars in
the solar neighbourhood at around the time of the formation of the Sun. Si shows a trend with the grain size. From the
distribution of isotopic ratios, when compared to models of the chemical evolution of the Galaxy, one infers that the grains
must have originated in stars with on average higher metallicities than observed in the solar neighbourhood [126,134].
These correspond to a high-metallicity stellar population that may have been identified recently [328].

The high-redshift universe
Towards larger distances, absorption line spectroscopy becomes more challenging, as objects get fainter. Stars are no

longer observable individually (except in rare cases supported by gravitational lensing), but integrated stellar populations
can be sampled in observations. At high redshifts ground-based observatories gain access to UV lines. These provide
important information on the composition of distant gas clouds.

The most prominent line accessible at redshifts larger than about 1.9 is Hydrogen Lyman-↵ at a rest wavelength of
121.6 nm. This is the transition from the first excited level into the ground-state of the hydrogen atom. In emission,
this line indicates warmer to hot regions and points towards star formation activity, while in absorption, it is formed
by the integrated spectrum of the (older) stellar population. The Lyman-↵ emission line strength is often used as an
indicator for star formation. High-redshift quasars and � -ray bursts show absorption lines shortward of Lyman ↵ from
the source. These Lyman-↵ forest lines come from absorbing gas clouds on the near side of the quasars or � -ray bursts (see
[329], for a review). High-density clouds, corresponding to sight lines through galaxy disks and a column density of
log NH � 20.3 display saturated absorption lines, and are called Damped Lyman-↵ Absorbers (DLA). They show characteristic
metal lines, and provide a way to measure metallicity at high redshifts. Several complications have to be considered. Since
typically lines of highly ionised atoms are observed, ionisation corrections need to be applied to derive abundances. Then,
some elements may deplete onto dust grains and are not visible in the gas abundances any longer. Both these effects
require corrections, which can carry significant uncertainties. Nevertheless, a clear trend has been observed of decreasing
metallicity with increasing redshift (0 < z < 5), i.e. the gas has been enriched with cosmic time (the past 9 Gyr are
covered) [329]. The effect is more pronounced in sub-DLA systems (with column densities log NH � 19.0). Lower density
clouds are more strongly affected by local star formation, which leads to a stronger enrichment with time (Fig. 47, [330]).

4.3. Recycling of ejecta on the galactic scale

Dwarf galaxies and Pop III stars
Significant amounts of matter flow in and out of galaxies. The kinetic energy imparted onto interstellar gas through

stellar activity locally overcomes the gravitational potential of a galaxy to escape from that galaxy. Vice versa, the
gravitational potential of a galaxy captures material from the intergalactic medium and feeds low-metallicity gas into
a galaxy during, and even at late times, of its evolution.

Dwarf galaxies are small galaxies with stellar content less than 108 M� [331]. Studying chemical evolution in dwarf
galaxies opens a window into matter recycling that is very different from our Galaxy, gravitational potential and
star formation activity being important conditions [332–335]. This has been demonstrated from stellar photospheric
abundances of several elements. These show, e.g., that the characteristic kink in [X/Fe] evolution versus [Fe/H] sets in at
times that are characteristic for the evolutionary timescale of each such galaxy with its amount of star-forming gas [335].
Few, if not single, events of nucleosynthetic enrichment are believed to occur in dwarf galaxies. Spectroscopy of a handful
of stars in the dwarf galaxy Reticulum II shows prominent enrichment with r-process material that seems incompatible
with normal chemical evolution over longer times and may result from the enrichment by a single r-process event [336–
338]. In another case, a single hypernova is deemed responsible for the observed abundance signature in a galaxy with
extremely-low metallicity [339]. Such hints are important; interpretations should be made with care, as they rely on
spectra of a few single stars, as well as on models for typical/exceptional source yields (Section 3) and matter recycling
(Section 4) in such small galaxies.

The search for metal-free Population III stars in the Galactic halo provides hints for interesting enrichment histories
which differ fundamentally from that of the present-day Galaxy. Individual stars so metal-poor (one millionth solar or
below), that their iron abundance becomes hard to infer from even the best spectra have recently been identified [341].
While being so poor in iron content, they display large relative over-abundances of C, N or O, and are called carbon-
enhanced metal-poor stars (CEMPs) (see [98], for a review). Stars with more normal compositions are also seen at the
lowest metallicities, but seem to be the exception [342]. Such ultra metal-poor stars may potentially have formed from the
ejecta of a single supernova in the early universe. Thus they may open a window to study the early universe in our current
Galactic halo (Galactic archaeology). (As an aside, it is worth mentioning that there are prospects for discovering individual
Population III stars in the distant early universe as gravitationally lensed objects with the James Webb space telescope
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Fig. 47. The abundance of metals in the early (distant) universe can be studied in gas clouds from absorption lines. Clouds must be carefully selected
to be plausibly shaped by star formation (see text). Source: From [330].

Fig. 48. Distribution of temperatures as a function of geometrical depth for a hydrodynamical model atmosphere of a metal-poor sun-like star.
The dashed yellow line shows a corresponding 1D model. The hydrodynamical model has a steeper average temperature gradient which leads to
modified Saha–Boltzmann level populations of lines forming in the upper photosphere. Source: From [340].

as it begins its mission in 2022 [343]). Constraints on the various hypothesised supernova models for the earliest stars
(hypernovae, pair instability supernovae, supermassive star progenitors) and their parameters (mass, explosion energy,
mixing and fallback etc.) are rather indirect and based on just a handful of elemental abundances. The most iron-poor star
observed to date, SMSS 0313-6708, has been studied with the best available methods. Departures from both hydrostatic
structure and local thermodynamic equilibrium are large in such stars (see Fig. 48), so that abundances from classical
models are often biased by up to a factor of 10. Even with the best modelling, constraints on the supernova progenitor
mass are weak: 10 M� <MSN <60 M�. Explosion energies are inferred to be below 2.5 B (1051 erg) [344], which excludes
hypernovae and pair-instability supernovae as progenitors in this particular case. For another star, SMSS J200322.54-
114203.3, with a strong enhancement in r-process elements, the best abundance-pattern fit is obtained for a 25 M�
magneto-rotational hypernova [345]. It thus seems that neutron-star mergers do not exclusively produce r-process
elements in the early Galaxy [346]. The delay time of contributions from neutron-star mergers, even if poorly known,
make this plausible.

Radioactive afterglows
Radioactive isotopes with a lifetime approaching the typical recycling time scale of 107 to 108 years can offer a way to

trace the flow of nucleosynthesis ejecta directly. 26Al with its lifetime of 1.04 ⇥ 106 y is on the short side, yet longer-lived
than the times over which individual supernova remnants can be traced (up to 105 years at most).

The diffuse emission from 26Al decay (Fig. 49) had been measured in the first sky survey in � rays towards the turn
of the century. Apparently, 26Al is of large-scale, galactic, origins. A main supporting argument is the observation of the
characteristic signature of large-scale Galactic rotation in spectroscopy of the � -ray line from 26Al decay. Already in 1995,
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Fig. 49. The all-sky emission of � rays from radioactive decay of 26Al. This image (from [347]) was obtained using a maximum-entropy regularisation
together with the maximum-likelihood method to iteratively fit a best image to the measured photon events.

a balloon experiment had reported an indication that the 26Al line was significantly broadened to 6.4 keV [348], from a
measurement with their high-resolution Ge detectors. More recent high-quality spectroscopic data obtain a resolution of
3 keV at the energy of the 26Al line (1809 keV) for multi-year data accumulation; this corresponds to a Doppler velocity
shift resolution of about 100 km s�1 for bright source regions [349]. The characteristic signature of large-scale Galactic
rotation, clearly indicated in early results [350], is a blue shift when viewing towards the fourth quadrant (objects on
Galactic orbits approaching) and a red shift when viewing towards the first quadrant (receding objects, on average). The
consolidation with more years of exposure is shown in Figs. 50 and 51). The observed � -ray flux could be translated
into a total emitting mass of 26Al, using geometrical models of how sources are distributed within the Galaxy, such as
double-exponential disks and spiral-arm models (see [350], for details). The total mass of Al in the Galaxy is constrained
to be between 1.8 and 2 M� [350,351].

This observed mass of a single unstable isotope in the current Galaxy’s interstellar medium can be converted into a rate
of core-collapse supernovae. The rate is an important ingredient to understand the dynamical state of interstellar medium
as supernova explosions drive turbulence within the interstellar medium [352,353]. Using 26Al yields from theoretical
models of massive stars and their supernovae, a core-collapse supernova rate of 1.9 ± 1.1 events per century for our Galaxy
was derived [350]; this value was updated with new measurements and model yields to 1.4 ± 1.1 century�1 [351,354]. At
face value, the 294 supernova remnants observed in the Galaxy through their radio emission [355] are in a tension with
this value. With the � -ray based supernova rate, the radio count would suggest a maximum sampling age of 21,000 y,
while significantly larger ages have been inferred for some of the radio supernova remnants. This is evident that the
supernova remnant appearance strongly depends on their surroundings.

The observed 26Al velocity from large-scale Galactic rotation [349] with the velocity of molecular gas exhibits a puzzling
discrepancy (Fig. 51). If interpreted as kinematic Doppler shifts of astrophysical origin, the 26Al line translates into a motion
of 540 km s�1 [348]. Considering the 1.04 106 y decay time of 26Al, such a large velocity observed for averaged interstellar
decay of 26Al would naively translate into kpc-sized cavities around 26Al sources, so that velocities at the time of ejection
would be maintained during the radioactive lifetime. An alternative hypothesis is that major fractions of 26Al condensed
onto grains, which would maintain ballistic trajectories in the tenuous interstellar medium [356,357]. Although formation
of dust has been found to occur in supernovae (see discussion of SN1987A above), it is unclear if the reverse shock of the
remnant would not rather destroy most of it within an 26Al lifetime.

The velocities seen for 26Al throughout the plane of the Galaxy [349,350] exceed the velocities measured for molecular
clouds, stars, and (most precisely measured velocities) maser sources by typically as much as 200 km s�1 (see Fig. 51).
This high apparent bulk motion of decaying 26Al means that its velocities remain higher than the velocities within typical
interstellar gas for 106 years. Additionally, there is a bias for this excess average velocity in the direction of Galactic
rotation. This has been interpreted as 26Al decay occurring preferentially within large cavities (superbubbles), which
are elongated into the direction of large-scale Galactic rotation (Fig. 52). If such cavities are interpreted as resulting
from the early onset of stellar winds in massive-star groups, they characterise the source surroundings at times when
stellar evolution terminates in core-collapse supernovae. Such wind-blown superbubbles around massive-star groups
plausibly extend further in space in forward directions and away from spiral arms (that host the sources), as has been
seen in images of interstellar gas from other galaxies ([358], and references therein). Such superbubbles can extend up
to kpc [359] (see also [360–362]), which allows 26Al to move at speeds of the sound velocity within superbubbles. The
dynamics of such superbubbles into the Galactic halo above the disk are unclear; this is perpendicular to the line of sight,
so that measurements of 26Al line Doppler velocities cannot provide an answer (see [361], for a discussion of outflows
into the halo). Nevertheless, these measurements underline the important consequences of massive-star clustering in
shaping the interstellar medium, with connections to the astrophysics of stellar feedback in general (see [363,364], for
recent theoretical considerations).
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Fig. 50. The 26Al line as seen towards different directions (in Galactic longitude) [349]. This demonstrates kinematic line shifts from the Doppler
effect, due to large-scale Galactic rotation.

Fig. 51. The line-of-sight velocity shifts seen in the 26Al line versus Galactic longitude, compared to measurements for molecular gas. Source:
From [349].

One particular such superbubble has been identified near the solar system and towards the Orion region: The Eridanus
cavity has been recognised in diffuse X-ray emission [365], its boundaries are delineated in HI radio emission [366], and
� rays from 26Al have been detected [367]. Fig. 53 illustrates the geometry of the objects in this region, showing the
stellar associations of the Orion massive star region.

4.4. Local constraints on matter cycling

Our solar system is exposed to an influx of cosmic gas and dust particles. We can capture such influx either directly
through detectors in near-earth space, or analyse what has been captured and deposited onto Earth and Moon.

Cosmic rays
Galactic cosmic rays with their predominant component of atomic nuclei provide a sample of matter from outside the

Solar system. After almost a century of research, the origins of cosmic rays, their acceleration, and propagation in the
Galaxy, remain open questions of current astrophysics (see [369], for a recent review). Shock acceleration is believed to
be the main acceleration mechanism and regions of massive-star nucleosynthesis with wind and supernova shocks play
a main role (e.g. [370–373]). The connection of cosmic ray studies to nucleosynthesis has been considered plausible (e.g.
[374]). Cosmic-ray material is thought to originate from winds of Wolf-Rayet stars, for example, but accelerated on time
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Fig. 52. A model for the different longitude-velocity signature of 26Al, assuming 26Al blown into inter-arm cavities at the leading side of spiral
arms. Source: From [359].

Fig. 53. The Orion region is characterised by two massive molecular clouds at about 450 pc distance, with recent massive-star formation preferentially
on its near side (star symbols), and a large cavity bounded by denser HI emission, which extends from the clouds towards the direction of the Sun.
Source: (Updated from [365]) (by [368]).

scales longer than ⇠105 years [375–377]. Key issues herein are related to the spatial and temporal scales of various
processes, such as acceleration in one event or in a series of events, and the propagation and confinement of cosmic rays
in the complex magnetic-field configurations of interstellar medium in the Galaxy. In spite of these uncertainties, the
connection of cosmic ray origins to nucleosynthesis sources such as massive-star clusters and their supernova remnants
has been considered (e.g. [373,374]).

Observations of cosmic rays in its forms of positrons, electrons, protons, heavy nuclei, but also antiprotons and anti-
helium up to multi-TeV energies are possible in near-Earth space (the Alpha Magnetic Spectrometer (AMS-02) [44] is a
precision particle physics detector on the International Space Station, capable to measure velocity, momentum, charge
and rigidity of traversing particles) and on ground for highest energies. Results related to nucleosynthesis concentrate on
isotopes that either are directly attributed to a nuclear fusion process, such as 59Ni or 60Fe, or to isotopes that are likely
products of spallation reactions of cosmic rays in the interstellar gas [378,379]. We expect a bias to such measurements
from how the solar system’s magnetic field and the solar wind redirect cosmic gas and dust flows. This get weaker with
increasing energy, so that the high-energy part of cosmic rays, above a cutoff rigidity of ⇠30 GeV per nucleon, would be
unaffected, while at energies accessible to mass spectrometers in space (⇠200 MeV per nucleon), the particle spectrum
still rises with energy due to solar modulation [379].

The radioactive isotope 60Fe can only be a primary product of stellar nucleosynthesis. The abundance of heavier cosmic-
ray nuclei is insufficient to produce 60Fe by fragmentation as a secondary product. It is the only primary cosmic-ray
radioactive isotope with atomic number Z  30 decaying slowly enough to potentially survive the time interval between
nucleosynthesis, cosmic-ray acceleration, and detection near Earth.

The Cosmic Ray Isotope Spectrometer (CRIS) aboard NASA’s Advanced Composition Explorer (ACE) provided a 60Fe
detection after 17 mission years [380]. Models of supernova nucleosynthesis [381–383] suggest a small production ratio
relative to 56Fe making its detection difficult with present-day instruments. Fifteen CRIS events were attributed to 60Fe
nuclei, with 2.95 ⇥ 105 56Fe nuclei. This detection of 60Fe is the first observation of a primary cosmic-ray clock. The
inferred ratio of 60Fe/56Fe is (4.6 ± 1.7)⇥10�5 at the detector entrance [380].
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This can be converted to the ratio at the acceleration site only through an understanding of cosmic-ray propagation
in the Galaxy. In this analysis [380], a simple leaky box model was adopted and adjusted to match the observations
of �-decay secondaries 10Be, 26Al, 36Cl, 54Mn measured with the same instrument. These elements are thought to be
produced by spallation along the cosmic-ray trajectory [378]. All four radioactivities are fit by this leaky box model with
a leakage parameter of an escape time of 15.0 ± 1.6 Myr. The resulting ratio inferred for the acceleration site is 60Fe/56Fe =
(7.5 ± 2.9)⇥10�5 [380]. More-complex disk/halo cosmic-ray diffusion models lead to a slightly lower ratio at the source
of (6.9 ± 2.6)⇥10�5 [384,385].

The production ratio of the two Fe isotopes at the nucleosynthesis source will be different. While the nuclei are
accelerated radioactive decay converts some 60Fe to 60Ni. Some mixing of ejecta with ambient interstellar gas may occur.
If cosmic-ray acceleration occurs in superbubbles generated by massive stars in a group, the shocks in such a region
accelerate a mixture of material from previous supernova explosions, winds and any material left over in the bubble
since the onset of star formation. This scenario is, however, debated (see [42,386], for controversial views).

In the framework of a simple propagation model, the distance from which the cosmic rays originate was estimated
to be below 1 kpc [380]. Such a volume could include more than twenty OB associations and stellar sub-groups, forming
superbubbles favouring cosmic-ray acceleration [362,387]. In any case, it suggests that the solar vicinity has been active
in synthesis of Fe group isotopes and their acceleration in the recent past.

Meteorites
Meteorites (as already discussed above for the determination of solar abundances and for stellar nucleosynthesis studies

from embedded stardust) are of great use for the study of cosmic nucleosynthesis. Meteorite parent bodies are asteroids
that formed within the presolar nebula, i.e. the gas that decoupled from the interstellar medium and formed the solar
system. Asteroids and comets are the remains of the so-called planetesimals: solid objects, with a radius between roughly
1 and 100 km, that formed roughly 4.5 billion years ago. Most of the asteroids are located in the main asteroid belt, a region
between the orbits of Mars and Jupiter. Comets, on the other hand, are on more elliptical or irregular orbits. Meteorites
themselves are fragments of asteroids that eventually collided with Earth. If they were large enough, some of their
material survived the intense heating-up as they pass through the atmosphere (thus creating the meteor phenomenon).
The remains of a meteorite then land on Earth. If found and recovered, these can be analysed in the laboratory, and we
can measure the composition of Solar-System bodies other than our planet Earth. As mentioned in Section 3.2, meteorites
attributed to the most pristine and unaltered asteroids can be used to determine the elemental composition of the Sun.

The overall isotopic composition of meteorites is relatively homogeneous, as the Solar System matter was overall
heated and homogenised at the start. However, meteorites do carry isotopic anomalies that are directly related to stellar
nucleosynthesis. There are three types of anomalies. The most evident is that carried by the stardust grains already
discussed in Section 3.2. As mentioned there, isotopic ratios in stardust can vary by orders of magnitude and directly
reflect the composition of their individual parent star.

The second type of nucleosynthetic signatures found in meteorites are variations in isotopic ratios of much smaller
extent than in stardust. They are usually reported as parts per ten thousand (✏) or parts per million (µ), relative to the
bulk solar isotopic ratios (see, e.g. [93], for a review). Such variations have been found first in some types of Calcium-
Aluminium-rich Inclusions (CAIs; see Fig. 54). These are considered samples of the oldest material of the Solar System,
and their age is in fact considered to be the age of the Sun, 4.6 Gyr. Meteorites are often named after their finding
sites, such as Allende (Fig. 54; Mexico) or Murchison (Australia). These two have been particularly massive, and have been
precious resources for laboratory mass spectroscopy. Some of these minerals contain isotopic variations with µ-values
up to 102 � 103, in particular for neutron-rich isotopes such as 48Ca, 50Ti, and 54Cr. These variations are interpreted as
the leftover of anomalies in the original presolar stardust, which did not completely homogenise before the formation of
the CAIs. For example, stardust chromite grains carrying 54Cr excesses have been discovered [388,389]. Other anomalies
in stable isotopes, of smaller magnitude than those seen in CAIs (order of µ) but with data covering more elements and
isotopes, are found also in bulk meteoritic rocks. They appear to vary according to the location where the parent body
of the meteorite formed, i.e. its distance from the Sun. Variations in the isotopic ratios affected by the s process have
been observed in many elements (from Mo and Ru to Pd, e.g., [147,148]). As mentioned in Section 3.2, these were most
likely carried by stardust SiC grains from AGB stars (see also [390]). Another crucial observation of the past decade is the
presence of a dichotomy in the composition of the Solar System material, whereby bodies that formed further away from
the Sun (referred as CC) have a different composition than bodies that formed closer to the Sun (referred as NC), and this
range is well separated (see [391], for a review). One proposed explanation is that material could not mix due the early
formation of Jupiter [392–394]. The origin of the nucleosynthesis signature and why the infall material varied is, however,
still unexplained, although explosive nucleosynthesis needs to be invoked due to 58Ni excesses [393].

In summary, stable isotope anomalies can shed light on the formation of our Solar System, such as the composition
and timing of the infalling material, the processes that affected the distribution of dust in the protoplanetary disk, and
the timescales of planet formation. For some of these anomalies we have not yet clearly identified the original stardust
carrier nor the astrophysical production site. Since the measured variations are so small, they need to be corrected by
effects due to mass-dependent fractionation of isotopes [93], and the effect of cosmic rays which are all of the same order
of the nucleosynthetic variations.

Finally, the third type of direct nucleosynthetic signature found in meteorites and their inclusions are excesses in
the daughter isotopes of radioactive nuclei. These correlated excesses are clear signature that radioactive isotopes were
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Fig. 54. A slice from the Allende meteorite, which formed 4.5 Gyr ago at the beginning of the Solar System. The elongated white shape almost in
the centre of the slice is a CAI, size of the order of cm. The round droplets of previously melted material are the chondrules of size mm to cm. These
inclusions are embedded int he darker matrix, made of microscopic minerals (including stardust), not visible to the naked eye. Source: Image from
Wikipedia, licences under Creative Commons.

incorporated into solids in the early Solar System, while they were still alive with half lives of the order of 1 to 100
Myr (for reviews see [395,396]). More than a dozen such isotopes have been confirmed in the early Solar System, and
for another half dozen isotopes upper limits of their abundance are available. These isotopes range from the relatively
light 26Al, which was also responsible for the heating and thermal evolution of the planetesimals [397], to 129I and 247Cm,
whose abundances are direct evidence of the last r-process event to have contributed matter to the Solar System [398].
While a self-consistent picture of the origin of these nuclei is still missing, current investigations shed light not only on the
nature of nucleosynthesis sites in the Galaxy, but also on the environment of the Sun’s birth [399], and on the availability
of water in terrestrial exoplanets [400,401]. (See [402], for some recent efforts towards a self-consistent solution for the
origin of all radioactive isotopes in the early Solar System).

Ejecta deposits in the solar system
Extrasolar gas and dust may reach the surfaces of Earth and Moon. Interstellar dust grains may be particularly efficient

vehicles to bring ejecta into the solar system. Earth and Moon act as a collection area that captures such interstellar
material. The uptake efficiency and the efficiency of a transport into sedimentations are complex problems.

Is there any change for deposition on Earth and direct detection of interstellar nuclides in geological archives? Can
traces of freshly synthesised nuclides be found in the terrestrial record before they decay away? Such signatures would
represent direct messengers of recent nucleosynthesis events.

These ideas were first discussed for the longer-lived actinides 244Pu (80.6 My) and 247Cm (15.7 My) as messengers
for nearby supernova explosions imprinted into the lunar soil [403]. First measurements in the late 60ies and early 70ies

could not find any evidence and the focus changed to a potential steady state influx from the ISM of such nuclides on
Earth [404,405].

In the mid 90ies of the last century geological isotope anomalies in terrestrial archives were proposed as potential sites
of nucleosynthetic products [406]. The proposal was to search in ice cores and deep-sea sediments for direct deposition
of supernova debris, but also for indirect signatures such as an increased production of cosmogenic nuclides (e.g. 10Be)
in the Earth atmosphere due to an enhanced cosmic ray intensity caused by a nearby supernova. Such work was also
motivated by 35 and 60 kyr-old 10Be anomalies that had been observed in the Vostok Antarctic ice cores. Several
specific radio-isotopes had been suggested: 10Be, 26Al, 36Cl, 53Mn, 60Fe, and 59Ni, and also the longer-lived 129I, 146Sm,
and 244Pu [406].

When approaching the solar system, charged particles will be deflected by the magnetic field of the Sun within the
heliosphere. Also, they will have to overcome the pressure of the solar wind [407–410]. This appears possible only for
larger dust grains. Interstellar dust grains have been observed by instruments on the Ulysses, Galileo and Cassini space
missions [118,411–415] for distances from the Sun between 0.4 and >5 AU. These dust grains were found to follow
the flow velocity of the local interstellar medium (25 km s�1). Freshly-produced radionuclides, if condensed into dust

46



R. Diehl, A.J. Korn, B. Leibundgut et al. Progress in Particle and Nuclear Physics xxx (xxxx) xxx

Fig. 55. 60Fe detections in a variate set of sediments, versus sediment age (updated from [158]). An enhanced exposure of Earth to cosmic 60Fe
influx is seen around 3 Myr ago, and a second influx period is indicated earlier.

particles, can penetrate deep into the solar system, and eventually get incorporated in terrestrial archives or deposited
on the lunar surface [201,406,416].

In the complex path of isotopes from nucleosynthesis to deposits in terrestrial archives, several factors need to be taken
into account when relating any observed particle deposition in terrestrial archives to an interstellar flux, These conversion
factors can vary from some 10% to less than permil, and need to be determined through independent methods:

• The radionuclides of interest need to be condensed into dust particles.
Infrared observations suggest that dust grains in SN shocks survive for sizes >0.2 µm and might permeate the
interstellar medium. In particular, Al, Fe and Pu are refractory elements and it is expected that a significant fraction
of them will be condensed into dust particles within a short time after the explosion. The fraction of such elements
bound in dust in the interstellar medium over longer time periods has been estimated to be between 10 and 100%.
Infrared depletion measurements also suggest a value close to unity.

• Only a fraction will penetrate into the solar system
The direct detections of interstellar dust particles by satellites [412,417] show a mass filtering tendency towards
particles sizes >0.2 µm near Earth orbit. As only larger dust grains will survive a supernova shock, there seems to
be no additional size filtering and deflection of interstellar dust by the solar system. Cassini measurements report
an interstellar dust flux and mass distribution which suggests that 3%–9% of the dust component of the interstellar
medium that is intercepted by the solar system would be found at Earth orbit.

• Only a fraction may be (or will remain) incorporated in terrestrial archives.
Eventually, these dust grains become gravitationally bound to Earth. They will ablate during their passage through
the atmosphere and the interstellar nuclides will be released from the dust grain, to rain down onto the Earth surface.
They might be deposited on land, e.g., captured in snow and finally trapped in ice, or on the surface of the ocean.
There they will be transferred to the ocean floor by scavenging processes. These processes usually happen at time
scales much shorter than the influx time. Typical residence times in ocean could be a few 100 years for Fe or Pu.
Once incorporated, the time distribution in terrestrial archives should reflect the time-dependent particle flux from
the interstellar medium into the solar system.

Stable isotopes that come from space in the same way will not be distinguishable from their terrestrial counterparts.
Geological archives such as ice cores or deep-sea sediments and crusts grow over long time. Individual layers therein

will keep their integrity, so that time information can be extracted. Growing over millions of years, these archives thus
continuously accumulate material including extraterrestrial particles, deposited within well-defined layers.

We expect deep-sea sediments to incorporate essentially all the radionuclides discussed above from the water column.
This is due to the high particle reactivity, which results in an estimated 100% transfer efficiency into the sediments. But
for the cases of ocean crusts and nodules, this efficiency may be substantially lower than 100% [202].

60Fe incorporation efficiencies into crusts were found to lie between 7 and 17%, and for nodules of order of a few %.
Similar incorporation efficiencies were found for Pu [158,199,205].

Archives can be considerably different in their accumulation or growth rates. For example, ice core layers of cm length
can represent time periods of years, depending strongly on the depth, while deep-sea sediments show sedimentation rates
of some mm to cm per 1000 years. Deep-sea nodules and deep-sea crusts grow much slower at rates of some mm per
million years. Therefore, the concentrations of any extraterrestrial nuclide in the matrix of a terrestrial archive will vary
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correspondingly. 60Fe detection in ice cores requires hundreds of kg of material to collect a sufficient number of atoms,
while for sediments this can be a few gram, and for crusts even a few mg might be sufficient. The terrestrial archives can
be dated via terrestrial 10Be (t1/2 = 1.387 My) which is produced by cosmic-ray spallation of nitrogen and oxygen in the
Earth atmosphere and incorporated into the crust at constant rates [159,418,419].

The time resolution of an archive scales with the growth rates; for crusts, thin layers of 0.5 to 1 mm (this is the limit
in precision) correspond to time resolutions of a few 100,000 years per layer while sediments allow time resolutions of
a few 1000 years per individual sample.

Lunar material is a different archive as interstellar dust particles are simply implanted into the lunar surface. The
top few cm of lunar surface are constantly reworked due to (solar system) particle bombardment (micrometeorites,
meteorites) and no simple age can be associated. Some exposure ages of lunar regolith may extend to several 100 million
years of potential integration time of interstellar particle flux. Comparatively high interstellar particle concentrations can
be expected due to the thin layer of reworking depth. Clearly, lunar material is the most difficult sample material to
acquire.

The expected low concentrations of interstellar particles in terrestrial or lunar archives require the most sensitive
detection techniques and only direct atom-counting techniques can be applied. While originally mass spectrometric
techniques had been tested in the 70ies of the last century to search for interstellar messengers [403,420], first in lunar
and later in terrestrial samples, only accelerator mass spectrometry (AMS) achieved the required sensitivity. In AMS a
particle accelerator is sandwiched between two mass spectrometers. Such a setup reduces the measurement background
efficiently.

Only a few dedicated facilities have become sensitive enough to detect these extremely small interstellar signals. The
pioneering study of a ferromanganese (FeMn) crust from the Pacific Ocean in 1999 at TU Munich resulted in the first
detection of interstellar 60Fe in a terrestrial archive [421]. With improved time resolution, they identified enhanced 60Fe
concentrations peaking within layers dated to an age of about 2.5 million years before present [157].

Since then, interstellar signatures were investigated in 9 different deep-sea FeMn-crust samples [157,158,199,202,205,
421–424], in 2 deep-sea nodules [158], in 8 different deep-sea sediment cores [158,159,199,422,423,425], in Antarctic
snow [426], and in lunar soil samples from three Apollo missions [427]. Consistently, enhancements in 60Fe concentrations
have been detected. This 60Fe signal is interpreted as a signature from nearby supernovae, because terrestrial production
of 60Fe is negligible and any interplanetary influx would be much lower than their measured signal [158,422]. Note that
in general, crust data show incorporation rates that are about 10 times lower compared to sediments; this reflects the
lower incorporation efficiency (10 to 20%) into crusts.

The time profile of 60Fe deposition rates into deep-sea sediments and deep-sea crusts is shown in Fig. 55. A general
time profile is seen in all archives: it peaks at ⇠2.5 million years before present and continues until recent times, in
particular throughout the whole Holocene until today, as evidenced in deep-sea sediments [425] and Antarctic snow [428],
respectively. Between 4 and 5.5 million years ago no significant influx had been observed, but between 6 and 7 million
years a second influx period has been clearly detected [158,199]. The broad peak observed for the younger scenario
indicates continued influx over more than 1.5 million years, and lasts much longer than a simple transient passage of
supernova ejecta would suggest. Note that the 60Fe nuclei detected in the current-day cosmic ray particle spectrum [380]
may have different origins than 60Fe found in the deeper layers of the terrestrial and lunar archive.

Indication for interstellar 53Mn influx was reported for the same time-period between 2 and 3 My before present
where 60Fe influx is seen [424]. Assuming the same fate for 53Mn nuclei as for 60Fe, from production in a massive star
until deposition in a terrestrial deep-sea crust, these data represent an atom ratio 53Mn/60Fe of about 14. This is consistent
with ratios calculated by models for a supernova with a 11–25 M� progenitor mass and solar metallicity [424].

26Al in interstellar space is another isotope attributed to massive stars (as discussed above). Therefore the ratio
60Fe/26Al in terrestrial archives could constrain nucleosynthesis yields as well. Measurements of 26Al in the same deep-sea
sediments showing clearly enhanced 60Fe signals did not find any significant 26Al excess above a dominating cosmogenic
terrestrial component. Nevertheless, these data provide a lower limit of 60Fe/26Al of (0.18 +0.15

�0.08) [159]. This is consistent
with the observed ratio from galactic � -rays (see Section 3.2).

The interstellar medium should also include longer-lived radionuclides, such as 244Pu (80.6 My). We refer to our
discussion above of the implication of detections of 244Pu together with 60Fe in the same terrestrial sediment archive, with
respect to nearby sources of the r process. The connection of the solar vicinity to the Local Bubble and nucleosynthesis
sources within or nearby has been addressed by numerous theoretical and observational studies (more details can be
found e.g. in [414,429–433]).

In summary, direct detection of radionuclides in deep-sea archives complements the direct observations of their
radioactive decay in the wider interstellar space. These data, however, will only reflect the local interstellar environment,
because influx is only possible for dust particles that originate from sources within a few 100 pc distance to Earth.
Terrestrial archives, on the other hand, can provide well-defined time information, which links to production or deposition
time, and can thus collect interstellar signatures over tens of million years.

5. Summary and conclusions

Our knowledge of cosmic nucleosynthesis has been shaped by different astronomical messengers and methods: The
information from electromagnetic radiation, from material samples, from neutrinos, and recently from gravitational waves
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have all been incorporated, in order to understand the cosmic sites that provide the environment of nuclear fusion
reactions, and how these may co-act to produce the cosmic composition of isotopes and elements in its impressive variety
as seen in the current universe. Fundamental nuclear reaction theory within the extremes of cosmic environments had to
be obtained from nuclear experiments and theory. This also works in the opposite direction, as cosmic isotopic abundances
can teach us about the complexities of reaction networks among nuclei in plasma conditions that may not be tested by
terrestrial experiments.

The foundation of cosmic elemental abundances has been laid by spectroscopy of light from a variety of cosmic sources,
as matter imprints characteristic absorption signals. Spectra have complex appearances, as many elements with their
different abundances and ionisation states lead to the superposition of many lines. Sophisticated data analysis tools can
provide satisfactory identifications of elements and determinations of their abundances. Using such tools, a substantial
library of elemental abundances has been assembled for a great variety of stars in the Milky Way and in nearby galaxies.
These have led to a basic understanding of the processes of cosmic nucleosynthesis and to a fundamental understanding
of stellar evolution.

Stellar explosions and their observations add essentials to our understanding of nucleosynthesis. A concept of cosmic
nucleosynthesis has been applied with success to describe the observed abundance evolution. Additional astronomical
messengers and their astrophysical exploitation add to our understanding of cosmic nucleosynthesis.

Neutrino measurements have confirmed the hydrogen fusion reactions in the Sun. This is the most-direct messenger
from nuclear fusion reactions as they happen inside stars. Less directly, specific isotopes produced by nuclear reactions
among heavier nuclei have been made accessible to measurements, through dedicated spectroscopy, such as C and O
isotopes, and widely through dust grains that have formed in the circumstellar regions, preserving isotopic abundances
of stellar ejecta to analyse them in mass spectrometers in terrestrial laboratories. These grains have been brought to Earth
via meteorites. But information of their nucleosynthetic sources has been lost in their trajectory before incorporation into
meteorites, and must be obtained indirectly. Pattern recognition of isotopic abundances in terrestrial laboratories has led
to inferred origins of these dust grains in terms of stars and stellar explosions. From these measurements we learn about
mixing of stellar plasma throughout the star, and specifically in the boundary regions between shells that either differ
greatly in their composition or in their hydrostatic stability. Measurements in photospheric spectra, and in presolar dust
grains, constrain the s process of neutron capture reactions in stars. Indirectly, we also learn about neutron-releasing
reactions in stars and explosions.

Astero-seismology adds a diagnostic of interior structure within stars, from our Sun to red giants. For the Sun, this has
enabled a precision test of the solar model, which led to interesting efforts to consolidate observed solar abundances
because of an apparent inconsistency. For other stars, seismic age determinations are much more precise than the
main-sequence turn-off ages derived for stellar groups.

Supernova explosions, with matter diluting as the expansion proceeds, reveal a three-dimensional view of the
composition of the exploding ejecta as the photosphere effectively travels to regions further inside with time. In addition
to light curves, the spectra from such tomography of supernovae have helped to constrain the physical processes and
nuclear reactions in the pre-supernova star and in the explosion. Essential additional information is provided by direct
observation through characteristic � rays of radioactive isotopes that have been produced in the explosion. On the one
hand, they create an energy source from within, and the progressively leaking � rays provide information about the
expanding envelope. On the other hand, they reflect conditions for their nucleosynthesis at the time of the explosion
and measure these through their yields more directly than the light curves. Neutrinos from neutronisation of matter and
cooling of the proto-neutron star are a direct probe of the processes that launch the supernova explosion. After SN 1987A’s
first signal, better detectors have been built and await the next core-collapse supernova in our Galaxy, to provide neutrino
light curves and spectra. Gravitational-wave astronomy adds an important diagnostic of the central matter distribution
as the star launches a supernova. An explosion event in the nearby universe is to be awaited and will lead to a leap in
physical models of supernova explosions.

Tracing the flow of nucleosynthesis ejecta, radioactive by-products have been key to direct measurements due to their
intrinsic clock. Cosmochronology had been initiated from abundance measurements of fissioning radioactive isotopes such
as uranium and thorium. On the shorter time scale, abundant isotopes 60Fe and 26Al, but also 244Pu, have proven useful to
constrain nucleosynthesis event rates. In situ transport measurements with � rays have complemented transport history
constraints from abundance measurements of deposits on/in solar-system bodies. Galactic archeology based on stellar
photospheric abundances of elements for stars of the variety of cosmic ages is complemented by specific constraints on
trajectories of cosmic material. These will have to be combined into gas transport models that make up the stage after
nucleosynthesis events and before star formation. For a complete description of abundance evolution, also the process of
star formation itself will have to be sufficiently well understood. The efficiency of recycling ejecta can be expected to vary
for different sources of nucleosynthesis, because their environments likely are different, ranging from dense massive-star
forming regions to dilute parts of a galaxy’s halo. Therefore, measurements are important which can trace ejecta flows in
these cases, and future models of chemical evolution may resolve their inherent degeneracy of model yields and recycling
efficiency.

The detailed study of cosmic nucleosynthesis in its current stage is characterised by combining the variety of these
different astronomical messengers (see Table 2). Contributions from different sources of nucleosynthesis are accumulated
at different times, from different source types, and into different environments (see Fig. 4). In this way, we advance beyond
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Table 2
Messengers of cosmic nucleosynthesis (1st column), with their main goals (2nd column) within the study of cosmic nucleosynthesis. Key references
are given in the 3rd column.
Messenger Astrophysical goals References
Starlight spectroscopy Elemental abundances at time of starbirth; [2,434,435]
— Absorption lines in UV/opt/IR cosmic abundance evolution; [436]

mixing & burning processes in stellar interiors;
nucleocosmochronology [325,327]

— Emission lines in X/UV/opt/IR Hot massive stars and winds [318]
wind interactions; binaries [437]
planetary-nebula abundances [319]

Interstellar emission spectroscopy Stellar and nucleosynthesis activity
— UV/opt/IR in regions of galaxies;
— Radio Abundances in specific sources/regions [280,438,439]
— X rays Abundances in hot plasma (supernova remnants) [237]

Cosmic abundance evolution (intergalactic medium)
— � rays Abundances of specific radioactive isotopes [440]

(short-lived: explosive nucleosynthesis; [225,251]
long-lived: massive-star late shell burning phases;
propagation of nucleosynthesis ejecta) [441]

Spectrometry of material samples Isotopic Composition of matter samples:
— Cosmic rays Abundances in accelerated interstellar matter [442]
— Stardust Abundances in ejecta of specific sources [117,443,444]

(AGB stars: s process, hot-bottom burning; [141]
supernovae: Explosive nucleosynthesis; [152,445,446]
novae: hot hydrogen burning) [256]

— Meteorites Abundances in the early solar system [93,447]
— Sediments (oceanfloor; earth & moon Abundances in inflows of cosmic dust in recent history [199,406]
surface)

Asteroseismology Precision test of stellar (solar) model with inclusion of abundances and nucleosynthesis [84,317]
Neutrinos
— Low energy H burning reactions in the Sun [82,89,90]
— MeV energies URCA reactions and ⌫ cooling in massive stars [67]
— ⇠10–50 MeV Proto-neutron star cooling (explosive nucleosynthesis) [196]
Gravitational waves Core-collapse supernova dynamics (explosive nucleosynthesis); [195]

neutron-star collisions (explosive nucleosynthesis and r process) [448]

description of specific abundance data, refining a model that implements astrophysical understandings and assumptions.
The aim is towards a consistent description of observables from multiple messengers within a coherent astrophysical
model that minimises priors and assumptions. Advances in the radiation and materials messengers, including neutrinos
and gravitational waves, are all contributing to this process. This challenge is characteristic for complex interconnected
systems. Once a satisfactory description is obtained in terms of physics, the origins of the isotopes that make up our world
can be claimed to be understood.
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