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Abstract. Nuclear Astrophysics is a eld at the intersection of nuclear physics and
astrophysics, which seeks to understand the nuclear engines of astronomical objects
and the origin of the chemical elements. This white paper summarizes progress and
status of the eld, the new open questions that have emerged, and the tremendous
scienti ¢ opportunities that have opened up with major advances in capabilities across
an ever growing number of disciplines and sub elds that need to be integrated. We take
a holistic view of the eld discussing the unique challenges and opportunities in nuclear
astrophysics in regards to science, diversity, education, and the interdisciplinarity and
breadth of the eld. Clearly nuclear astrophysics is a dynamic eld with a bright future
that is entering a new era of discovery opportunities.
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1. Executive Summary

Nuclear Astrophysics is a eld at the intersection of nuclear physics and astrophysics,
which seeks to understand the nuclear engines of astronomical objects and the origin of
the chemical elements. These topics are linked to the origin of the building blocks of life
and the world we live in and have been at the forefront of science and philosophy since
ancient times. They also have been consistently de ned as high priority challenges by
the scienti c community and National Academies studies [1, 2].

The last decade has seen major progress in this eld and as a result a more complex,
and likely more complete, picture of the nuclear processes in the cosmos is emerging.
Long standing paradigms are shifting about the physics of low-energy reactions in stars,
the mixing of di erent layers inside stars, the composition of the Sun, the variety of
types of processes responsible for the origin of the heavy elements, and the remnants
of stellar explosions. These paradigm shifts result in a multitude of new questions and
coincide with an extraordinary con uence of transformational advances in capabilities
in each of the key elds that make up nuclear astrophysics - nuclear science, astronomy,
and computational modeling - that is unique in the history of the eld.

In nuclear science, new rare isotope accelerator facilities such as the Facility for
Rare Isotope Beams (FRIB) in the US are beginning to provide experimental access to
the short-lived rare isotopes that shape the heavy element composition of the cosmos.
A new generation of deep underground accelerators are enabling measurements of the
extremely slow nuclear reactions that power the Sun and other stars. In astronomy,
gravitational wave detection is transforming the eld. An important new capability
are multi-messenger observations, large scale coordinated observations using multiple
types of radiation, particles, and gravitational waves. These capabilties have already
led to major new insights on neutron star mergers as heavy element nucleosynthesis
sites, as well as dense matter physics and black hole properties of key importance for
nuclear astrophysics. Other transformational advances in astronomy of great importance
for this eld are the advent of asteroseismology, greatly improved techniques to analyze
stardust, the spectroscopy of late type stars that directly reveal elements created in their
centers, and the large-scale spectroscopy of ancient stars that is now providing a detailed
\fossil record" of how the Galaxy was enriched with new elements over its history. In
computational modeling, a key insight from the last decade is that new nuclear pathways
for element synthesis can open up, driven by complex uid motions in dynamic and
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often asymmetric environments such as interior regions of stars, supernova explosions
and neutron star mergers. With increasing computational capabilities, the required
multi-dimensional computer simulations are now crossing a threshold for achieving the
level of detail needed to understand the nuclear processes.

The full scienti ¢ potential of these capabilities will be unlocked in future work
through global interdisciplinary networks (e.g., JINA and IReNA in the US, ChETEC
and ChETEC-INFRA in Europe, Ukakuren in Japan) that have proven to be powerful
tools for integrating research e orts of the experimental, observational, and theory
communities. Together, these advances across elds dene a new era in nuclear
astrophysics with unprecedented scienti ¢ opportunities.

This white paper summarizes the discussions at the JINA Horizons community
town meeting held virtually on November 30 { December 4, 2020. The meeting and this
white paper are part of a series organized by the Joint Institute for Nuclear Astrophysics
(JINA) over the last two decades, including the 1999 town meeting at the University of
Notre Dame, and the 2012 town meeting in Detroit. JINA Horizons brought together
575 scientists from across the world and from all relevant elds to discuss the newly
emerging scienti ¢ opportunities in the era of multi-messenger astronomy and rare
isotope nuclear science. It complements community-driven activities within nuclear
science and astronomy in that it is an interdisciplinary e ort that combines perspectives
from both elds to develop a common vision. On the astronomy side the ASTR0O2020
Decadal Survey has been published recently, with eld-specic priorities well aligned
with this work.

Identifying pathways towards improving the diversity and work environment of
the nuclear astrophysics community were also an important part of the meeting.
The community concluded that this goal should be treated on equal footing with
the scienti c goals for nuclear astrophysics. Early career scientists are the future
of the eld. Therefore, the meeting was preceded by an early career researcher
workshop o ering professional development opportunities. Early career researchers also
constituted a signi cant fraction of the speakers, and played important roles as working
group conveners. The community identi ed goals for improving training and career
perspectives of young scientists.

This white paper identi es the exciting scienti ¢ opportunities in the eld and what
is needed to take full advantage of them in the coming decade:

Experimental nuclear science: In experimental nuclear science, a priority is
the optimal operation of the FRIB rare isotope accelerator facility, including the
FRIB400 energy upgrade to 400 MeV/u, and the completion of key equipment for
nuclear astrophysics such as the SECAR recoil separator, the FRIB Decay Station
(FDS), the Gamma-Ray Energy Tracking Array (GRETA), isotope harvesting,
the High Rigidity Spectrometer (HRS), and the Isochronous Spectrometer with
Large Acceptances (ISLA). Operation of the ATLAS facility at Argonne National
Laboratory with complementary stable and radioactive beam capabilities will also
be important, as are the complementary capabilities of future international rare
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isotope facilities such as FAIR in Germany. Deep underground accelerators provide
unique capabilities that are essential for studies of stellar burning. Essential
new capabilities for nuclear astrophysics are also provided by a broad range of
stable beam, neutron beam, -beam, and laser facilities, including the use of recoil
separators, active targets, and high density and temperature plasmas.

Nuclear Theory:  Advances in nuclear theory related to nuclear reactions are
crucial, especially at the lowest energies, as well as predictions of the properties
of the most neutron rich and the heaviest nuclei, including mechanisms for their
synthesis in the laboratory, and reliable prediction of various modes of nuclear
ssion. In addition, theory needs to provide models of dense matter properties
across all relevant densities. To achieve these goals, the eld should take advantage
of synergies with multi-institutional nuclear theory centers and coalitions such as
the FRIB Theory Alliance.

Astronomy: In astronomy, increases in the sensitivity of gravitational wave and
neutrino detectors, expanded samples and improved analysis of spectroscopic data
on ancient stars, asteroseismology, time domain observations to identify transient
phenomena, and a new nuclear-ray mission are ongoing developments of special
importance for nuclear astrophysics. Future capabilities that would be important
for the community include an advanced X-ray telescope and a capability for space-
based UV spectroscopy such as JWST and LUVOIR (see ASTR0O2020 [3]).

Cosmochemistry: In cosmochemistry, advances in analyzing stardust as a
complementary messenger from nucleosynthesis sites are salient, as well as more
and improved measurements of elemental and isotopic abundances in meteorites
and other planetary systems.

Astrophysics Theory:  Advances in astrophysics theory are needed in all relevant
astrophysical scenarios where nuclear processes play a key role. It is important that
the delity of the models continues to increase as more detailed and quantitative
observations become available, that the performance of the models is increased
to enable a full exploration of the diversity in stellar and explosive environments,
that the expected advances in quantity and precision of nuclear data can be fully
implemented, and that uncertainties can be quanti ed.

Diversity, Equity, Inclusion, and Accessibility: Diversity, equity, inclusion,
and accessibility are important goals for nuclear astrophysics that should be pursued
by the community on equal footing to the science goals (Section 6).

Early Career Researchers: Improvements are needed in mentoring early career
researchers and preparing them for the broad range of exciting careers that training
in nuclear astrophysics opens up.

Centers: Center-based networks are essential for creating the collaborative
connections and exchange across eld boundaries, institutions, and countries that
are needed for advancing nuclear astrophysics. They provide an overarching
umbrella for experimental, theoretical, and observational developments as well as
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sustainable software ecosystems, and for shaping the frontiers of the eld as new
discoveries are made and new capabilities emerge.

Software Instruments: Software is an integral enabler of experiment,
observation, theory, and computation and a primary modality for realizing
discoveries and innovations. Nearly all research relies on free, open-knowledge
software written and maintained by a small number of developers. Figuring out how
to support a thriving open-knowledge digital infrastructure may seem daunting, but
there are plenty of reasons to see the road ahead as an opportunity.

Data: Data evaluation, transformation, and dissemination e orts that enable
and facilitate usage of nuclear and astrophysical data across eld boundaries
are essential for the eld. Nuclear data e orts such as JINA REACLIB [4],
Starlib [5], BRUSLIB [6], or pynucastro [7] that make nuclear data available for
astrophysical applications, as well as astronomy e orts such as JINABase [8] that
make observational data available to nuclear astrophysicists should be continued
and expanded.
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2. Dynamic Nuclear Burning in Stars

A star is a luminous ball of plasma held together by gravity. Stars are the most

commonly observed objects in the universe, and derive their power from natural nuclear

fusion reactors in their cores. Through the nuclear reactions that power them, stars

have taken primordial hydrogen and helium produced during the Big Bang and used

it to produce the majority of the chemical elements found in nature (see Figure 1),

and then dispersed this material { sometimes by spectacular explosions { so it became

incorporated in subsequent generations of stars and the planets that accompany them

[9, 10, 11, 12, 13, 14, 15, 16, 17, 18, 19, 20]. The underlying nuclear reaction processes

occurring during the various phases of stellar evolution are guided by speci c properties

of nuclei that are then re ected in the observed cosmic abundance distributions.
Despite the rst models of stars being

created in the early 19 century [21,

22, 23, 24, 25] and the nuclear reaction

sequences for hydrogen burning being

described by the mid 28 century [26, 27,

28, 29, 30, 31], stars and their explosions

remain poorly understood. This begins

with the best-studied star, our Sun, where

its composition from surface to core is still

an open question [32, 33, 34, 35, 36, 37,

38, 39]. One challenge in understanding

stars is the the uncertain rates of the

slow nuclear reactions in their interior

[e.g., 5, 40]. These reactions determine

the neutrino ux from the Sun [41], the

evolutionary fate of stars, and the masses figure 1: Layers in a Sun-like star and

of black holes [42]. The slowness of thea schematic nuclear reaction network to

reactions enables stars to live for extended follow the nuclear energy generation and

periods of time ranging from millions of nucleosynthesis. Credit: Adapted from an

years to longer than the current age of 'llustration by Kelvin Ma.

the universe [43], but also makes experimental measurements extraordinarily di cult

[e.g., 44, 45]. Present reaction rates are therefore mostly based on theoretical model

extrapolations, which require a detailed understanding of the quantum mechanical

reaction mechanism at the energy threshold, including the e ects of screening and

nuclear clusters. Other fundamental, yet poorly understood, aspects of stars and

their explosions include convection, mixing, rotation, magnetic elds, mass loss, and

the in uence of companion stars [46, 47, 48, 49, 50, 51]. It is becoming clearer that

while these e ects critically impact element synthesis and nuclear reactions they cannot

always be adequately modeled in spherical symmetry (one spatial dimension). As

computationally challenging multi-dimensional models are developed [e.g., 52, 53, 54,

55, 56, 57, 58, 59, 60, 61], validation of their predictions using observations of stars
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becomes crucial [62, 63, 64]. Such validations require a much improved understanding of
the underlying nuclear reaction rates, which are determined by the low-energy nuclear
cross sections and the plasma conditions in the stellar interior [e.g, 65]. Advances

in experimental nuclear astrophysics facilities [66, 67, 68, 69], laboratory plasma
experiments [70], multi-wavelength detector technologies [71, 72, 73], gravitational wave
detectors [74, 75], neutrino astronomy detectors [76, 77, 78, 79, 80, 81], computer
processing power, ubiquitous cloud capabilities, and open-source software instruments
[e.g., 82, 83, 84, 85, 86, 87, 5, 88, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98] are paving the way
for signi cant new approaches to a better understanding of stars in the #icentury.

Sidebar: Exploring the Heart of Stars

CASPAR facility. Credit: University of Notre Dame.

New experimental facilities with beams of stable isotopes are dramatically increasing the
sensitivity for measurements of the slow nuclear reactions creating elements in stars. Deep
undergound facilities like CASPAR in the US, located 4850 ft below the surface at the Sanford
Underground Research Facility (SURF), LUNA at Gran Sasso National Laboratories (LNGS)

in Italy, and JUNA at the China Jinping Underground Laboratory enable measurements free
from backgrounds caused by cosmic radiation. Upgrades of above-ground accelerator facilities
employ new technologies to achieve increased sensitivity. Each of these facilities have unique]
capabilities that o er opportunities to answer fundamental questions about the origin of the
elements and the evolution of stars.

. J

2.1. Open Questions

What are the rates of the proton, neutron, and -particle capture reactions,
photodissociation reactions, and the carbon and oxygen fusion reactions in stars,
and what are the best means to determine these rates at stellar energies?

How do mixing, rotation, magnetic elds, and mass loss a ect the lives of stars?

What are the nuclear reactions in the rst stars formed after the Big Bang and
what elements did these stars produce?

How do massive stars trigger a supernova explosion?
How do compact objects form and what controls their mass, radius and spin?
What can photons, neutrinos, gravitational waves, and stardust tell us about stars?
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Sidebar: Studying Stars in the Laboratory

The Livermore lonization of Neutrals (LION) instrument at Lawrence Livermore National
Laboratory (LLNL) allows for trace-isotopic analysis of multiple elements simultaneously in
individual stardust grains. Credit: LLNL

Micrometer-sized stardust grains allow us to study the nuclear ngerprints of stellar out ows

in laboratories on the Earth. While nanoprobes such as the NanoSIMS have been utilized
for the last two decades to analyze the major-element isotopic composition in stardust grains,
recent developments in resonance ionization mass spectrometry (RIMS) enable for the rst time
to regularly analyze stardust grains for their trace-elements isotopic composition of multiple

elements simultaneously. Such measurements give valuable constraints on nucleosynthesis
pathways and galactic chemical evolution.

2.2. How Did We Get Here?

One of the foundations upon which astronomy rests are the fundamental properties of
stars throughout their evolution. We have arrived at a threshold of a signi cant new
understanding of stars through the advent of transformative capabilities at experimental
nuclear astrophysics facilities and a new generation of multi-messenger telescopes.

On the experimental side, new accelerator laboratories deep underground (CASPAR
in the US [99], LUNA-MV in ltaly [9, 16, 100, 101], and JUNA in China [102]) and novel
approaches in above-ground facilities have greatly increased the sensitivity of direct
reaction-rate measurements. The latter include the use of recoil separators such as
ERNA at INFN/Naples [103], St. George at the University of Notre Dame [104], and
DRAGON at TRIUMF [105, 106]; as well as new detector technologies such as the use
of high-resolution silicon detector arrays [107] or active targets that track individual
reaction products at TUNL's HI S [108], quasi-spectroscopic neutron detectors [109],



Horizons: Nuclear Astrophysics in the 2020s and Beyond 8

or compact coincidence detection con gurations at TUNL's LENA [110]. In addition,
indirect experimental methods such as the Trojan Horse Method or methods determining
Asymptotic Normalization Coe cients have been developed, enabling the determination

of reaction rates that are too low for direct measurements [111, 112, 113]. In addition,
the prediction of reaction rates byab initio many-body theory (or \from rst principles")

has made remarkable progress [114, 115]), and the calculation of reactions beyond the
lightest nuclei has now become feasible, e.g., forcapture reactions [116] and nucleon
scattering [117, 118].

Precise predictions of the solar neutrino spectrum from CNO cycle burning [64],
as well as the associated stellar burning lifetimes, have been enabled by measurements
employing a variety of techniques. For instance, the key CNO cycle reactiétN(p; )'°O
iIs now constrained by a combination of direct measurements deep underground
and above-ground with high beam intensities, activation measurements, and indirect
measurements of the lifetimes of excited states [119, 120, 121, 122]. The s-process
neutron sourcesC(;n )0 and ?°Ne( ,n)>*Mg as well as competing reactions
such as??Ne( , )?*Mg are being investigated through a combination of direct and
indirect measurements that will be connected through comprehensive R-matrix analyses
[123, 124, 125, 126, 127, 128, 129, 130, 131, 132]. These measurements have been
enabled by new detectors and experimental techniques, for instance total cross section
measurements at the Edwards Accelerator Laboratory at Ohio University and deep
underground accelerators such as LUNA and JUNA, as well as partial cross section
measurements with an ORNL-developed deuterated scintillator array at the University
of Notre Dame. Though higher precision is still needed, experimental campaigns to
determine the *2C( , )'®O reaction have drastically improved estimates of the C/O
mass ratio resulting from core helium burning, with signi cant downstream implications
for stellar burning. These measurements relied on recoil separators, precision
spectroscopy, photon beams, and a variety of indirect techniques to arrive at a reaction
rate uncertainty on the order of 20% [e.g 44, 133, 134, 135, 108]. At the 19l facility
at TUNL, -beams have been successfully employed to develop new techniques for
measurements of the?C(; )0 reaction [108]. Meanwhile, traditional precision -
spectroscopy, for instance at the Edwards Accelerator Laboratory, has provided key
insights to complement direct measurements [136, 137]. Advances in neutron beam
facilities have led to drastically improved understanding of the neutron-capture rates
in the s-process enabling detailed predictions of the distribution of heavy elements
produced. In particular, a plethora of new data on neutron-capture rates in the
weak s-process (responsible for element synthesis up t&r) have led to drastic
changes in nucleosynthesis predictions. These new data were obtained at Karlsruhe,
Argonne National Laboratory (accelerator mass spectroscopy analysis), n-TOF at
CERN, SARAF, J-PARC, and LANSCE at Los Alamos National Laboratory (see [69]
for an overview).

On the observational side, the detection of neutrinos emitted by the nuclear
reactions in the core of the Sun by Davis [138] and by the collapsing core of supernova
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1987A [139] opened a pathway to directly determine the rate of ongoing nuclear reactions
in stellar environments and at the same time con rm and further re ne the basic theories
describing these stellar objects. In the case of the Sun, precise nuclear reaction data
were key in establishing the solar neutrino problem, a de ciency of detected neutrinos
compared to expectations, and ultimately led to the discovery of neutrino oscillations
and the determination of a neutrino mixing angle [140]. The recent detection of
neutrinos from the CNO cycle operating in the solar core by BOREXINO [141] marks

a similar milestone. In this case the combination of neutrino observations with precise
nuclear reaction rates, for example for thé*N(p, )°O reaction, open a pathway to
constraining the contents of C, N, and O in the solar core, with prospects of resolving
the so called solar abundance problem, a long standing discrepancy between the solar
composition inferred from spectroscopy of sunlight and from helioseismology [142]. The
CNO neutrino ux depends on the rate of proton capture ont?C, *N and 0 at very

low energies. These reactions are presently investigated in deep underground accelerator
laboratories such as CASPAR in the United States, JUNA in China, and LUNA in Italy.

In the era of multi-messenger astronomy, asteroseismology with the Kepler, TESS,
and future PLATO missions probe the nuclear astrophysics and structural properties
of stellar interiors [143, 144, 145, 146, 147, 148], gravitational waves explore the
nuclear physics of neutron star and black hole mergers [149, 150, 151, 42, 152],
neutrino detectors examine the rich nuclear astrophysics of neutrino emission and
possibly provide early alerts to the gravitational wave and electromagnetic communities
[153, 154, 155, 81, 156, 157, 158], the spectra of ancient stars discovered in large scale
observational surveys reveal the chemical traces of the rst stars formed after the
Big Bang [159, 160, 161, 162], and cosmic rays from distant dynamical astrophysical
environments may provide an additional handle on nucleosynthetic sites of heavy
elements [163, 164, 165, 166]. Recent instrumental advances [167] enable trace-element
isotopic abundance measurements of heavy elements in micrometer-sized stardust grains
recovered from meteorites [168, 169, 170, 171, 172, 173]. Such measurements in grains
from AGB stars allow access to unprecedented precision in measuring the isotopic
composition produced by the s-process. Simultaneous, multi-element isotopic analyses
are now possible on a regular basis [e.g., 174, 175].

Together, these advances are providing an unprecedented volume of high-quality
measurements that are signi cantly strengthening and extending the experimental and
observational data upon which all of astrophysics ultimately depends. In partnership
with this ongoing explosion of activity in experimental and observational astrophysics,
community-driven open-source software instruments [e.g., 82, 83, 84, 85, 86, 87, 5, 88, 89,
90, 91, 97] and machine learning techniques [e.g., 92, 93, 94, 95, 96, 98] are transforming
how theory, modeling, and simulations interact with experiments and observations.
Particularly important achievements are: (1) the modeling of large-scale grids of stars as
functions of initial mass and metal contents to predict their cumulative element synthesis
impact on the Galaxy e.g., [176, 177, 178], (2) the demonstration that hydrogen ingestion
in stars can lead to novel nucleosynthesis via an intermediate neutron-capture process



Horizons: Nuclear Astrophysics in the 2020s and Beyond 10

[179], and (3) the emergence of the rst self-consistent 3D core collapse supernova models
that predict stellar explosions that approach observed features [61].

Sidebar: Breakthrough Computations

Summit supercomputer. Credit: Oak Ridge National Laboratory, U.S. Dept. of Energy

Computing is important to nearly all scienti ¢ activities in nuclear astrophysics. This includes
theoretical calculations as well as calculations that are relevant to experiments and observations,
from simulating data streams from telescopes to processing the enormous amounts of data
being collected by nuclear detectors. Computers are the laboratory for astrophysics theory.
Some questions are physically impossible to answer through observation. For example, the nal
outcome of the Sun's evolution would take billions of years to study. However, programming
supercomputers with equations describing the physics of such amazing events provides answers
on a human timescale. By carefully devising accurate and stable algorithms specifying how the
Sun evolves, researchers can capture the enormous length and time scales of these astronomicgl
processes. The Leadership-class supercomputers essential for 3D simulations of stars and stellgr
explosions, such as Summit at Oak Ridge National Laboratory, are among the world's most
powerful.

2.3. What Needs To Be Done?

A key challenge for nuclear astrophysics in understanding stars is the determination of
the extremely slow nuclear capture and fusion reactions that govern stellar evolution.
Despite decades of progress, the majority of these stellar rates are still based on uncertain
extrapolations from measurements at higher energies. To push measurements to lower
energies, it will be important to take full advantage of recent technical developments in
underground accelerators [180, 99, 181, 182, 183], recoil separators [184, 185, 186, 187],
and advanced detection systems [e.g., 188, 189, 190, 191]. This includes new separators
such as St. George at the University of Notre Dame [185], SECAR at FRIB [187], and
EMMA at TRIUMF [192], as well as new detection systems [e.g., 193] and accelerator
upgrades such as Sta. ANA at the University of Notre Dame, LENA at TUNL, and
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FRENA at the Saha Institute of Nuclear Physics in India. This will require a concerted
e ort at a wide range of stable beam, radioactive beam, and-beam facilities.

In addition, precise neutron-capture rates on stable and long-lived radioactive
isotopes will be needed to accurately predict s-process nucleosynthesis. This is also
important to understand mixing processes in red giants, and to disentangle the s-process
contributions from the plethora of heavy element nucleosynthesis processes that involve
rare isotope reactions (Section 3.1). This will require taking full advantage of existing
neutron beam facilities in concert with new facilities such as SARAF-II at the Soreq
Nuclear Research Center in Israel, FRANZ at Frankfurt University in Germany, and
at the University of Notre Dame. Additional opportunities will be provided by new
isotope harvesting capabilites, for example at FRIB, to produce radioactive targets for
measurements of s-process branch points.

Concurrent advances in the theoretical understanding of all nuclear reactions
relevant for stars will be needed to predict nuclear reaction rates from rst principles,
to consistently and coherently analyze multiple data sets with R-matrix theory, and to
extract reliable reaction rate constraints from indirect measurement techniques. Nuclear
theory advances are also needed to address the emerging question of quantum e ects
that may occur at very low reaction energies [194, 195], potentially making current
reaction rate estimates more uncertain than previously thought.

For comparison with observations of element abundance distributions on stellar
surfaces, new nuclear physics must be implemented into advanced stellar models that
better account for mixing, rotation, magnetic elds, and mass loss. To that end a
robust stellar-model pipeline should be realized that regularly conducts simulations of
low- and high-mass stars with a combination of high-resolution 1D and 3D approaches.
An investment in such projects will dramatically enhance the science yield of many
observational projects, as noted several times in the recently released Astro2020 Decadal
Survey [3].

For comparisons with observations, the eld should take advantage of the many new
developments at the forefront of astronomy that now start to reveal the composition
of stars from surface to center. The nucleosynthesis patterns and evolutionary tracks
resulting from the simulation pipelines should therefore be augmented with machine-
learning techniques in order to make comparisons with stellar surface abundances,
interior abundance proles inferred from stellar seismology, isotopic abundances
of stardust grains, the compact object distribution and properties inferred from
gravitational wave observations, and isotopic compositions inferred from MeV-
ray observations, and future neutrino detections (e.g., from Super-Kamiokande with
Gadolinium with prospects to detect the relic supernova neutrino ux).

The dynamic evolution of massive stars is of particular importance as it sets the
stage for supernova explosions [196, 176, 197, 198]. It is therefore crucial to link
advances in pre-supernova and supernova simulations and the underlying nuclear physics
to observables such as light curves powered by radioactive isotopes, compact object
distributions, and multi-messenger signals. To bridge this gap, computationally e cient
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frameworks, capable of large sets of simulations covering large domains for long stellar
times, should be developed.

Distributions of the properties of compact stellar objects such as mass, radius and
spin have recently gained importance as observables of stellar evolution endpoints owing
to gravitational wave observations. The link between key nuclear reactions rates during
stellar evolution such as the?C( , )'%0, 2C+12C, 2C+160, and %0+ 10O reaction
rates [44, 199, 200, 201, 202, 203, 204] on compact object observables should be further
investigated using transformative 1D and 3D simulations. Using this framework for
updated predictions of compact object observables in light of the most recent progress
in the understanding of key reaction rates should be expedited. Coupling this e ort
with the development of a framework to determine the underlying structure of the mass
distribution for compact objects that is informed by gravitational waves and dense
matter physics should also be a priority.

2.4. What Do We Need?

Underground accelerator facilities and other high sensitivity experimental
technigues such as active targets or recoil separators that push stellar reaction-
rate measurements closer to the energies encountered in stars.

Neutron and -beam facilities with advanced capabilities.

Capabilities for producing radioactive targets for reaction studies. Close
collaboration with the DOE Isotope Program, with production facilities including
the Isotope Production Facility at Los Alamos, the Brookhaven Linac Isotope
Producer at Brookhaven, and the High-Flux Isotope Reactor at Oak Ridge, together
with new opportunities a orded by isotope harvesting at FRIB will be essential.

Capabilities to probe nuclear reactions in plasma environments.

Renewed e orts in nuclear reaction theory to understand and describe reaction
mechanisms at extremely low energies.

Large-scale stellar spectroscopy surveys that can nd and determine the
composition of the most chemically primitive stars in the Galaxy, including the
ones that preserve the elemental patterns created by the rst stars after the Big
Bang.

Fully exploit new capabilities in asteroseismology and stardust analysis for nuclear
astrophysics.

Advanced neutrino observation capabilities for detection of the relic supernova
neutrino ux, improved measurements of the ux of CNO neutrinos from the Sun,
and high statistics observation of a future galactic supernova.

An advanced MeV -ray mission that can detect decay radiation from radioactive
nuclei produced in stars and supernovae.

Gravitational wave detections of binary mergers to constrain compact object mass
distributions, which de ne the endpoints of stellar evolution.



Horizons: Nuclear Astrophysics in the 2020s and Beyond 13

Advanced 3D models of phases of stellar evolution that impact element synthesis
such as shell mergers, hydrogen ingestion, and core-collapse supernovae.

3D models benchmarked to 1D models of stars that enable rapid calculation of
element production and other observables for the full variety of stars.

Stellar abundances based on improved atomic physics using 3D atmospheres and
non-local thermodynamic equilibrium (non-LTE) computations.

Re-factor and port the relevant software instruments to re ect the diversity in
vendor architectures in next-generation GPU-based supercomputing.

Broad support for sustaining core capabilities in key open-knowledge software
instruments.

Sidebar: Building the Next Generation

Mastering a Software Instrument for Dynamic Nuclear Burning in Stars.
Credit: Jakub Ostrowski.

Summer schools have been in existence for hundreds of years. They're hugely popular, especially
for researchers at all levels (undergraduate, graduate, postdoctoral, faculty) who are looking to
expand their mastery of specic software instruments. Though extensive hands-on labs, often
lasting a week or more, participants gain familiarity and learn how to make better use of the
software instrument in their own research. New science in nuclear astrophysics is driven by such
training of the next-generation of researchers.

3. Origin of the Heavy Elements

3.1. Introduction

The elements heavier than iron (e.g., gallium, germanium, zirconium, silver, iodine,
gold, uranium) cannot be made through nuclear fusion in stars. About half of these
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heavy elements found in our Solar System were synthesized via the slow neutron-capture
process (s-process) mainly in evolved Asymptotic Giant Branch and massive stars [205]
as discussed in Section 2. The origin of the other half of the heavy elements discussed
here, traditionally attributed to the rapid neutron-capture process (r-process), is less well
understood. Most likely sites of the r-process are considered to be the most extreme
astrophysical environments, such as core-collapse supernovae, merging neutron stars,
neutron stars merging with black holes, or black-hole accretion disks [206, 207]. These
extreme events are very rare. This makes the direct astronomical observation of the
freshly synthesized elements extremely challenging. Progress thus far has therefore
been mostly limited to detailed studies of the Solar System's isotopic composition using
meteorites and stardust grains found on Earth, and of the buildup of heavy elements
over cosmic time using the elemental abundances inferred from the spectra of old
stars [207]. A major breakthrough was the recent multi-messenger observation of the
relatively close neutron star merger GW170817 enabled by the detection of gravitational
waves [208]. Observations of a radioactively powered kilonova transient associated with
GW170817 provided strong evidence for heavy element synthesis in neutron-star mergers
[209, 210, 211], though the only individual element identi ed was strontium [212].

A major challenge to progress are the short lifetimes of the rare isotopes involved in
the nuclear reactions building up heavy elements in extreme astrophysical environments.
These nuclei have been di cult to produce in the laboratory, and their properties and
reactions are not well understood. An upcoming breakthrough is the development of a
new generation of high-power rare-isotope accelerator facilities such as FRIB in the US,
RIKEN/RIBF in Japan, TRIUMF/ARIEL in Canada, FAIR in Europe, SPIRAL2 in
France, and SPES in Italy that promise to make most of the relevant nuclei accessible for
laboratory studies. In addition, simulations of heavy element nucleosynthesis in extreme
astrophysical environments are computationally demanding, requiring large reaction
networks, multi-scale-, and multi-physics calculations that push the limits of present-
day computational facilities. Critical to the identifying the contributions of various
processes to heavy element synthesis is an accurate understanding of element synthesis
in the s-process (Fig. 4). Important uncertainties in the nuclear and astrophysics of the
s-process remain and need to be addressed (see discussion of the s-process in Section 2).

Despite these challenges, a novel and much richer picture of heavy-element
nucleosynthesis is now emerging: the primary process for the synthesis of heavy elements
remains the neutron-capture reaction sequence followed bydecays, which build up
heavy nuclei from lighter seeds. However, instead of two distinct types of processes of
slow and rapid neutron capture (s- and r-process, respectively), and a unique r-process
site, there likely exists a continuum of processes: intermediate neutron-capture processes
(i-processes) [213, 214, 215, 216, 217, 218, 219, 220, 221], multiple r-processes of di erent
strengths [206, 207], and possibly an n-process [222, 223, 224, 225]. What astrophysical
sites produce these processes and how they combine to contribute to the inventory of
elements in our Galaxy remain open questions. A fraction of the heavy neutron-de cient
nuclides may also be synthesized by proton- and-particle captures (charged-particle
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capture process), photodisintegration (p-process or-process), or a mixture of proton
capture and neutron-induced reactions (p-process) [226, 227, 228, 229, 230, 231].

In order to for astrophysical simulations to make accurate predictions of what nuclei
are synthesized, accurate nuclear data from both experiment and theory across a range
of nuclei are required. Such accurate predictions are especially important to disentangle
the very large number of di erent processes and sites now thought to contribute to heavy
element synthesis. Model predictions can then be compared to astronomical observations
of kilonovae (Fig. 5), to measurements of the elemental compositions of ancient stars that
recorded the compositions produced by a few or even individual nucleosynthesis events
(Fig. 4), and to the isotopic composition of stardust grains that originate directly from
a nucleosynthesis site. Validated model predictions are then incorporated into chemical
evolution models that track the evolution of galactic compositions from their birth until
today. These models can be confronted with the full set of astronomical data on stars
in our Galaxy. Currently there are many discrepancies between the predictions and
observations, emphasizing that both the astrophysical origins and the nuclear input
require further investigation.

3.2. Open Questions

What are the astrophysical sources of the heavy elements, what are their relative
contributions, and how have these evolved over the history of the Milky Way and
the Universe?

What are the properties of heavy radioactive isotopes and their reaction rates far
from stability, how do they a ect nucleosynthesis, and how do we push experimental
technologies to access the full range of astrophysically relevant isotopes and their
reactions?

How do we use the latest and rapidly improving experimental and computational
developments to improve the accuracy and quantify the uncertainty of astrophysical
isotopic yield predictions?

How do we distinguish between the multiple possible origins of light trans-Fe
isotopes from germanium to cadmium?

How does nucleosynthesis of the heaviest elements beyond lead and bismuth
proceed, what is the role of nuclear ssion, and how do these isotopes manifest
in observations of astrophysical sites?

3.3. How Did We Get Here?

In nuclear physics, the past years have seen huge technological advances in the ability
to produce and measure properties of nuclei far from stability. The development of
radioactive ion beam facilities across the world has enabled the production of short-
lived nuclei involved in all nucleosynthesis processes. In addition, new experimental
techniqgues have been developed to investigate these exotic radioactive species and
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Figure 2: Chart of nuclei: The various astrophysical processes are displayed schematically
on the nuclear chart. Stellar fusion dominates nucleosynthesis of lighter elements up to
the region of Fe. Heavier elements are formed predominantly by neutron-capture reactions
via the s-processes, possibly a continuum of i-processes, and multiple r-processes including at
least a weak and a strong r-process. A group of proton-rich isotopes, the p nuclei, are believed
to be formed in the so-called p process, also known asprocess, with possible contributions
from the p process. The rp-process and neutron star crust processes are not considered
major contributors to the origin of the elements but play a role in interpreting observations
of accreting neutron stars (Section 4.1).

provide the necessary nuclear inputs for astrophysical models such as nuclear masses,
decay properties, and reaction cross sections (see overview in [206]).

Most impressively, the extremely neutron-rich nuclei in the r-process are now
coming within reach (Fig. 2). Building on early work at ISOL type radioactive
beam facilities that reached r-process nuclei for the rst time (e.g., [232]), pioneering
work at NSCL [233] and GSI [234] used fast radioactive isotope beams produced by
fragmentation to cover signi cant parts of the r-process. A recent milestone was the
BRIKEN campaign at RIKEN/RIBF that measured hundreds of neutron decay branches
following decay between>Co and'’2Gd that are required for r-process models [235].
New techniques for the study of such -delayed neutron emission [e.g., 236] build on
these successes. Atomic physics-based approaches to measure atomic masses with ion
traps and storage rings, complemented by time-of- ight techniques using spectrometers
and storage rings, have pushed precision measurements of nuclear masses well into the
path of the r-process [237, 238, 239]. Novel \reverse engineering” techniques, coupled
with state-of-the-art mass measurements [240], are helping to bolster our understanding
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of the r-process conditions [241].

The recently recognized diversity of astrophysical neutron capture processes,
including the s-process, the i-process, the r-process, and the n-process, further
underscores the need to address the challenge of obtaining neutron capture rates
for unstable nuclei. While direct measurements of neutron capture on very short-
lived nuclides are presently not feasible, multiple indirect experimental techniques and
advances in nuclear-reaction theory make it possible to obtain constraints for important
reaction rates (Fig. 3): -delayed neutron emission [242, 243], the-Oslo [244, 245]
and inverse-Oslo [246] methods, transfer reactions [247, 248, 249], the surrogate
reaction method [250, 251, 252], and the Trojan Horse Method [113] o er pathways
to study neutron-capture reactions on short-lived isotopes. In addition, measurements
of evaporation spectra at stable-beam facilities [253] provide complementary information
for nuclei just o stability, e.g., for those relevant to i-process nucleosynthesis.

Successful direct reaction-rate measurements have been performed for charged
particle reaction rates of importance to heavy element nucleosynthesis in the weak r-

, p-, and p-processes. For a few special cases, precision measurements with stable
ion beams are possible, e.g., the activation cross section determinations of the weak
r-process reaction$%zr( ;n ) and ®Mo( ;n ) at ATOMKI [254, 255]. For most cases,
rare isotope beams are required. For example, the,() reactions on short-lived nuclides
that synthesize heavy elements in the weak r-process are now being measured using a
variety of complementary techniques such as the MUSIC detector at Argonne National
Laboratory and NSCL [188], along with the HABANERO neutron counter and SECAR
recoil separator at NSCL [187]. Similarly, §; n) reactions are being measured at energies
of interest for p-process nucleosynthesis using the SECAR recolil separator with neutron
coincidences [256].

Although the p-process consists of photodisintegration reactions starting on stable
seed nuclide and moving o stability to neutron-de cient nuclides, these reactions are
more often better probed with the inverse charged-particle reaction measurements [257].
Nonetheless, -beam facilities such as HIS can provide unique insights for special
cases [258]. Optical-model potentials are of particular interest for these reactions.
These potentials have been constrained by a broad range of measurements at (mostly
stable beam) facilities across the world [229]. Direct measurements of the inverse
p-process reactions with total absorption spectrometers at the University of Notre
Dame have constrained properties of p-process nuclei near= 100 [259, 260], and
measurements combining -spectroscopy and activation techniques performed at the
University of Cologne and ATOMKI have focused on heavier p-process nuclei [261, 262].
Measurements on unstable nuclides involved in p-process nucleosynthesis have recently
become possible with novel recoil separation techniques, such as the EMMA separator
at TRIUMF [263] and the ESR storage ring at GSI [264].

Nuclear theory has been and remains essential to Il in the gaps where
nuclear experiments are not yet feasible. This is especially important for r-process
nucleosynthesis. Signi cant progress has been made in theoretical predictions of nuclear
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Figure 3: Indirect techniques for constraining neutron-capture reactions. Where neutron-
capture experiments are not feasible, alternative measurements can be used to determine
crucial ingredients for constraining Hauser-Feshbach reaction calculations: the surrogate
reaction method uses inelastic scattering or transfer reactions to populate the compound
nucleus and extract important nuclear decay information. Alternatively, statistical properties
(level densities, gamma strength functions) of the compound nucleus can be inferred from

-emission following inelastic scattering or transfer reactions (the Oslo method), or -decay
(the -Oslo method).

masses using microscopic-macroscopic models, density functional models, and machine
learning techniques [265, 266]. A better theoretical understanding of ssion at the
endpoint of the r-process path (A 300) has shown that these processes a ect r-process
nucleosynthesis [267, 268]. Reaction rates for the heavy nuclei rely on accurate optical
potentials, and e orts are underway to calculate these from rst principles [18, 269]. The
uncertainties of such calculations are still large, but statistical tools have been developed
to identify experiments that can reduce these uncertainties at least for nucleon-nucleus
potentials [270, 271]. For the important -nucleus optical potential more theoretical and
experimental work is needed to understand discrepancies between theoretical predictions
and experimental data [272].

Dramatic progress has also been made in heavy element nucleosynthesis
observations. A spectacular accomplishment is the multi-messenger observation of the
neutron star binary merger GW170817 with its associated kilonova (see sidebar on Pg.
22). The observation unambiguously tied kilonovae and short-ray bursts to neutron
star mergers, con rmed from the light curve evolution that lanthanides (and therefore
heavy elements) are produced in neutron star mergers, and demonstrated that, within
uncertainties, su cient heavy elements may be ejected to make neutron star mergers
an important r-process site. Furthermore, large scale stellar spectroscopy surveys of
millions of stars and targeted smaller high-resolution followups with large telescopes,
for example within the R-Process Alliance collaboration [273, 274], have dramatically
increased the sample of metal-poor stars observed to be strongly enriched in r-process
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Figure 4. Composition of an old metal-poor star (black points) with heavy elements from all

of ther , s , and i processes. All processes are needed to explain the observed element
abundance pattern. Disentangling these processes requires reliable predictions of the individual
element synthesis components and thus reliable nuclear data. It also requires observational
data of a large number of elements, many of which are only accessible at ultraviolet wavelengths
underlining the importance of an observational capability for UV spectroscopy [216].

elements to over a hundred. Together with higher metal content stars, these stars map
the history and evolution of heavy element nucleosynthesis in the Galaxy and provide the
detailed abundance patterns that any theory of the r-process ultimately must explain.
Key results were (i) the realization that multiple heavy element processes are responsible
especially for the lighter r-process elements [275, 276, 277, 278, 214, 215, 279], (i) that
on the one hand the r-process produces a quite robust abundance pattern in the Te -
Pt element range [280, 281], and that, on the other hand, there is an as-yet unexplained
variation in the abundances of elements lighter than Te or heavier than Pt [282, 283, 284],
and (iii) that neutron star mergers are unlikely to be the sole source of the heavy
r-process elements [285, 286, 287, 288]. A milestone was the spectroscopy of the star
HD94028 [216] for which abundances or limits on 56 elements were obtained, providing
evidence for multiple contributions of various neutron-capture processes (see Fig. 4),
albeit somewhat preliminary given the remaining large nuclear-physics uncertainties yet

to be addressed. Traces of the i-process have been seen in all Galactic components, such
as halo, bulge, disk, and smaller stellar systems [e.g, 289]. Furthermore, stardust grain
analysis enables us to study the chemical evolution of the r- and p-processes by directly
probing relevant isotopes, e.g., isotopes of Mo, in stardust grains [290, 175].

Computer models of astrophysical sites are essential to connect nuclear physics
with observations, and to identify element synthesis sites through speci c elemental
signatures. Advances in computational capabilities and algorithms have enabled
simulations in three spatial dimensions that have proven essential for the extremely
dynamic environments responsible for heavy element synthesis. At the same time,
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advances in understanding and implementation of key nuclear physics such as the dense
matter equation of state or neutrino physics have been critical. For example, it has
been shown that neutrino oscillations can have a signi cant impact on heavy element
nucleosynthesis [291, 292, 293]. The most spectacular advances came in the modeling
of neutron star mergers and their multi-messenger signals motivated by observations
of GW170817. Sequences of models can follow the evolution of the merger event
from 3D full general relativistic simulations of the actual merging [294, 295], through
the development of multiple types of out ows [296] with their individual r-process
nucleosynthesis contributions [297, 298], all the way to the atomic physics models to
predict the electromagnetic kilonova signature [299, 300, 301] and spectral features of
r-process elements [212]. Supernova r-process models involving collapsars [302, 303],
neutrino driven winds [304], magnetic eld driven jets [305, 306, 307], and hadron quark
phase transitions [308] have also advanced considerably. Pioneering 3D mixing models
of helium layers in stars [309] and accreting white dwarfs [310] have provided some of
the rst possible sites for the i-process.

Implementing full nucleosynthesis models, which often involve thousands of nuclear
reactions, into these advanced simulations has been a challenge due to the computational
cost of including a complex reaction network. Despite this, major advances have been
achieved in i-, r-, weak r-, p-, and p-process model calculations, including Monte Carlo
simulations propagating nuclear uncertainties to observables and identifying critical
nuclear physics uncertainties [311, 312, 313, 314, 315, 316]. A remaining major challenge
are the uncertainties in the nuclear physics input (masses, ssion, decays, reactions)
that prevent validation of models and inference from observations of the astrophysical
conditions at the nucleosynthesis site. More experimental and theoretical nuclear data
with quanti ed uncertainties are urgently needed, especially for the extreme neutron-
rich nuclei involved in the r-process.

Another critical advance for nuclear astrophysics has occurred in the development
of Galactic chemical evolution (GCE) models that incorporate predictions from
nucleosynthesis models [317, 318, 319]. Such GCE models now enable the propagation
of new nuclear physics and their resulting abundance signatures to the compositional
evolution of the Galaxy over time. Most importantly, that allows evaluation of the
impact and contribution of nuclear processes in specic sites on the overall Galactic
inventory of elements, taking fully into account the interplay of all nucleosynthesis
processes. Important recent results were the demonstration that the neutron star merger
ejecta properties inferred from GW170817 are consistent with neutron star mergers being
a dominant source of r-process nuclei [320, 321] (though uncertainties are still large);
the need for multiple r-process sources besides neutron star mergers [285, 286, 287, 288];
the demonstration that an i-process in rapidly accreting white dwarfs may contribute
signi cantly to the origin of the elements in the Ge-Cd trans-iron range [322]; and the
disentangling of multiple types of supernovae contributing to the origin of the p-nuclei
[230].
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