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Abstract. Nuclear Astrophysics is a eld at the intersection of nuclear physicsand
astrophysics, which seeks to understand the nuclear engines of astromical objects
and the origin of the chemical elements. This white paper summarizeprogress and
status of the eld, the new open questions that have emerged, and theremendous
scienti ¢ opportunities that have opened up with major advances in capabilities across
an ever growing number of disciplines and sub elds that need to bertegrated. We take
a holistic view of the eld discussing the unique challenges and opgrtunities in nuclear
astrophysics in regards to science, diversity, education, and thenterdisciplinarity 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 Ipysics and astrophysics,
which seeks to understand the nuclear engines of astronoatiobjects and the origin of
the chemical elements. These topics are linked to the origif the building blocks of life
and the world we live in and have been at the forefront of sciea and philosophy since
ancient times. They also have been consistently de ned asghi priority challenges by
the scienti c community and National Academies studiesl] 2].

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

In nuclear science, new rare isotope accelerator facilgisuch as the Facility for Rare
Isotope Beams (FRIB) in the US are beginning to provide experiemtal access to the
short-lived rare isotopes that shape the heavy element cowmgition of the cosmos. A new
generation of deep underground accelerators are enablingasurements of the extremely
slow nuclear reactions that power the Sun and other stars. Bstronomy, gravitational
wave detection is transforming the eld. An important new capbility is the ability
to carry out multi-messenger observations, large scale cdimated observations using
multiple types of radiation, particles, and gravitationalwaves. These new capabilities
have already led to major new insights into neutron star meggs as heavy element
nucleosynthesis sites, as well as dense matter physics amack hole properties of key
importance for nuclear astrophysics. Other transformatimal advances in astronomy
of great importance for this eld are the advent of asterosemology, greatly improved
techniques to analyze stardust, the spectroscopy of latepg stars that directly reveal
elements created in their centers, and the large-scale spescopy of ancient stars that
is now providing a detailed \fossil record" of how the Galaxywas enriched with new
elements over its history. In computational modeling, a keinsight from the last decade
is that new nuclear pathways for element synthesis can opep,udriven by complex
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uid motions in dynamic and often asymmetric environments gch as interior regions of
stars, supernova explosions and neutron star mergers. Withcreasing computational
capabilities, the required multi-dimensional computer saulations are now crossing a
threshold for achieving the level of detail needed to undeesd the nuclear processes.

The full scienti ¢ potential of these capabilities will be wnlocked 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 b be powerful
tools for integrating research e orts of the experimental,observational, and theory
communities. Together, these advances across elds de ne reew era in nuclear
astrophysics with unprecedented scienti ¢ opportunities

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

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

This white paper identi es the exciting scienti ¢c 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 fality, including the
FRIB400 energy upgrade to 400 MeV/u, and the completion of keyqaipment for
nuclear astrophysics such as the SECAR recoil separator, tR®IB Decay Station
(FDS), the Gamma-Ray Energy Tracking Array (GRETA), isotope havesting,
the High Rigidity Spectrometer (HRS), and the Isochronous Spaometer with
Large Acceptances (ISLA). Operation of the ATLAS facility at Argonne National
Laboratory with complementary stable and radioactive beansapabilities will also
be important, as are the complementary capabilities of futer international rare
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isotope facilities such as FAIR in Germany. Deep undergrouratcelerators provide
unique capabilities that are essential for studies of stall burning. Essential
new capabilities for nuclear astrophysics are also provididy a broad range of
stable beam, neutron beam, -beam, and laser facilities, including the use of recoil
separators, active targets, and high density and temperatel plasmas.

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

Astronomy: In astronomy, increases in the sensitivity of gravitationlawave and
neutrino detectors, expanded samples and improved analysif spectroscopic data
on ancient stars, asteroseismology, time domain obsenats to identify transient
phenomena, and a new nuclear-ray mission are ongoing developments of special
importance for nuclear astrophysics. Future capabilitiethat would be important
for the community include an advanced X-ray telescope and apability for space-
based UV spectroscopy such as JWST and LUVOIR (see ASTRO20A)) [

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

Astrophysics Theory:  Advances in astrophysics theory are needed in all relevant
astrophysical scenarios where nuclear processes play aikdg. It is important that
the delity of the models continues to increase as more detad and quantitative
observations become available, that the performance of thmodels is increased
to enable a full exploration of the diversity in stellar and gplosive environments,
that the expected advances in quantity and precision of nughr 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 astropkycs that should be pursued
by the community on equal footing to the science goals (Seati 6).

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

Centers: Center-based networks are essential for creating the cdlt@ative

connections and exchange across eld boundaries, institoms, and countries that
are needed for advancing nuclear astrophysics. They progican overarching
umbrella for experimental, theoretical, and observationadevelopments as well as
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sustainable software ecosystems, and for shaping the friems 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 modalit for realizing
discoveries and innovations. Nearly all research relies ored, open-knowledge
software written and maintained by a small number of develars. Figuring out how
to support a thriving open-knowledge digital infrastructue may seem daunting, but
there are plenty of reasons to see the road ahead as an oppnoity

Data: Data evaluation, transformation, and dissemination e ors that enable
and facilitate usage of nuclear and astrophysical data a@® eld boundaries
are essential for the eld. Nuclear data e orts such as JINA REACIB [4],

Starlib [5], BRUSLIB [6], or pynucastro [/] that make nuclear data available for
astrophysical applications, as well as astronomy e orts sh as JINABase §] that

make observational data available to nuclear astrophyssts 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. tars are the most
commonly observed objects in the universe, and derive thgower from natural nuclear
fusion reactors in their cores. Through the nuclear reacts that power them, stars
have taken primordial hydrogen and helium forged during th8ig Bang and used it to
produce the majority of the chemical elements found in nater (see Figurel). These
stars then dispersed this material { sometimes by spectaeulexplosions { so it became
incorporated in subsequent generations of stars and the pkts 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 arguided by speci ¢ properties
of nuclei that are then re ected in the observed cosmic abumaice distributions.

Despite the rst models of stars being g

C. ~100,000 yr

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 Tianium

andium
Calcium

remain poorly understood. This begins - | Potassium
with the best-studied star, our Sun, where :
its composition from surface to core is still

Aluminum

an open question 32, 33, 34, 35, 36, 37, N4 ‘ gé
38, 39]. One challenge in understanding Lol b é“ygj
stars is the the uncertain rates of the _TRRR Carbon
slow nuclear reactions in their interior Nt Enly”
[e.g., 5, 40]. These reactions determine : SX[,  Hydrogen

the neutrino ux from the Sun [41], the Proton-Rich | Neutron-Rich
evolutionary fate of stars, and the masses figure 1: Layers in a Sun-like star and
of black holes 42]. The slowness of the a 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 §3], but also makes experimental measurements extraordinigridi cult
[e.g., 44, 45]. Present reaction rates are therefore mostly based on thetical model
extrapolations, which require a detailed understanding ofhe quantum mechanical
reaction mechanism at the energy threshold, including the exts of screening and
nuclear clusters. Other fundamental, yet poorly understah aspects of stars and
their explosions include convection, mixing, rotation, mgnetic 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 anduclear reactions they cannot
always be adequately modeled in spherical symmetry (one $§iph dimension). As
computationally challenging multi-dimensional models & developed [e.g.52, 53, 54,
55 56, 57, 58, 59, 60, 61, 67], validation of their predictions using observations of sta
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becomes crucialg3, 64, 65]. Such validations require a much improved understanding o
the underlying nuclear reaction rates, which are determineby the low-energy nuclear
cross sections and the plasma conditions in the stellar imter [e.g, 66. Advances

in experimental nuclear astrophysics facilities6[/, 68, 69, 70, laboratory plasma

experiments [1], multi-wavelength detector technologies/2, 73, 74], gravitational wave

detectors [/5, 76|, neutrino astronomy detectors 17, 78, 79, 80, 81, 82, computer

processing power, ubiquitous cloud capabilities, and opsource software instruments
[e.0.,83, 84, 85, 86, 87, 88, 5, 89, 90, 91, 92, 93, 94, 95, 96, 97, 98, 99| are paving the way
for signi cant new approaches to a better understanding oftars in the 21t century.

Sidebar: Exploring the Heart of Stars

CASPAR facility. Credit: University of Notre Dame.

New experimental facilities with beams of stable isotopes are dramatichf increasing the
sensitivity for measurements of the slow nuclear reactions that crate elements in stars.
Deep undergound facilities like CASPAR in the US, located 4850 ft below he Earth's
surface at the Sanford Underground Research Facility (SURF), LUNA at Gran Sass National
Laboratories (LNGS) in Italy, and JUNA at the China Jinping Underground Laboratory , enable
measurements free from backgrounds caused by cosmic radiation. Upgrades afove-ground
accelerator facilities employ new technologies to achieve increasesknsitivity. Each of these
facilities have unique capabilities that o er opportunities for answering fundamental questions
about the origin of the elements and the evolution of stars.

2.1. Open Questions

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

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

What are the nuclear reactions in the rst stars formed after he 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, ras and spin?
What can photons, neutrinos, gravitational waves, and staust tell us about stars?
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Sidebar: Studying Stars in the Laboratory

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

Micrometer-sized stardust grains allow us to study the nuclear ngeprints of stellar out ows in
laboratories on the Earth. While nanoprobes such as the NanoSIMS have beertilized for the
last two decades to analyze the major-element isotopic composition intardust grains, recent
developments in resonance ionization mass spectrometry (RIMS) enab| for the rst time,
to regularly analyze stardust grains for their trace-elements isotopiccomposition of multiple
elements simultaneously. Such measurements give valuable constng on nucleosynthesis
pathways and galactic chemical evolution.

2.2. How Did We Get Here?

One of the foundations upon which astronomy rests are the fdamental properties of
stars throughout their evolution. We have arrived at a threBold of a signi cant new
understanding of stars through the advent of transformatie capabilities at experimental
nuclear astrophysics facilities and a new generation of niunessenger telescopes.

On the experimental side, new accelerator laboratories geenderground (CASPAR
in the US [104, LUNA-MV in ltaly [ 9, 16, 101, 104, and JUNA in China [103) and
novel approaches in above-ground facilities have greatlycreased the sensitivity of
direct reaction-rate measurements. The latter include these of recoil separators such
as ERNA at INFN/Naples [104, St. George at the University of Notre Dame ]03,
and DRAGON at TRIUMF [ 106 107; as well as new detector technologies such as the
use of high-resolution silicon detector arrayd.pg or active targets that track individual
reaction products at TUNL's HI S [109, quasi-spectroscopic neutron detectors 1,
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or compact coincidence detection con gurations at TUNL's LENA[111]. In addition,
indirect experimental methods such as the Trojan Horse Metlklmr those used to extract
Asymptotic Normalization Coe cients have been developed, aebling the determination
of reaction rates that are too low for direct measurementd. ]2 113 114. In addition,
the prediction of reaction rates byab initio many-body theory (or \from rst principles")
has made remarkable progres& I5 11€), and the calculation of reactions beyond the
lightest nuclei has now become feasible, e.g., forcapture reactions {17 and nucleon
scattering [L1§ 119.

Precise predictions of the solar neutrino spectrum from CNOycle burning [65],
as well as the associated stellar burning lifetimes, havedeenabled by measurements
employing a variety of techniques. For instance, the key CNGQycle reaction'*N(p; )0
is now constrained by a combination of direct measurementseep underground
and above-ground with high beam intensities, activation nssurements, and indirect
measurements of the lifetimes of excited stated40 121, 122 123. The s-process
neutron sources®*C(;n )0 and ?°Ne( ,n)>*Mg as well as competing reactions
such as?’Ne( , )?®Mg are being investigated through a combination of direct ah
indirect measurements that will be connected through comphensive R-matrix analyses
[124, 125 126 127, 128 129 130 131, 132 133. These measurements have been
enabled by new detectors and experimental techniques, foistance total cross section
measurements at the Edwards Accelerator Laboratory at Ohio Ulersity and deep
underground accelerators such as LUNA and JUNA, as well as partiatoss section
measurements with an ORNL-developed deuterated scintillat array at the University
of Notre Dame. Though higher precision is still needed, experental campaigns to
determine the *2C( , )'®O reaction have drastically improved estimates of the C/O
mass ratio resulting from core helium burning, with signi @ant downstream implications
for stellar burning. These measurements relied on recoil psgators, precision -
spectroscopy, photon beams, and a variety of indirect teclyues to arrive at a reaction
rate uncertainty on the order of 20% [e.g}4, 134 135 136 109. At the HI S facility
at TUNL, -beams have been successfully employed to develop new teqines for
measurements of thé?C(; )0 reaction [L0. Meanwhile, traditional precision -
spectroscopy, for instance at the Edwards Accelerator Lakaiory, has provided key
insights to complement direct measurementsL$7, 13§. Advances in neutron beam
facilities have led to drastically improved understandingf the neutron-capture rates
in the s-process, enabling detailed predictions of the digiution of heavy elements
produced. In particular, a plethora of new data on neutronapture rates in the
weak s-process (responsible for element synthesis up t&r) have led to drastic
changes in nucleosynthesis predictions. These new data ev@btained at Karlsruhe,
Argonne National Laboratory (accelerator mass spectroscopgnalysis), n-TOF at
CERN, SARAF, J-PARC, and LANSCE at Los Alamos National Laboratory (see?(]
for an overview).

On the observational side, the detection of neutrinos em#étd by the nuclear
reactions in the core of the Sun by DavisiB9 and by the collapsing core of supernova
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1987A [L4( opened a pathway to directly determine the rate of ongoinguclear reactions
in stellar environments and at the same time con rm and furtler re ne the basic theories
describing these stellar objects. In the case of the Sun, pige nuclear reaction data
were key in establishing the solar neutrino problem, a de ency of detected neutrinos
compared to expectations, and ultimately led to the discovg of neutrino oscillations
and the determination of a neutrino mixing anglel41]. The recent detection of neutrinos
from the CNO cycle operating in the solar core by BOREXINO142 marks a similar
milestone. In this case the combination of neutrino obserttans with precise nuclear
reaction rates, for example for the"*N(p, )*®O reaction, open up a pathway forward
to constrain the contents of C, N, and O in the solar core, with npspects of resolving
the so called solar abundance problem, a long standing dispancy between the solar
composition inferred from spectroscopy of sunlight and fno helioseismology143. The
CNO neutrino ux depends on the rate of proton capture ont?C, N and %0 at very
low energies. These reactions are presently investigatedideep underground accelerator
laboratories such as CASPAR in the United States, JUNA in China, andUNA in Italy.

In the era of multi-messenger astronomy, asteroseismologith the Kepler, TESS,
and future PLATO missions probe the nuclear astrophysics drstructural properties of
stellar interiors [144, 145 146 147, 148 149, gravitational wave detections explore the
nuclear physics of neutron star and black hole mergers5[) 151, 152 42, 153, neutrino
detectors examine the rich nuclear astrophysics of neutoremission and possibly provide
early alerts to the gravitational wave and electromagneticommunities [L54 155 156
82,157,158 159, and the spectra of ancient stars discovered in large scaleservational
surveys reveal the chemical traces of the rst stars formedftar the Big Bang
[16Q 161, 162, 163. In addition, recent instrumental advances]64 enable trace-element
isotopic abundance measurements of heavy elements in mmogger-sized stardust grains
recovered from meteoriteslfo5 166 167 168 169 17(. Such measurements in grains
from AGB stars allow access to unprecedented precision in aselring the isotopic
composition produced by the s-process. Simultaneous, nitdtement isotopic analyses
are now possible on a regular basis [e.d.71, 177. Furthermore, cosmic rays from
distant dynamical astrophysical environments may providean additional handle on
nucleosynthetic sites of heavy elementd {3 174 175 1749.

Together, these advances are providing an unprecedentedwne of high-quality
measurements that are signi cantly strengthening and exteling the experimental and
observational data upon which all of astrophysics ultimatg depends. In partnership
with this ongoing explosion of activity in experimental andobservational astrophysics,
community-driven open-source software instruments [e,&3, 84, 85, 86, 87, 88, 5, 89, 90,
91, 92, 98 and machine learning techniques [e.®3, 94, 95, 96, 97, 99 are transforming
how theory, modeling, and simulations interact with expements and observations.
Particularly important achievements are: (1) the modelingf large-scale grids of stars as
functions of initial mass and metal contents to predict theicumulative element synthesis
impact on the Galaxy e.g., 177, 178 179, (2) the demonstration that hydrogen ingestion
in stars can lead to novel nucleosynthesis via an intermetkaneutron-capture process
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[180, and (3) the emergence of the rst self-consistent 3D coreltapse supernova models
that predict stellar explosions that approach observed faares [62].

Sidebar: Breakthrough Computations

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

Computing is important to nearly all scienti ¢ activities in nucle ar astrophysics. This includes
theoretical calculations as well as those calculations that are relevant toexperiments and
observations, from simulating data streams from telescopes to procsig the enormous amounts
of data being collected by nuclear detectors. Computers are the laboratry for astrophysics
theory. Some questions are physically impossible to answer through obssation. For example,
the nal outcome of the Sun's evolution would take billions of years to study. However,
programming supercomputers with equations describing the physg of such events provides
answers on a human timescale. By carefully devising accurate and stabllgorithms specifying
how the Sun evolves, researchers can capture the enormous length anoine scales of these
astronomical processes. The Leadership-class supercomputers esisd for 3D simulations of
stars and stellar explosions, such as Summit at Oak Ridge National Laboratory, aramong the
world's most powerful.

2.3. What Needs To Be Done?

A key challenge for nuclear astrophysics in understandingass is the determination of
the extremely slow nuclear capture and fusion reactions thgovern stellar evolution.
Despite decades of progress, the majority of these stellates are still based on uncertain
extrapolations from measurements at higher energies. To gflumeasurements to lower
energies, it will be important to take full advantage of reaa technical developments in
underground acceleratorsl181, 100 182 183 184, recoil separators 85 186 187, 189,
and advanced detection systems [e.d.89 19Q 191, 194. This includes new separators
such as St. George at the University of Notre Damé.§q, SECAR at FRIB [189, and
EMMA at TRIUMF [ 199, as well as new detection systems [e.d.94 and accelerator
upgrades such as Sta. ANA at the University of Notre Dame, LENA at TUNLand
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FRENA at the Saha Institute of Nuclear Physics in India. This wil 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 ng-lived radioactive
isotopes will be needed to accurately predict s-process leasynthesis. This is also
important for understanding mixing processes in red giantsand to disentangle the s-
process contributions from the plethora of heavy element nleosynthesis processes that
involve rare isotope reactions (Sectiol.1). This will require taking full advantage of
existing neutron beam facilities in concert with new facilies such as SARAF-II at the
Soreqg Nuclear Research Center in Israel, FRANZ at Frankfurt Univsity in Germany,
and at the University of Notre Dame. Additional opportunities wll be provided by new
isotope harvesting capabilites, for example at FRIB, to pragce radioactive targets for
measurements of s-process branch points.

Concurrent advances in the theoretical understanding of lahuclear reactions
relevant for stars will be needed to predict nuclear reactiorates from rst principles,
to consistently and coherently analyze multiple data setsithh R-matrix theory, and to
extract reliable reaction rate constraints from indirect neasurement techniques. Nuclear
theory advances are also needed to address the emerging tioleof quantum e ects
that may occur at very low reaction energies1pP5 194, potentially making current
reaction rate estimates more uncertain than previously thaht.

For comparison with observations of element abundance diiutions on stellar
surfaces, new nuclear physics must be implemented into adead stellar models that
better account for mixing, rotation, magnetic elds, and mas loss. To that end, a
robust stellar-model pipeline should be realized that re¢arly conducts simulations of
low- and high-mass stars with a combination of high-resolain 1D and 3D approaches.
An investment in such projects will dramatically enhance thescience yield of many
observational projects, as noted several times in the ret¢irreleased Astro2020 Decadal
Survey B].

For comparisons with observations, the eld should take adntage of the many
new developments at the forefront of astronomy that have novibegun to reveal
the composition of stars from surface to center. The nuclgoghesis patterns and
evolutionary tracks resulting from the simulation pipelires should be augmented
with machine-learning techniques in order to make compadss with stellar surface
abundances, interior abundance proles inferred from star seismology, isotopic
abundances of stardust grains, the compact object distriion and properties inferred
from gravitational wave observations, isotopic composans inferred from MeV -
ray observations, and future neutrino detections (e.g., dm Super-Kamiokande with
Gadolinium with prospects to detect the relic supernova nédno ux).

The dynamic evolution of massive stars is of particular impgtance as it sets the
stage for supernova explosions 97, 177, 198 199 20(. It is therefore crucial to link
advances in pre-supernova and supernova simulations anethnderlying nuclear physics
to observables such as light curves powered by radioactiv&iopes, compact object
distributions, and multi-messenger signals. To bridge thigap, computationally e cient
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frameworks, capable of large sets of simulations coveriragyde domains for long stellar
times, should be developed.

Distributions of the properties of compact stellar objectsuch as mass, radius and
spin have recently gained importance as observables of Etekvolution endpoints owing
to gravitational wave observations. The link between key relear reactions rates during
stellar evolution such as thet?C( , )'%0, 2C+1*2C, 12C+160, and %0+ 10O reaction
rates {4, 201, 202 203 204, 205 204 on compact object observables should be further
investigated using transformative 1D and 3D simulations. Uisg this framework for
updated predictions of compact object observables in liglif the most recent progress
in the understanding of key reaction rates should be expedd. Coupling this e ort
with the development of a framework to determine the underlgg structure of the mass
distribution for compact objects that is informed by graviational waves and dense
matter physics should also be a priority.

2.4. What Do We Need?

Underground accelerator facilities and other high sensiity experimental
techniques such as active targets or recoil separators thptish stellar reaction-
rate measurements closer to the energies encountered inrsta

Neutron and -beam facilities with advanced capabilities.

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

Capabilities to probe nuclear reactions in plasma environents.

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

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

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

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

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

Gravitational wave detections of binary mergers to constia compact object mass
distributions, which de ne the endpoints of stellar evoluion.
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Advanced 3D models of phases of stellar evolution that impaetement synthesis
such as shell mergers, hydrogen ingestion, and core-cadlasupernovae.

3D models benchmarked to 1D models of stars that enable rapodlculation of
element production and other observables for the full varig of stars.

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

Re-factor and port the relevant software instruments to reect the diversity in
vendor architectures in next-generation GPU-based superoputing.

Broad support for sustaining core capabilities in key opeknowledge software
instruments.

Sidebar: Building the Next Generation

Mastering a Software Instrument for Dynamic Nuclear Burning in Stars.

Credit: Jakub Ostrowski www. jakubostrowski. com .

Summer schools have been in existence for hundreds of years. Tireyhugely popular, especially
for researchers at all levels (undergraduate, graduate, postdoctoral, fadty) who are looking to

expand their mastery of speci c software instruments. Though extersive 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 nucleaastrophysics 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,irzonium, silver, iodine,
gold, uranium) cannot be made through nuclear fusion in star About half of these
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heavy elements found in our Solar System were synthesized the slow neutron-capture
process (s-process) mainly in evolved Asymptotic Giant Brah and massive starsZ07]
as discussed in Sectio. In this section we focus on the less understood origin of
the other half of the heavy elements, traditionally attribued to the rapid neutron-
capture process (r-process). Most likely sites of the r-press are considered to be the
most extreme astrophysical environments, such as corelapke supernovae, merging
neutron stars, neutron stars merging with black holes, or &tk-hole accretion disks
[20§ 209. These extreme events are very rare. This makes the directteonomical
observation of the freshly synthesized elements extremalgallenging. Progress thus far
has been mostly limited to detailed studies of the Solar Syst's isotopic compaosition
using meteorites and stardust grains found on Earth, and ofhé buildup of heavy
elements over cosmic time using the elemental abundancefeimmed from the spectra of
old stars R09. A major breakthrough was the recent multi-messenger obsation of the
relatively close neutron star merger GW170817 enabled by tdetection of gravitational
waves P1(. Observations of a radioactively powered kilonova transit associated with
GW170817 provided strong evidence for heavy element synttsas neutron-star mergers
[211, 212, 213, though the only individual element identi ed was strontum [214].

A major challenge in making progress are the short lifetimes the rare isotopes
involved in the nuclear reactions building up heavy elemestin extreme astrophysical
environments. These nuclei have been di cult to produce inhe laboratory, and their
properties and reactions are not well understood. An upcongnbreakthrough is the
development of a new generation of high-power rare-isotopecelerator facilities such as
FRIB in the US, RIKEN/RIBF in Japan, TRIUMF/ARIEL in Canada, FAIR in Eu rope,
SPIRALZ2 in France, and SPES in Italy that promise to make most fothe relevant
nuclei accessible for laboratory studies. In addition, smhations of heavy element
nucleosynthesis in extreme astrophysical environmentseacomputationally demanding,
requiring large reaction networks as well as multi-scaleand multi-physics calculations
that push the limits of present-day computational facilites. In addition, important
uncertainties in the nuclear and astrophysics of the s-press remain and need to be
addressed in order to identify and quantify the contributios of the other heavy element
nucleosynthesis processes (see discussion of the s-psoiceSection?2).

Despite these challenges, a novel and much richer picture béavy-element
nucleosynthesis is now emerging: the primary process foethynthesis of heavy elements
remains the neutron-capture reaction sequence followed bydecays, which build up
heavy nuclei from lighter seeds. However, instead of two distt types of processes of
slow and rapid neutron capture (s- and r-process, respealy), and a unique r-process
site, there likely exists a continuum of processes: interhi@te neutron-capture processes
(i-processes)q15 216 217,218 219 220 221, 222, 223, multiple r-processes of di erent
strengths P08 209, and possibly an n-procespP4, 225 226 227. What astrophysical
sites enable these processes and how they combine to coniigbto the inventory of
elements in our Galaxy remain open questions. A fraction di¢ 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 orprocess), or a mixture of proton
capture and neutron-induced reactions (p-process) 228 229 230 231, 232, 233.

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

3.2. Open Questions

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

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

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

How do we distinguish between the multiple possible originsf dight trans-Fe
isotopes from germanium to cadmium?

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

3.3. How Did We Get Here?

In nuclear physics, the past years have seen huge technotagjiadvances in the ability
to produce and measure properties of nuclei far from staltyi The development of
radioactive ion beam facilities across the world has enablehe production of short-
lived nuclei involved in all nucleosynthesis processes. #&ddition, new experimental
techniqgues have been developed to investigate these exatidlioactive species and
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Figure 2: Chart of nuclei: The various astrophysical processes aréisplayed schematically
on the nuclear chart. Stellar fusion dominates nucleosynthesis dfghter elements up to

the region of Fe. Heavier elements are formed predominantly by neutreoapture reactions

via the s-processes, possibly a continuum of i-processes, and mplé r-processes including at
least a weak and a strong r-process. A group of proton-rich isotmes, 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 nobresidered

major contributors to the origin of the elements but play a role in inerpreting observations

of accreting neutron stars (Section4.1).

provide the necessary nuclear inputs for astrophysical meld such as nuclear masses,
decay properties, and reaction cross sections (see ovesvia [209).

Most impressively, the extremely neutron-rich nuclei in ther-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 rstiine (e.g., R34), pioneering
work at NSCL [235 and GSI P34 used fast radioactive isotope beams produced by
fragmentation to cover signi cant parts of the r-process. Arecent 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 model2B7.
New techniques for the study of such -delayed neutron emission [e.g23§ build on
these successes. Atomic physics-based approaches to nreastomic masses with ion
traps, complemented by time-of- ight techniques using sptrometers and storage rings,
have pushed precision measurements of nuclear masses wellthe path of the r-process
[239 240 241]. Novel \reverse engineering" techniques, coupled with g&of-the-art
mass measurements?fi7, are helping to bolster our understanding of the r-process
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conditions [243.

The recently recognized diversity of astrophysical neutro capture processes,
including the s-process, the i-process, the r-process, atide n-process, further
underscores the need to address the challenge of obtainingutron capture rates
for unstable nuclei. While direct measurements of neutron pture on very short-
lived nuclides are presently not feasible, multiple indit experimental techniques and
advances in nuclear-reaction theory make it possible to abh constraints for important
reaction rates (Fig.3): -delayed neutron emissionZ44, 249, the -Oslo 46 247
and inverse-Oslo 749 methods, transfer reactions 449 250 251], the surrogate
reaction method P52, 253 254, and the Trojan Horse Method 114 o er pathways
to study neutron-capture reactions on short-lived isotope In addition, measurements
of evaporation spectra at stable-beam facilitie2p3 provide complementary information
for nuclei just o stability, e.g., for those relevant to i-process nucleosynthesis.

Successful direct reaction-rate measurements have beenfaened for charged
particle reaction rates of importance to heavy element numbsynthesis in the weak r-
, p-, and p-processes. For a few special cases, precision measurtsneith stable
ion beams are possible, e.g., the activation cross sectioat@minations of the weak
r-process reaction§®Zr( ;n ) and 1®Mo( ;n ) at ATOMKI [ 256 257. 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 nbeing measured using a
variety of complementary techniques such as the MUSIC detectat Argonne National
Laboratory and NSCL [L89, along with the HABANERO neutron counter and SECAR
recoil separator at NSCL 189. Similarly, (p; n) reactions are being measured at energies
of interest for p-process nucleosynthesis using the SECAR recoil separatath neutron
coincidences{59g.

Although the p-process consists of photodisintegration relons starting on stable
seed nuclei and moving o stability to neutron-de cient nudei, these reactions are
more often better probed with the inverse charged-particleeaction measurements2p9.
Nonetheless, -beam facilities such as HIS can provide unique insights for special
cases 76(. Optical-model potentials are of particular interest forthese reactions.
These potentials have been constrained by a broad range ofaserements at (mostly
stable beam) facilities across the world231. Direct measurements of the inverse
p-process reactions with total absorption spectrometerst ahe University of Notre
Dame have constrained properties of p-process nuclei near= 100 [261, 262, and
measurements combining -spectroscopy and activation techniques performed at the
University of Cologne and ATOMKI have focused on heavier p-pcess nucleid63 264.
Measurements on unstable nuclei involved in p-process newsynthesis have recently
become possible with novel recoil separation techniquesick as the EMMA separator
at TRIUMF [ 265 and the ESR storage ring at GSI1464.

Nuclear theory has been and remains essential to Il in the gapwhere
nuclear experiments are not yet feasible. This is especjalimportant for r-process
nucleosynthesis. Signi cant progress has been made in tihetical 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 cape used to determine
crucial ingredients for constraining Hauser-Feshbach reaction calulations: the surrogate
reaction method uses inelastic scattering or transfer reactions topopulate the compound
nucleus and extract important nuclear decay information. Alternatively, statistical properties
(level densities, gamma strength functions) of the compound nucleus care inferred from

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

(the -Oslo method).

masses using microscopic-macroscopic models, densityctiomal models, and machine
learning techniques 767, 26§. A better theoretical understanding of ssion at the
endpoint of the r-process path (A 300) has shown that these processes aect r-
process nucleosynthesi$9 27(. Predictions of reaction rates for heavy nuclei rely
on accurate optical potentials, and e orts are underway to aculate these from rst
principles [L8, 271]. The uncertainties of such calculations are still large,ut statistical
tools have been developed to identify experiments that camduce these uncertainties
at least for nucleon-nucleus potentials 2[72, 273. For the important -nucleus optical
potential, more theoretical and experimental work is needdo understand discrepancies
between theoretical predictions and experimental dat®4.

Dramatic progress has also been made in heavy element nuslethesis
observations. A spectacular accomplishment is the multi-@ssenger observation of the
neutron star binary merger GW170817 with its associated kibmva (see sidebar on Pg.
21). The observation unambiguously tied kilonovae and short-ray bursts to neutron
star mergers, con rmed from the light curve evolution that &nthanides (and therefore
heavy elements) are produced in neutron star mergers, andnaenstrated that, within
uncertainties, su cient heavy elements may be ejected to ni@ neutron star mergers
an important r-process site. Furthermore, large scale skat spectroscopy surveys of
millions of stars and targeted smaller high-resolution fawups with large telescopes,
for example within the R-Process Alliance collaborationZ75 276, have dramatically
increased the sample of metal-poor stars observed to be sigty enriched in r-process
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Figure 4: Composition of an old metal-poor star (black points) wih 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 gigtions of the individual
element synthesis components and thus reliable nuclear data. It alsequires observational
data of a large number of elements, many of which are only accessibleudtraviolet wavelengths
underlining the importance of an observational capability for UV spectroscopy 218].

elements to over a hundred. Together with higher metal conté stars, these stars map
the history and evolution of heavy element nucleosynthesisthe Galaxy and provide the
detailed abundance patterns that any theory of the r-procssultimately must explain.
Key results were (i) the realization that multiple heavy eleent processes are responsible
especially for the lighter r-process element&77, 278 279 280 216 217, 281], (ii) that
on the one hand the r-process produces a quite robust abundanpattern in the Te -
Pt element range £82 283, and that, on the other hand, there is an as-yet unexplained
variation in the abundances of elements lighter than Te or lawier than Pt [284, 285 284,
and (iii) that neutron star mergers are unlikely to be the s@ source of the heavy
r-process elements2B7, 288 289 29(0. A milestone was the spectroscopy of the star
HD94028 P19 for which abundances or limits on 56 elements were obtaingutoviding
evidence for multiple contributions of various neutron-gature processes (see Figl),
albeit somewhat preliminary given the remaining large nuehr-physics uncertainties yet
to be addressed. Traces of the i-process have been seen iGalactic components, such
as halo, bulge, disk, and smaller stellar systems [eZ2f)]]. Furthermore, stardust grain
analysis enables us to study the chemical evolution of theand p-processes by directly
probing relevant isotopes, e.g., isotopes of M&@92, 177.

Computer models of astrophysical sites are essential to catt nuclear physics
with observations, and to identify element synthesis sitehrough speci c elemental
signatures. Advances in computational capabilities and agthms have enabled
simulations in three spatial dimensions that have proven ssntial for the extremely
dynamic environments responsible for heavy element syntig [e.g.,293. At the same
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time, advances in understanding and implementation of keyuclear physics such as the
dense matter equation of state or neutrino physics have beeritical. For example, it
has been shown that neutrino oscillations can have a signant impact on heavy element
nucleosynthesis494, 295 296. The most spectacular advances came in the modeling
of neutron star mergers and their multi-messenger signalsotivated by observations
of GW170817. Sequences of models can follow the evolution bé tmerger event
from 3D full general relativistic simulations of the actualmerging R97, 299, through
the development of multiple types of outows P99 with their individual r-process
nucleosynthesis contributions 00, 301], all the way to the atomic physics models to
predict the electromagnetic kilonova signature302 303 304 and spectral features of
r-process elements2[Ll4. Supernova r-process models involving collapsai®0f 304,
neutrino driven winds [307], magnetic eld driven jets [30§ 309 310, and hadron quark
phase transitions B11] have also advanced considerably. Pioneering 3D mixing redsl
of helium layers in stars 17 and accreting white dwarfs 313 have provided some of
the rst possible sites for the i-process.

Sidebar: Rare Isotope Beams

A section of FRIB beamline. Credit: Facility for Rare Isotope Beams

A new generation of rare-isotope accelerator facilities begins to addresandamental questions
about the inner workings of nuclei and the formation of the heavy elemers. These elements are
likely forged in the extremely hot and dense astrophysical environmets brie y encountered in
supernova explosions and neutron star mergers. The new FRIB faciltin the US will provide
access to many of the rare isotopes serving as stepping stones for elemereation in these sites.
Other new or upgraded facilities around the world, such as at Argonne National Lalbratory in
the US, RIKEN in Japan, FAIR in Germany, ISOLDE in Switzerland, and ARIE L in Canada,
provide complementary capabilities for the broad range of measurementand techniques needed
to unravel the unknown properties of rare isotopes and their connedbn to the heavy element
composition of the cosmos.

Implementing full nucleosynthesis models, which often iolWwe thousands of nuclear
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reactions, into these advanced simulations has been a ckalje due to the computational
cost of including a complex reaction network. Despite thisnajor advances have been
achieved in i-, r-, weak r-, p-, and p-process model calculations, including Monte Carl
simulations propagating nuclear uncertainties to obsertdes and identifying critical
nuclear physics uncertaintiesj14, 315 316 317 318 319. A remaining major challenge
are the uncertainties in the nuclear physics input (massession, decays, reactions)
that prevent validation of models and inference from obseations of the astrophysical
conditions at the nucleosynthesis site. More experimentahd theoretical nuclear data
with quanti ed uncertainties are urgently needed, espedcily for the extreme neutron-
rich nuclei involved in the r-process.

Sidebar: Gravitational Waves

Henrietta Swope Telescope, Fermi Gamma-ray Space Telescope, LIGO Liwjston.
Credit: Consuelo Gonalez Avila (Observatorio Las Campanas), NASA's Goddard Space Fligt
Center, LIGO/NSF/Caltech/MIT

The rst neutron star merger unambiguously detected across the multimessenger spectrum,
including the gravitational wave event GW170817, was a landmark moment in mdern science,
especially for nuclear astrophysics. This de nitively connectedneutron star mergers to short

-ray bursts and proved that these events are important contributorsto the nucleosynthesis of
heavy elements. Tight sky localization with the LIGO and Virgo gravitat ional wave observatories
and coincident detection in -rays enabled rapid follow-up across the electromagnetic spectrum
and across the globe, revealing the kilonova afterglow over the follomg weeks. The kilonova
transient harbored imprints of r-process nucleosynthesis, prading an observational handle for
astrophysics theory to connect to experiments at facilities such as=RIB and nuclear theory
calculations of extremely neutron-rich nuclides.

\. J

Another critical advance for nuclear astrophysics has ocaed in the development
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of Galactic chemical evolution (GCE) models that incorpor@ predictions from
nucleosynthesis models3R0 321, 329. Such GCE models now enable the propagation
of new nuclear physics and their resulting abundance signaés to the compositional
evolution of the Galaxy over time. Most importantly, this alows for the evaluation of
the impact and contribution of nuclear processes in specistes on the overall Galactic
inventory of elements, taking fully into account the interpay of all nucleosynthesis
processes. Important recent results were the demonstratithat the neutron star merger
ejecta properties inferred from GW170817 are consistent Wwiheutron star mergers being
a dominant source of r-process nucle8?3 324 (though uncertainties are still large);
the need for multiple r-process sources besides neutronrsteergers P87, 288 289, 29(;
the demonstration that an i-process in rapidly accreting wike dwarfs may contribute
signi cantly to the origin of the elements in the Ge-Cd transiron range B23; and the
disentangling of multiple types of supernovae contributig to the origin of the p-nuclei
[232.

3.4. What Needs To Be Done?

Our understanding of heavy element synthesis is rapidly imgving on all fronts,
including new nuclear experiments, multi-messenger obgations, spectroscopic surveys,
and supercomputers. The next major steps involve realizintgpe potential of these
new capabilities and making interdisciplinary connectiohbetween them as they evolve.
Centers that enable interdisciplinary work and the e ectie exchange of ideas will play
an important role in both, generating scienti ¢ breakthrowghs, and training the next-
generation workforce (Sectiord).

In nuclear physics, advances in experimental capabiliti@se expected from the next
generation of radioactive ion beam facilities coming onkn[20§. In the US, the Facility
for Rare Isotope Beams (FRIB) at Michigan State University wil provide access to a
large fraction of the exotic nuclei relevant for heavy eleme nucleosynthesis processes.
The nuCARIBU facility at Argonne National Laboratory will o er intense beams around
the ssion fragment peaks, and the N=126 Factory, also at Argame, will provide beams
of nuclei critical to our understanding of the r-process rarearth peak. Other facilities
around the world, like FAIR in Europe, ISAC-ARIEL in Canada, ard RIKEN/RIBF
in Japan are also producing nuclei far from stability in comgimentary ways. A more
niche but no less important path to heavy neutron-rich nucties will be o ered by multi-
nucleon transfer reactions at JYFL and FAIR B26 269. The experimental techniques
and devices required to take advantage of the new beams havestly been developed.
The main goal for the near future is to fully exploit these newapabilities to advance the
understanding of heavy element nucleosynthesis. This wikquire close collaboration
with nuclear theorists to interpret experimental data and eveal the deeper connections
between the structure of exotic nuclei and nucleosynthesim light of the large number
of isotopes involved in nucleosynthesis processes, it o bene cial to combine nuclear
theory with machine learning techniques327 to interpolate sparse experimental data
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as they become available, thereby maximizing the impact ofdy experiments with

the new facilities. It will also be critical that prior to experiments astrophysical model
calculations, together with nuclear theory consideratias) provide strong guidance to
identify the most important measurements and map out their ptential impacts on the

open questions in the eld.

Despite the major developments undertaken so far, furthedsances in experiment
and theory are needed. The FRIB400 upgrade of FRIB will furtheincrease the reach
towards the most neutron-rich nuclei in the r-process3pg. The developments of the
SECAR recoil separator at FRIB, the DRAGON and EMMA separatorsat TRIUMF,
and the CRYRING storage ring at GSI/FAIR enable direct measurerants of proton and

-induced reactions in the weak r, p- and p-processes. The future ISLA separator at
FRIB will further strengthen these capabilities. Experimetally constraining neutron-
capture rates on unstable nuclei for the s-, i-, n-, and r-po@sses remains another long
standing challenge that must be addressed. With the promigjnadvances in indirect
techniques, systematic errors need to be better understgadcluding uncertainties from
reaction theory. Examples include the optical potential, bth from a phenomenological
and a microscopic standpoint18, 254, as well as the -ray strength function. At the
same time, there are promising techniques for direct measumnents: In the near term,
the harvesting of radioactive isotopes, for example at FRIBnay o er opportunities for
direct measurements of neutron capture on longer-lived tepes, for example for the
s-process. The LANSCE spallation target upgrade will signiantly increase the keV
neutron ux available, making measurements on smaller radactive samples possible
[329. Further into the future, storage rings are a very promisig tool to collide
circulating short-lived radioactive ion beams with neutra beams B30 331]. In North
America, three projects are presently being discussed (at FRI at LANL, and at
TRIUMF) and a collaboration has started to identify synergiesand common projects
[33F. Another challenge is understanding nuclear ssion at thenelpoint of the r-
process. Fission rates and fragment distributions in uencthe abundances of lighter
elements produced in the r-proces&49, 270 and will remain out of reach of experimental
facilities for the foreseeable future. Further advances dfie nuclear theory of ssion
and benchmarking ssion models with experiments will be immtant as well as the
development of new approaches to synthesize a broader ramgfeactinide isotopes
in the laboratory [333 20§. An improved understanding of some nuclear reactions
on light elements, as discussed in Sectidh4, will also be critical for heavy element
nucleosynthesis such as the helium burning reactions thatqvide the neutrons for
the i- and n-processes. An example of how nuclear physics umaimties propagate to
the interpretation of important observables is shown in Figte 5, which illustrates the
large variations in theoretical predictions for the nucleaheating rate and lanthanide
plus actinide mass fractions, which go into kilonova light urve calculations. In
that context, improved atomic physics measurements of cr@sections, opacities, and
oscillator strengths would help advance kilonova light care modeling and aid the more
accurate extraction of elemental abundances from stellapectroscopy.
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In addition to better nuclear and atomic physics, further deelopments of
astrophysical models are needed. The sites of heavy elememnicleosynthesis all
invoke a wide range of physics. Three-dimensional (magnétoydrodynamics, general
relativity, photon and neutrino transport, neutrino physics including avour oscillations,
thermonuclear kinetics, and the wide range of timescalesvoived in these explosive
astrophysical events all conspire to make state-of-thetasimulations computationally
expensive, but have all been shown to be critical for reliabdl nucleosynthesis
predictions [334 335 336 337. It will be important to take advantage of increasing
computational capabilities, including exascale comput@) and algorithm development
to further advance these models. A particularly important imitation of most present
models that needs to be overcome is the limited number of neak reactions included,
which requires post-processing and tracer-particle apprioxations to be applied to
predict the element patterns created. Overcoming this lirtetion is especially important
for scenarios where such approximations are known to be ireplate, for example when
the nuclear burning and convective mixing time scales are roparable.

Such model improvements will enable meaningful quantitate comparisons between
models and observations, further increasing the need forgmise nuclear physics. Thus,
nuclear uncertainties will have to be quantied and, takingadvantage of increased
computing power, propagated through suites of sophisticadl astrophysical simulations
that span the full range and variety of conditions encounted in nature. This will
provide guidance for both nuclear experiment and nuclear dory, identifying the largest
uncertainties hampering observational comparisons. At ¢hsame time, comparisons
of models with observations that account for uncertaintiesvill enable extraction of
guantitative information on the astrophysical sites, thai nuclear reactions, and their
physical environment.

To interpret the large incoming amount of stellar spectra ath isotopic abundance
data, and ultimately to answer the question of the origin oflie elements, it is crucial
to accurately model the processes by which elements are disged throughout the
Galaxy and incorporated into stars. The study of chemical @tion increasingly
requires sophisticated hydrodynamic galaxy formation siafations with a focus on
inhomogeneous transport of the heavy elements. It will thefore be important to take
advantage of progress in nuclear physics and models of sit€kis will require to produce
extended sets of nucleosynthesis yields for a broad rangesoénarios that can be used
in chemical evolution models. At the same time, it will be imprtant to quickly test
new sites or new nuclear physics for its impact on chemicalaution as a whole.

The stellar spectroscopy, stardust grains, and gravitatiml wave communities
should investigate avenues for collaboration to resolve @p questions in heavy element
synthesis, especially for the trans-iron elements, shdited radionuclides, n-process,
and r-process. Millions of stellar spectra will be obtainedéh the coming years, so
stellar abundances now need to be accurately, precisely,danomogeneously extracted
on an massive scale, especially for heavy elements like Ba, Eh, and U. Ultraviolet
spectroscopy is needed to measure crucial elements like Rg, Mo, Te, Ag, Pb, Th,
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Figure 5: Impact of nuclear physics uncertainties on r-process nuclesynthesis and kilonovae
[338. As described in Table 1 of B39 and Table 2 of B39, the labels provide short-hand
notation for the di erent mass models / ssion barrier models applied (FRDM2012 [34(]
/ FRLDM [ 341], HFB22 [3427] /| HFB14[ 343, HFB27 [344] /| HFB14, Du o-Zuker [ 345
/ FRLDM, UNEDF1 [ 346] / FRLDM, SLY4 [ 347] / FRLDM, and Thomas Fermi [ 34§ /
Thomas Fermi [349)) as well as the neutron-richness considered for each case (for exame
.y16 implies Y = 0:16). Absolute nuclear heating rate is shown (top left) as well as a t&®
comparison to a power law assumption (bottom left) for all casesonsidered. The variances in
the predicted nucleosynthetic abundances are shown as a functiofi mass number (top right)
with a comparison of their total mass fractions (bottom right) of lanthanides + actinides (which
are important contributors to the opacity).

U, which break degeneracies between nucleosynthesis preess More observational
capability needs to be developed in this area. Measuremenfdhe ratio of heavy element
abundance to the abundances of lighter elements, includitize so called elements such
as Mg, can be particularly powerful to trace the history of process nucleosynthesis in
various Galactic componentsy50Q 289 287 351, 357. These needs are well aligned with
the priorities of the ASTR0O2020 Decadal Survey3]: \Industrial scale spectroscopy" is
the discovery area, and an IR/O/UV space telescope with speascopy capability is the
priority recommendation in the space frontier.

The laboratory analysis of stardust is another important obervational area, where
new capabilities will have a large impact on nuclear astroghics (see sidebar on Pg).
Most importantly this approach provides the isotopic compsition of astrophysical
sites, which is critical, especially for the disentanglingf production sites of p-nuclides
and other elements in the trans-iron region (A 60-120, Ge to Cd) where multiple
proton or neutron-capture processes may contribute. Anothémportant observational
development is the expected rapid growth of direct observahs of element production
in transient events like supernovae and neutron star mergerdue to surveys like the
Vera Rubin Observatory's Legacy Survey of Space and Time ampavitational wave
observations from LIGO and Virgo. Another multi-messenger aervation of a relatively
close neutron star merger such as GW170817 would be of partasuimportance for
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the eld (see ASTRO2020 Priority Area: New Windows on the DynamidJniverse
[3]). In particular, better late-time observations of the assciated kilonovae may
contain detectable heavy-element signatures, for examgdl®m actinides. An advanced
MeV -ray observation capability would greatly enhance directservations of heavy
element nucleosynthesis sites in our galaxy and enable theedt identi cation of speci ¢
synthesized isotopes3p3 354.

3.5. What Do We Need?

Advanced rare isotope beam facilities that push isotope pradtion to as neutron-
rich nuclei as possible. This includes FRIB, nuCARIBU, N=126 Fetory, ARIEL,
FAIR as well as the FRIB400 upgrade for FRIB. At FRIB a full range of
instrumentation is needed to maximize sensitivity for the toad range of reactions
and nuclear properties involved in heavy element nucleodpesis, including
SECAR, the FRIB decay station, the HRS, SOLARIS, GRETA, and ISLA.

Storage ring and isotope harvesting developments for diteceutron-capture
measurements.

Intense rare isotope beams near stability for the chargedxicle reactions of the
weak r-, p-, and p-processes.

Developments in nuclear theory to reliably predict the proerties and reactions of
extremely neutron-rich or heavy isotopes that are beyond #éhreach of experiment.

Access to leadership-class computing resources and improeats to model codes.

Large spectroscopic surveys of stars (2-4m class) (e.g., S8V, DESI, 4MOST,
WEAVE, GALAH) and accompanying improvements in large-scale hongeneous
abundance determinations; high resolution follow-up stuels at large telescopes
(10m class or more, including the future ELT, GMT, and possig TMT (Thirty
Meter Telescope)) with near UV spectroscopy capabilities dnpublic access to
these capabilities; a space-based high resolution UV spedtopy capability such as
LUVOIR (see ASTR02020 decadal surveys]) to derive abundances of key heavy
elements. Advances in the theoretical modeling of stellar mbspheres (3D) to
extract more accurate information from stellar spectrosq@y (e.g., non-LTE) also
need to be incorporated.

An advanced MeV -ray mission to detect decay radiation from rare isotopes in
space such as COSI or AMEGO.

Continued Gravitational wave observations with increasedsensitivity with
Advanced LIGO/VIRGO, and in the future with Cosmic Explorer and Einstein
Telescope, as well as multi-messenger followup of neutraarsmergers and their
associated kilonovae.

Increased e ort in isotopic composition measurements ofatdust grains.
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4. Understanding the Transient Sky

4.1. Introduction

While for the naked-eye observer the night sky appears as statind immutable, for
deep-sky surveys and X-ray observatories there are numerotansient events that
dominate the night. These transient events o er unique winows into physics at extreme
temperatures and densities. In many cases they representjorasources of new elements
and provide unique diagnostics of matter in extreme conddns. They are, therefore, of
key importance for nuclear astrophysics. It has been challging to observe transient
events with high delity due to the limited eld of view of instruments with high
sensitivity. This is now rapidly changing as astronomy ents an era of time-domain
observations. The ASTRO2020 Decadal Survey identi es TimBomain Astrophysics
(the study of how astrophysical objects change with time) ashe highest priority
sustaining activity for space B]. New developments include dedicated ground-based
surveys for transient searches with broad sky coverage andam-daily cadence 355.
Another key development is the advent of multi-messenger ashomy, where, for
example, a gravitational wave signal will be used as a triggéor rapid followup with a
multitude of other instruments, with multi-wavelength cowerage but a more limited eld
of view [356. These new capabilities have already revolutionized neaer astrophysics
and will continue to do so in the coming decade.

There are already a broad range of
known transient stellar phenomena of in-
terest for nuclear astrophysics. Neutron-
star mergers and the associated kilonovae
are discussed in Sectio3. Here we fo-
cus on events associated with accreting
compact objects (e.g. Fig. 6): classi-
cal novae, Type-l X-ray bursts, accreted
neutron star crust cooling, and thermonu-

clear (Type la) supernovae. X-ray bursts Figure 6: Artist's rendition of the binary
and classical novae are driven by explo- system ASASSN-160h, a rapidly accreting
sive hydrogen and helium burning on the white dwarf star recently observed by NASA's
surface of compact stellar objects, neu- Chandra X-ray Observatory.  This sys-
tron stars or white dwarfs that accrete hy- tem has an unusually high accretion rate
drogen and helium-rich material from a ;nec:mrgr?chl;Zr ”;‘Z 2:2?)32“” Isr?]/:lteem cfrzziité
companion stgr B57, 359 (see Sections NASA/CXC/M.WeiEs 9

for more details on neutron stars). X-ray

bursts are associated with neutron stars and are the most camnly observed stellar
explosions in the Galaxy. They synthesize proton-rich isopes up to mass numbers
of approximately 100 P28 359 36(. These relatively short bursts (10{100s) recur on
typical timescales of hours to days, reaching peak tempeuaés in the burning region of
up to 2GK. Classical novae reach comparatively lower peakngeratures (up to and
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potentially above 04 GK) due to the lower surface gravity of the more di use unddying
white dwarf. Novae are observed to produce elements up to abhd@Ca. What the heavi-
est elements are that can be synthesized in novae remains aeo question though 361].
Similar to X-ray bursts, classical novae are recurrent but t time between explosions
is typically of the order of 100,000 years, with the exceptioof recurrent novae, which
have outburst recurrence times of 1-100 years. Thermonuatesupernovae also occur
in accreting white dwarf systems. However, unlike novae, thexplosion is not powered
by nuclear reactions in the accreted layer, but instead thengére white dwarf serves as
nuclear fuel. As a consequence, in a typical luminosity evetite more massive white
dwarf in the binary system is completely disrupted, and tymal luminosity thermonu-
clear supernovae do not recur. Neutron stars undergoing padic accretion outbursts
result in a non-explosive X-ray transient $62. This is due to a gradual cooling of the
crust (see Fig.7) over months or years after the end of an accretion episodehish can
last many years. Accretion often resumes after some time anlet entire process may
repeat, resulting in multiple observed cooling events forome systems. Several crust
cooling systems are also known to host X-ray bursts during treccretion phase 363.

X-ray bursts, cooling neutron star crusts, novae, and thermaiclear supernovae are
important to understand for di erent reasons. While it is undear whether signi cant
amounts of the synthesized nuclei in X-ray bursts are ejectethe burst ashes de ne
the composition of the neutron star crust and shape a varietyf observable signatures
that can be used to constrain the properties of neutron staf864, 365. Cooling crust
observations provide a direct signature of matter propems at extreme density and
neutron-richness. Novae are thought to be important sources speci c light element
isotopes such adLi, 3C, **N, and 'O, as well as -ray emitters such as?®Al and
22Na [366 367]. Thermonuclear supernovae are major contributors to nusbsynthesis,
providing about half of the iron-group elements Cr, Mn, Fe, md Ni, in the Galaxy
[369, and, potentially, also contribute to proton-rich isotoges of heavy elements beyond
iron through the p-process (Section3). Furthermore, the use of these objects as so-
called standard candles to inform, e.g., cosmological exjgon, necessitates an improved
understanding of such transients3d69.

4.2. Open Questions

There are many open questions of speci c interest to nucleasstrophysics related to
X-ray bursts, novae, and thermonuclear supernovae:

What do observations of X-ray bursts and crust cooling tell uskeoout neutron stars?
Are there observational signatures of freshly synthesizetements in X-ray bursts?

What creates the diversity of observed X-ray bursts and assated phenomena such
as burst oscillations?

What is the role of multi-dimensional e ects such as burningrbnt propagation
across the neutron star surface?
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What mechanism is responsible for the unexplained strong slwav crustal heating
inferred from observations of accreting neutron stars?

How is classical novae white dwarf material mixed into the aceted envelope, how
much of galactic’Li and %Al are produced, and what are the heaviest elements
synthesized?

What unique isotopic signatures can be used to identify staodt from novae?
What are the isotopic abundances of iron-group elements preced in
thermonuclear supernovae, and do thermonuclear supernevaontribute to the
origin of the p-nuclei?

What do nucleosynthesis signatures tell us about the naturef ahe progenitor
systems and explosion mechanism of thermonuclear supereY

Sidebar: New Views of the Cosmos

Construction at the Vera C. Rubin Observatory. Credit: ESA/Hubble, Rubin
Observatory/NSF/AURA.

We stand on the precipice of a revolution. This next era of our investjation of the cosmos
is about to be kick-started by a dramatic leap in telescopes. During he next several years,
several transformative ground- and space-based instruments will starscanning the skies. For
example, the Vera C. Rubin Observatory shown above, is a ground-basetelescope currently
under construction on the El Peron peak of Cerro Pacton in northern Chile. New science will
be driven by the largest digital camera ever created and using it, for gample, to investigate
many kinds of stellar variability producing real-time movies of transient objects in the night sky

in the ultraviolet, visible, and infrared.
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4.3. How Did We Get Here?

More than 100 X-ray bursters are known in the Galaxy and most othem show
bright bursts several times a day. Consequently, X-ray obs@&tories such as RXTE
have obtained data on thousands of bursts that are available databases such as
MinBAR [370. More recently, NICER has provided a large amount of new dataith
unprecedented X-ray spectral coverag@&(1]. Observations of the response of long-term
burst behavior to changes in accretion rate are available a®ll [372. These observations
reveal a wide diversity in burst phenomenology from source smurce and among bursts
of the same source. These include single, double, and tridersts; short bursts ( 10
s), long bursts ( 100 s), intermediate long bursts (hours), and superburstfiqurs to
days); short recurrence time bursts; radius expansion buss and bursts with millisecond
period oscillations B63.

Experiments with beams of radioactive isotopes along the gon drip line have
identi ed waiting points in the rapid proton-capture process (rp-process) in X-ray
bursts [e.q.,373 374 375 376 377, 378 379 380 381]. This has led to long bursts
being recognized as rp-process signatures, while short&tgrare either helium ashes or
powered by a limited rp-process382 383. With these advances recent one-dimensional
models were also able to reproduce observed burst sequerered their response to
changes in accretion rate382 384, 385 384. However, such successes are limited to the
so called \textbook burster," a single system with unusuafiregular bursts B87. Models
can also qualitatively explain intermediate long bursts ath superbursts as explosions
of thick layers of helium and carbon, respectively, thoughhtre are open questions
regarding how the required conditions for ignition and the mount of required fuel can
be reached 388 389 390Q.

Advances in nuclear physics have solidi ed this picture. Mosf the masses and
ground-state half-lives of nuclei involved in the rp-proas are now experimentally known
[359. Recent mass measurements were performed with Penningpsa[381, 391, 392
393, MR-TOF [e.g. 394, and TOF-B facilities [e.g.395 396 397]. Recent decay studies
have focused on -delayed particle emission probabilities [e.g398 379 399 400 401,
407. Modi cations of -decay rates in the astrophysical environment, for examphiue
to continuum electron capture, have been calculated and asggni cant in some cases
[403. The remaining nuclear-physics challenges are the largacertainties in nuclear
reaction rates a ecting ignition and light curves. A broad ange of techniques have been
developed to address this challenge and constraints haveehegpossible for a number of
reaction rates B59. Broadly, these techniques fall into the two categories afirect and
indirect measurements. Direct measurements of explosivgdnogen and helium burning
reactions at or near the astrophysical energies where thegooir have been performed
with rare isotope beams using recoil separators (DRAGONJ}(4 106 107, 404, active
targets (MUSIC, AT-TPC, ANASEN, and others) [189 406 190 197, or gas targets
(JENSA) [407, 408 409 404. In many cases direct measurements have not been
feasible due to limited radioactive ion beam intensities ahthe extremely small cross
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sections involved. As such, indirect measurements have ptalya major role in our
understanding of the nuclear physics of transients. Thesaciude -decay techniques
to locate and characterize resonances of interegtl[} 411], excitation energy and spin
measurements via spectroscopy (e.g. SeGA, GRETINA (and GRETA in the future),
and Gammasphere) 412 413 414, 374, 375 419, -particle coincidence techniques
(e.g. GODDESS) {16 417, the Trojan Horse reaction Method 14, the Asymptotic
Normalization Coe cient method [41§, elastic scattering §19 420, constraints on
statistical nuclear properties (e.g. with He;n) neutron time-of- ight measurements
at Ohio University and the University of Notre Dame) §i21, 427, as well as charged-
particle spectroscopy with high-resolution charged paxie detector arrays 423 424
and the recently refurbished Split-Pole spectrographs atUNL [425 426, Florida State
University [427, and University of Notre Dame {129.

Over the quarter-century since their discovery, around a @en transiently accreting
neutron-star systems have been observed to undergo proledgcooling periods 367.
The steep density gradient in the outer layers of the neutrostar means that exterior
layers cool far quicker than interior layers, such that the wgface steadily comes into
thermal equilibrium with deeper regions as time progressgdg29 43(. As such,
the cooling light curve provides a tomographic picture of th accreted neutron-star
crust [431, 432 433. The light curve may be used to constrain bulk properties ahe
neutron star and microscopic properties of the crus#:4. However, the cooling light
curve is sensitive to the crust compaosition, which is in ueted by surface nuclear burning
such as X-ray bursts. The light curve also depends on nuclea&actions in the crust that
heat (during the accretion phase) and cool via neutrino eng®n. The relevant nuclear
reaction sequences have only recently been fully identi §d35 436 437, 438 439 and
include electron capture, -decay, fusion, and neutron transfer. Nuclear masses play
a key role in determining which processes may occur and how chuenergy they can
generate, and signi cant experimental and theoretical pgress has been achieved. In
contrast, predicting the rates of the reactions has been aalkenge f40 43§ and only
a few dedicated experiments have been performed to datel], 447.

Unlike X-ray bursts, nova light curves are powered by the coolg of ejected material
and are less sensitive to the details of the nuclear physicllowever, novae eject their
nuclear ashes into space, whereas X-ray bursts do not. Obsdions of spectral features
have provided detailed composition information that can balirectly compared with
nucleosynthesis modelsii3 444, 443. Analysis of observational data requires detailed
radiation transport models to account for the fact that onlypart of the gas is visible at
a given time and that this part evolves depending on ejecta mahology [443 444.

The nuclear reactions synthesizing the ejected elementseahydrogen-burning
reactions involving a mix of somewhat neutron-de cient rag isotopes and stable nuclei.
Generally, relatively intense beams of the relevant nucléiave been available and the
high temperatures compared to traditional stellar burningresult in reasonably large
cross sections that are within reach of current experimertéechniques §47. For these
reasons, despite their explosive character, novae are argaie nucleosynthesis sites
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with the most complete nuclear-physics knowledge. This hdseen achieved using the
same techniques applied to X-ray burst reactions for unstabhuclei (see above and e.g.
[448 449 413 450, 451, 452, 453), and the same techniques applied to stellar-burning
reactions (Section2, e.g. [L07). Despite this impressive progress, there remain a few
key nuclear uncertainties that need to be addressed in thetfwe requiring beams that
have been di cult to produce, such as®*P [454 459.

Models that employ up-to-date nuclear reaction informatio have been successful
in reproducing observations (which have large uncertaims) by assuming a fraction of
the white dwarf surface is mixed into the burning zone4pq. In the case of a neon
nova, this material is rich in neon, which can serve as a seear fa mild rp-process
producing elements up to, and possibly beyond, Cd47. Progress has also been made
in understanding this mixing process by using advanced theedimensional simulations
of accretion and ignition indicating that mixing occurs as prt of the explosion §54.
Despite this mixing, recent models predict that the white dwarf is growing in mass.
Such nova systems are therefore expected to evolve towardd@monuclear supernova
explosion once the Chandrasekhar mass limit is reacheth§ 459.

Among the three explosion scenarios discussed in this seatimnly novae are
expected to be signi cant producers of dust4[6(. This opens the possibility to obtain
detailed information on nova nucleosynthesis from stardugrains found in meteorites.
Indeed, grains have been found with some of the isotopic sijares expected for
novae fi61. However, this identi cation relies on nucleosynthesis gdictions which
require more accurate nuclear reaction rateg2 463 464, 469.

Thermonuclear supernovae are modeled as thermonuclear legmpns of white
dwarfs. The evolution of the progenitor system towards expsion, the ignition of the
thermonuclear burning, and details of the explosion mechem are still uncertain B69.
This is of particular importance because of the prominent te these events play in
observational cosmology and in the cosmic cycle of mattetdg 467, 469. A wealth
of observational data has been collected over the past deeathnd will grow with
future surveys such as the Vera Rubin Observatory - see sidegbon Pg. 29). The
interpretation of these observational data in a consistertheoretical framework poses
one of the most important challenges in stellar astrophysc469. Recent results
from observations as well as predictions of observables rfroexplosion models and
nucleosynthesis considerations challenge the canoniciaw of thermonuclear supernovae
as arising exclusively from the explosions of carbon-oxygevhite dwarfs near the
Chandrasekhar mass limit 470 471. The most recent calculations explore three-
dimensional explosion models [e.g472 473. The postprocessing tracer particle
technique has been successfully used to overcome the cingieof accurately following
the nuclear reactions of the roughly 400 isotopes that arelegant during a thermonuclear
supernova explosion [e.g.474. Such postprocessing has enabled the calculation of
large model grids that explore di erent explosions, metallity e ects, and the impact
of nuclear uncertainties. Of particular relevance for nuebsynthesis in thermonuclear
supernovae are electron-capture reactions. They direciiyjpact the elements produced,
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and a ect the dynamic evolution of the explosion from the irtial mass accretion of
the white dwarf, through carbon simmering, and through to te actual thermonuclear
explosion. As such, electron-capture rates are critical imking observables to the nature
of the progenitor system, one of the key open questions. Thensitivity of thermonuclear
supernovae nucleosynthesis to electron-capture rates Haeen analysed in a few works
with con icting results [475 476 477. Charge-exchange reaction measurements have
been used to constrain these electron-capture reactions bgnchmarking theoretical
shell-model calculations and quantifying nuclear unceraties [47. These data
available in a dedicated database4[/9 480, 481]. Of particular importance are new
techniques that have been developed to perform these measuents far from stability,
such as the use of the active target AT-TPC with the S800, ancdhithe future the HRS,
spectrometer at FRIB {82 483. This will also be important for neutron star crust
reactions and the prediction and interpretation of neutriw signals from core-collapse
supernovae (Sectior?).
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Sidebar: Peering Into Neutron Stars

Schematic cross section of an accreting neutron star (left) and modedbservation comparisons
for associated X-ray transients, X-ray bursts (upper-right, shaving X-ray ux as a function of
time) and crust cooling (lower-right, showing the surface temperare inferred from X-ray
observations as a function of time).

Neutron stars siphoning gas from a nearby companion star are nature's ultradese matter
laboratory. The gas is ultimately deposited onto the neutron-star surfa®, heating up, and
generating a number of unique transient events such as X-ray burstand cooling stellar surfaces,
for instance from the sources GS 1826-24 and MAXI J0556-332. Over the past 20 years, joa
advances in nuclear experiment, nuclear theory, and astrophysics cgmutations have enabled the
rst model-observation comparisons, as shown above for X-ray bursts calilated with MESA and
crust cooling calculated with dStar. Experiments at facilities such as FRIB will Il in the gaps
in nuclear data required for higher- delity model calculations. Comparison of these models with
continued observations of the X-ray sky, including observations withadvanced X-ray telescopes,
promise to reveal the high density matter phenomena that may occur niside neutron stars.
Advances in computation will enable model calculations to move beyondhe one-dimensional
approximations presently used.
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4.4. What Needs To Be Done?

There are tremendous opportunities in the near future to sigcantly advance the
understanding of thermonuclear transients, determine tlirecontribution to the origin
of the elements, and use them as laboratories for extreme gomments that cannot be
replicated on Earth. This is primarily due to the unprecedeted advance in rare-isotope
beam production capabilities, as well as advances in compatibnal modeling.

With the availability of large-scale X-ray burst observatioml data sets, the focus
in the near future will be on advancing the modeling of X-ray ists to explain these
observations, address open questions, and extract infortizen on both the binary system
and the underlying neutron star. This will require much impoved nuclear reaction rates,
including reactions on relatively long-lived nuclear isoprs {484, and the development of
realistic multi-dimensional models. The hydrogen- and helm-burning nuclear reactions
in X-ray bursts involve unstable nuclei that have been histacally challenging to produce
as su ciently intense beams to perform experimental measements. New facilities like
FRIB and RAISOR at Argonne National Laboratory will change this. For example,
the SECAR recoil separator and the AT-TPC active target will @able new direct
measurements taking advantage of the unique FRIB radioacgvion beam production
capabilities [L88 19(0. The broad range of indirect techniques and associated ra]
equipment developments at a large number of accelerator @aatories will come to full
fruition and guide as well as complement direct measurement Better calculations of
modi cation of reaction and decay rates due to the rather exeme temperatures and
densities during X-ray bursts may also be needed in some casewd can be guided by
targeted radioactive beam experiments.

The development of multi-dimensional X-ray burst models thacapture burning
front propagation across the neutron star surface and oth@nportant e ects have been
a long-standing challenge due to the extremely high speedsaiund near the surface of a
neutron star. Such burning front propagation e ects are diectly linked to observations
of burst oscillations, which are connected to luminosity véations across the neutron-
star surface {185 484. Burst oscillation models combined with improved burst nclear
physics 87 may be used to constrain neutron star properties. With advares in
computing power and algorithms, signi cant progress on mtitdimensional X-ray burst
models has been made recently§8 489 but much remains to be done.

Observationally, a major challenge yet to be addressed issthinambiguous detection
of spectral features produced by elements synthesized in 3yr bursts, either by
directly observing the convective surface or by observingotentially accumulated
ejected material around the bursting system. Such obserwanhs would provide direct
information about the nucleosynthesis and, through the exacted red-shift, about the
neutron star compactness and the nuclear equation of stat&éction5). An advanced
X-ray telescope with time resolved spectroscopic capabidis such as STROBE-X49(
will be needed.

In addition, it is now clear that burst physics are tightly caipled to the physics of
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neutron star crusts. Both problems need to be addressed sitameously and consistently
[491, 358 384. Cooling models need to use surface burning ashes produéeun X-
ray burst models that are consistent with the system, while xperiment and theory
need to substantially improve the precision and coverage oficlear physics input that
such models require. New rare isotope facilities like FRIB wiprovide unprecedented
access to study the properties and reactions of the relevargre neutron-rich isotopes
in the crust of neutron stars. This will enable precision dermination of ground-state
properties, including nuclear masses using Penning trapsomage rings, and MR-TOF.
Measurements of weak transition strengths using total abgaion spectroscopy, neutron
counting, and charge-exchange reaction measurements vailko become possible. To
reach all the relevant nuclei out to the limit of neutron stalility will require the FRIB400
energy upgrade of the new FRIB facility. Fusion measuremenisvolving neutron-rich
nuclides will provide experimental grounding of nuclear #ory calculations needed for
pycnonuclear fusion reaction rate estimations. Meanwhikxpanding the set of observed
crust cooling sources will improve the delity of crust coohg models by providing more
data with which to test theory. Early and regular coverage ofhe observed light curve
are particularly crucial to breaking model degeneracieSq7.

Improved nuclear physics and multi-dimensional modeling ra priorities for
advancing the understanding of novae. Only a few reactionemain with uncertainties
that limit our understanding of nova nucleosynthesis, incding ?’Na(p; )*Mg,
SAl(p; )?8Si, and®°P(p; )3!S {45. Direct measurements and more indirect studies of
these reactions are needed. Furthermore, the endpoint ofuanucleosynthesis is still
unclear. Therefore, for a complete accounting of the nuclephysics involved in these
explosions, targeted direct and indirect measurements,pegially the reactions involving
nuclei with mass numbers around 30-40, are required. We expthat with new facilities
and equipment available now all relevant reactions are with reach of experiments.

While progress has been made in realistic multi-dimensiondlydrodynamic
modeling of the mechanism that mixes white dwarf material to the ejecta 564,
advances are needed to address nucleosynthesis and whethibite dwarfs in novae
increase in mass over repeated outburstéd97, thus becoming potential progenitors
for thermonuclear supernovae. A concerted e ort in nucleaphysics, modeling, and
observations will be needed to understand the full range ofowa nucleosynthesis.
Observationally, more data on ejecta compositions of novapanning the full range
of elements are needed. Analysis of broader characteristibuadance patterns in
stardust grains may provide an alternative avenue to deterime the composition of
nova ejecta §i69.

Accurate modeling of the small-scale dynamics of thermoneelr ames is essential
to understand the physics of thermonuclear supernovae. Tigehas been signi cant
progress in developments of computational methods and pliyal models for supernova
simulations. While these advances have been encouraginge tburrent state of the
art is far from satisfactory §93. Open issues include a proper representation of
the instabilities for propagation of de agrations that directly a ect ejecta properties
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and the distribution of the synthesized isotopes, the tranigon from de agration to
detonation, though signi cant progress has been made redbn[e.g., 494, and the
initial conditions of the explosion, since the progenitor teucture and the ignition
process cannot be directly observed and must be modeled. Aodocharacterization
of thermonuclear supernova progenitor systems is yet to betablished 74. The
astronomical identi cation of a progenitor can help with sggesting potential scenarios,
but it cannot resolve all of the initialization problems. Exensive simulations using
higher accuracy models and connected nucleosynthesis ghltons with improved
nuclear physics may help discriminate among possible knoweoenarios and also explore
alternate possibilities. Another important challenge is anaccurate description of
the radiation processes responsible for spectrum formation the evolving ejecta, for
example by including non-equilibrium e ects 4995.

The carbon fusion reaction is key to understand thermonuae supernovae and also
drives the ignition of superbursts. While recent advances atable beam facilities have
provided new data, the cross section at the lowest relevanh@rgies remains unknown
and extrapolations are complicated by the interplay of unkown resonances and poorly
understood possible hindrance e ectglpg. Thermonuclear supernova nucleosynthesis is
mostly governed by nuclear equilibrium at high temperatureand densities reducing the
dependence on individual nuclear reaction rates. Only a fegroton-capture reactions
have been shown to impact nucleosynthesis, including thegatuction of -ray emitters,
and can be studied at FRIB §197. However, electron capture rates are not in equilibrium
and a ect observables signi cantly. New rare isotope beam ¢dities such as FRIB will
enable the rst charge-exchange measurements with rare iepes to probe electron-
capture processes. Thermonuclear supernovae have alscbmeygested as a site for the
p-process, the related nuclear physics needs of which arsatissed in Sectiof.

4.5. What Do We Need?

Advanced rare isotope facilities such as FRIB that produce (e most neutron-
rich nuclei and map the neutron drip line up to mass numbers afround 100 for
neutron star crust studies requiring the FRIB400 energy upgde (2) high intensity
rare isotope beams of neutron de cient isotopes to directlgneasure X-ray burst,
neutron star crust, and nova reactions and the associatedpetimental equipment
such as recoil separators (e.g. SECAR at FRIB) and storage risig

Advanced stable beam facilities and detector systems that maconstrain carbon
fusion rates and rp-process reactions indirectly.

Improved theoretical understanding of nuclear reactionst dhe lowest energies, in
particular very low-energy fusion and the role of cluster siicture.

An advanced X-ray observatory with time-resolved X-ray speabiscopy capability to
observe X-ray binaries and novae, such as STROBE-X (see ASTRI2D [3] priority
for Probe-class mission).
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A curated database of X-ray burst and transiently accreting eutron stars
observations suitable for comparison with nuclear physidsased models.

Advanced 3D computational models of X-ray bursts and thermomlear supernovae.
Improved theoretical understanding of the physics of acdesl neutron star crusts.

5. Neutron Stars and Dense Matter

5.1. Introduction

Neutron stars are the densest non-singular objects in the ent Universe. Most are

remnants of core-collapse supernovae with masses 2 times that of our Sun contained

in a radius of about 12 km 49§. The extreme conditions encountered in their interiors
are the outcome of the interplay of all four fundamental fores, with nuclear physics and
gravity taking center stage £99 500, 501]. Without strong nuclear interactions among

the particles in their core (Fig. 7), neutron stars would be overcome by the crushing
force of gravity and could not exist.

Figure 7: Cross section of a neutron star, showing the composiin for each of its layers p02].

Despite abundant observations of neutron stars in our Galgxand beyond, their
properties are still uncertain, posing a puzzle that attras the attention of scientists
in many disciplines, including nuclear theorists and expenentalists, astronomers
and astrophysicists, relativists, and computational physists. Studying neutron stars
requires microscopic models of the dense matter in the sgllinterior that must
describe matter over a wide range of densities and temperads. These models
have to account for potentially exotic, unknown forms of maer in the neutron-star
cores while remaining consistent with the results of terrggl nuclear experiments.
The models can be tested against, and informed by: (i) experéents with atomic
nuclei and astronomical observations, including neutrontax mass measurements
using radio signals, (ii) combined neutron star mass-racdsumeasurements from X-ray
observations and observation of gravitational waves emétl during neutron star
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collisions, (iii) observations of surface temperature, 8p and magnetic eld evolution,
and (iv) the detection of neutrinos from core-collapse sup®vae. Current and future
observations and experiments will provide strong tests oheories for nuclear matter
and will help us to unravel the nature of dense matter.

5.2. Open Questions

How robust are dierent nuclear-physics models in describgn the interiors of
neutron stars? At what densities are they applicable?

What particles are present in neutron-star interiors and wiih states of matter do
they form?

How can we best connect experiments with atomic nuclei to therqperties of
neutron-rich matter in the crust and core of neutron stars?

Do we fully understand the systematic uncertainties in the raalyses of radio, X-
ray, and gravitational-wave data from neutron stars, and oéxperimental nuclear
structure and heavy-ion collision data?

How can we robustly combine this multitude of constraints spaing widely di erent
scales in the era of informative observations?

5.3. How did we get here?

Nuclear experiments provide a wealth of information about sbngly interacting matter.
Such experiments include measurements of nuclear propestiacross the nuclear chart,
e.g., the thickness of the neutron skin of heavy atomic nuclée.g., PREX [503), and
heavy-ion collisions that create matter resembling that emountered in the cores of
neutron stars p04, 505 506 507, 508 509 51(. These experimental results provide key
input and benchmarks to construct theoretical models of dee matter. Over the past
decade, there have been signi cant advances in the theowel modeling of neutron-star
matter, based on chiral e ective eld theory p11, 512 513 514 513 in combination
with developments in quantum many-body methods. Importaty, these advances have
provided more accurate descriptions of neutron-star mattevith theoretical uncertainty
estimates, but they are limited to nuclear densities where #ories are relatively certain.
At higher densities, where information about the relevant eigrees of freedom in dense
matter is scarce, neutron-star observations provide the gatest potential to determine
the nature of dense matter. Heavy-ion collision experimengsovide probes at densities
below twice the normal nuclear matter density. They also ha&vthe ability to isolate
the symmetry energy contributions to the equation of state54, 506 507, 509 and the
e ective nucleon masses 516 517, which play important roles in the structure and
dynamics of dense matter.

A wealth of observational data on neutron stars was provideidh past years,
including mass measurements using radio timing18 519 520 521], X-ray observations
of two neutron stars by NASA's Neutron-Star Interior Compositiom Explorer
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(NICER) [522 523 524, 525, and detections of gravitational waves from coalescing
neutron-star binaries, like the groundbreaking detectiorof GW170817 21( by the
Advanced LIGO and Virgo interferometers$26 527] together with the electromagnetic
counterpart [52§. These observations allowed us to measure masses and rafdiieutron
stars, although sizable statistical and systematic unceainties remain and need to be
understood. While NICER data seem to rule out neutron stars wht relatively small
radii at a given mass, gravitational-wave observations relout the largest, least compact
neutron stars with high con dence (Sidebar on Pg41). Combined inference of the
masses and radii of neutron stars using a variety of neutratar observations, theoretical
modeling, and experimental information about dense mattenas recently become the
standard approach 210 529 530 531, 532 533 534 535 536 537 538 539 540
541, 542, 543 525 544, 545 546 547, 548 549. This approach provides the strongest
constraints on neutron stars to date (Sidebar Pgil).

Additional constraints on neutron-star properties come frm many sources.
Continued radio timing provides an increasingly precise rasurement of the moment
of inertia of pulsar A of the double pulsar system J0737-30399(, and has recently
enabled resolution of important details of a pulsar glitchg51). X-ray observations of
accreting neutron stars (Sectiord) and the cooling of isolated neutron stars, where
thermal radiation from their surfaces is observable in X-ra/[652 553 554, 555 554,
provide information about the thermal properties of the inerior. In particular, the
young neutron star in the supernova remnant Cas A is of intesé because its surface
temperature decreases faster than expected within the s@ard neutrino cooling
scenario. This anomalous temperature drop is naturally elgned within a minimal
cooling framework by the onset of core super uidity §57, 559. Radio and X-ray
observations also provide information about the long-ternotational and magnetic eld
evolution of the star.
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Sidebar: Comparing Observations with Dense Matter Experient and Theory
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The mass-radius relation of neutron stars is constrained by a mititude of observations across
the electromagnetic and gravitational bands, terrestrial experimentsand nuclear calculations.
Credits: Center [547, Radio: B. Saxton NRAO/AUI/NSF, Gravitational Waves:
NSF/LIGO/Sonoma State University/A. Simonnet, X-rays: NASA's Goddard Space F light
Center, Nuclear experiment: ALICE/CERN

A wealth of observational, experimental, and theoretical information contributes to the emerging
picture of the properties of neutron stars. Gravitational waves and X-rays are inconsistent with
very large and very small radii, respectively, resulting in a preérred radius of about 12 km.
Radio observations reveal neutron stars with up to twice the mass of our @ demonstrating
the existence of relatively massive neutron stars. These constrdis are complemented by
observations of light emitted as part of heavy-element production duing neutron-star mergers.
Terrestrial nuclear experiments and nuclear-theory calculations anhor the properties of nuclear
matter at densities lower than those explored in the center of neuton stars. The emerging
constraints will be further tightened by upcoming observations and &periments.

Crucial input to these analyses comes also from simulation$ core-collapse supernovae
and neutron-star mergers that require dense-matter prop@s as input and can connect
them to a broad range of observables. Core-collapse supemmodels were among the
very rst simulations ever undertaken in computational astophysics. This now 60-year
history of development has led to modern simulations that va the requisite physical
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delity to provide predictive power over a wide array of obsevables, including explosion
energy, gravitational wave signatures, and neutrino sigiea[559, 560 561, 562, 563 564].
Fully understanding the progenitor dependence and the impa of neutrino avor
oscillations on these observables requires signi cant m@ses in computational power,
both in hardware and software. Many of these same advancedl e essential in making
possible high- delity simulations of neutron-star merges, as they are the only avenue
available to simultaneously predict gravitational waveselectromagnetic waves, and
nucleosynthesis yields from these events for a given set afclear-physics input that
includes the properties of dense nuclear mattes§5 566 567, 568 297, 569 570.

5.4. What needs to be done?

Upcoming observations of neutron stars and new data on neutrgich matter from
experiments will provide information with improved uncerainties, allowing us to obtain
a more re ned picture of neutron stars and tighter constraits on their properties. It is
crucial that we can fully exploit this new data without beingdominated by systematic
uncertainties. Furthermore, it is key to prepare for the pasbility of discovering \new"
physics, like phase transitions to exotic forms of matterrém the data. This requires
the development of robust and exible statistical tools roted in nuclear physics theory
and experiment.

Experimental information on properties of atomic nuclei sesitive to interactions
among neutrons, for example the neutron-skin thickness ireavy nuclei p03, will help
us to obtain key information on nuclear matter probed in the oter core of neutron
stars. A frontier related to neutron-star science is the nate of very neutron-rich nuclei
at the limits of existence, as measured at powerful rare isie facilities such as FRIB
in the USA, RIBF in Japan, and FAIR in Germany. Additionally, heavy-ion collision
experiments at these and other facilities such as NICA in Russwill directly probe
dense matter to higher densities and larger neutron-protassymmetries. It is crucial to
better understand systematic uncertainties in the analysiof such experiments and to
improve transport model simulations of heavy ion collisian[571. These experimental
constraints, together with progress in theoretical quanttn many-body calculations of
heavier nuclei, will allow us to improve and benchmark curre and future models
of nuclear interactions. Because these models break downhagh densities, where a
transition between hadrons and quarks likely occurs, a castent description of such a
transition may need to be included.

On the observational side, many new data are expected. The ABRD2020 Decadal
Survey has identied as a priority area \New Windows on the Dynmic Universe",
including gravitational-wave astronomy and multi-messeger observations of high energy
astrophysical sites §]. New X-ray telescopes such as the Imaging X-ray Polarimetry
Explorer (IXPE) [ 579 successfully launched in December 2021, XRISM, to be lauech
in 2023, or Athena, the European Space Agency's soft X-ray obgsory scheduled for
launch in 2031, will enable further advances and improve melihg of X-ray sources.



Horizons: Nuclear Astrophysics in the 2020s and Beyond 43

Meanwhile, other new X-ray telescopes are in development: eRT573 574, which
could launch in the late 2020s, and Strobe-X5fg. These missions will enable X-ray
modeling of pulsars, accreting neutron stars, and classicevae (Sectior4.1). Accreting
neutron stars o er alternative independent avenues to detmine neutron-star properties
because the stellar response to the accretion of matter gestes additional observables
[576 and higher neutron star masses enhance relativistic e ecthat are advantageous
[577.

In the next decade, sensitivity improvements to the LIGO andVirgo detectors
will increase the prospects for dense-matter science withagitational waves. The next
LIGO-Virgo observing run, to be held jointly with KAGRA, is scheduled for late-2022
and is expected to return about ten binary neutron-star detions. The subsequent
observing run, planned for 2025 with LIGO Advanced+ detect®; upgraded beyond
twice their original design sensitivity, will be even moreensitive to neutron-star mergers.
The potential of gravitational-wave astronomy will be fuly realized with the advent of
proposed third-generation gravitational wave detectorsie the Einstein Telescopeq79
and the Cosmic Explorer $79 in the 2030s, with ten times the LIGO design sensitivity.
A rst detection of a post-merger gravitational wave signalcould be made by the end
of the 2020s, teaching us about matter at the most extreme aditions in the Universe.

These future observations of neutron stars across the magestrum will constrain
dense matter in neutron stars across di erent density scae Resolving more of the
merging neutron-star population will also enable a searclorf outliers { for example,
neutron stars of similar mass but very di erent radius { that could reveal the existence
of phase transitions. A large-scale e ort to explore the vagparameter space of neutron
stars and their mergers using numerical simulations is nesdl in preparation for the
next generation of multi-messenger observations. The fattat the electromagnetic
counterparts depend on the dynamics of the system over very etent timescales,
ranging from milliseconds after the merger to years, posessani cant challenge. At
the moment, di erent groups are attacking this problem withindependent codes, each
optimized for a particular phase of evolution of the binaryHowever, these e orts will
need to be combined to develop a consistent coherent pictuoé the multi-messenger
emissions from neutron star mergers.

Finite-temperature e ects are expected to be quantitativet important for the
outcome of neutron-star mergers and will be imprinted in thpost merger gravitational-
wave signal and its electromagnetic counterparts. There austill only a few studies of
nite-temperature and composition e ects in mergers. Thes studies show that phase
transitions can dramatically impact the merger outcome andeave an imprint on its
gravitational-wave and electromagnetic signal$80, 581]. However, a variety of physics
can drive phase transitions and their impact is only undersbd qualitatively. More
studies are needed to understand how certain microscopiceets lead to observable
features in the dynamics of mergers.

Complementary information about neutron stars can be obtaed from analyzing
the temperature evolution of isolated neutron stars. Futwr observations of young
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neutron stars such as Cas A and the potential neutron star inhe remnant of
SN 1987A H87 will constrain theoretical cooling models and could poteially set

constraints on the energy gaps of superuid matter calculains [F83 584 583.

Super uid characteristics impact a number of neutron star penomena $8¢ such as
pulsar glitches p87, 58§ and neutron star oscillations $89. Density-dependent gap
models of the entire neutron star are needed to accurately oh&, e.g., magneto-thermal
evolution [556 590 or determine superconducting magnetic ux distributions[597].

Neutron star crust physics also in uences thermal and magnet eld observables. As
the modeling of such phenomena not only requires knowleddesaper uid gaps but also
information about the neutron star equation of state and coposition, including the

crust, theoretical approaches that provide consistent infmation about various aspects
of dense matter would be particularly useful for such tasks.

Finally, we need to prepare for the next Galactic supernova sbrvation. A
multi-messenger observation of such an event would proviti@nsformational data for
the understanding of dense matter. Recently, supernova sihations have used more
modern treatments of dense matter that better match the comsaints provided by
astronomical observations and laboratory measurementsutbthe robust analysis of
future observations requires three-dimensional simulatis based on detailed knowledge
of the properties of nuclear matter and neutrino-matter inéractions. Accurate nuclear
physics, for example the weak interactions of neutron richare isotopes that can be
constrained with FRIB experiments, will also be needed to intpret such observations.

Capitalizing on these opportunities for dense-matter saiee will require a concerted
e ort in theory, experiment, simulations, and modeling to kep up with detector
sensitivity improvements and the expected wealth of data. t&dies spanning the full
range of nuclear-physics models, including exotica like aée transitions, are critical
to lay the theoretical groundwork needed for the correct imrpretation of future
observations of neutron stars and to maximize scienti c retn.

5.5. What do we need?

To reach these goals, we need:

Analysis of systematic uncertainties in models and data anales from nuclear
experiments and observations of neutron stars.

FRIB400 upgrade of FRIB to compress neutron-rich matter in heg-ion collisions

to twice the normal nuclear density.

Exploration of wider and more detailed microphysical modslin simulations of

supernovae and neutron star mergers.

Consistent theoretical models, e.g., nuclear interactiomodels or energy-density
functionals, that can be applied to nuclear systems rangingom atomic nuclei to

dense matter with systematic uncertainties and at nite tenperatures.

A consistent theoretical description of crust and core phics including transport
and super uid properties to allow observational data on newon star dynamics and
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cooling to constrain dense-matter properties. Where poskbhensembles of models
should be created for statistical inference as with core meld in the past decade.

Experimental data on masses and weak interactions of neutrsich, rare isotopes.

Increased sensitivity of gravitational-wave detectors t@bserve more neutron-star
mergers with increased sensitivity to late-time signals ¢ ASTR0O2020 Decadal

Survey B]).

Precision X-ray observations of neutron stars, especiallygh-quality, large photon
number, high resolution spectral-timing-polarimetric dé|a (ASTR0O2020 Decadal

Survey [)).

Continued radio timing of pulsars to improve the precision fomoment of inertia
and mass measurements, and to resolve more pulsar glitchéslzorter timescales.

6. Diversity in Nuclear Astrophysics

6.1. Introduction

Nuclear astrophysics integrates a wide range of research ageand brings together
sub elds in nuclear physics, nuclear and cosmochemistrysteonomy and astrophysics,
gravitational physics, accelerator physics, and comput@nal science. Complementary
activities across the globe are in constant exchange. Nudlesstrophysics, as a eld,
therefore bene ts strongly when ideas and contributions &m the broadest possible
range of participants are shared for the joint advancementf éhe community. Nuclear
astrophysics requires an environment where diverse sciemtommunities with di erent
communication cultures and demographic compositions coonfably and safely interact
in productive ways. The main challenge to achieve this goa$ icreation of a safe
environment in which people from marginalized communitieare invited to participate
actively and are supported. The eld of nuclear astrophysgtherefore bene ts greatly
from advancing diversity, equity, inclusion, and accessllty (DEIA) goals and, at the
same time, is well suited to spearhead such e orts.

As we look at who is participating in the eld, we recognize thkmany groups
are not present in proportion to their representation in thepopulation. If we truly
believe that the ability, drive, and interest to succeed in uclear astrophysics is
distributed in the population without regard to sex, gender sexuality, ethnic or socio-
economic background, or whether a person is disabled or nedivergent, then we
must acknowledge that such groups are systemically marglizd. Dismantling the
mechanisms of marginalization must be part of how we reachdlDEIA goals that will
advance the eld.

As we look to eliminate barriers in the eld, we must seek the adgce of those who
understand and have experienced these barriers to identifyhere and when they occur,
how they manifest, and their true impact on researchers. As wearn from colleagues
and experts, within and outside of the eld, about these obsicles, we must use both
informal (mainly individual, voluntary) actions and formal (institutional, structural
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changes) actions to vanquish them. Institutional and indiual changes to our culture
should happen in parallel to reinforce one another as we obitébroad buy-in from the

community. It is crucial that we provide incentives for inclding practices to advance
DEIA goals as well as disincentives to ignore those e orts.

Advancing the goals of nuclear astrophysics as a more welcamiand hospitable
eld requires sustained engagement that starts with recogfion of the challenges that
need to be overcome. Eliminating these challenges will recgibroad adoption of DEIA
goals and a willingness to make necessary changes to ouritabnal and cultural
structures, as emphatically noted in Section 3 of the recdptreleased Astro2020 Decadal
Survey B].

6.2. Open Questions

Open gquestions and challenges that need to be addressed iis threa are:

How can we achieve appropriate representation in nuclear egphysics?

How can we create a welcoming and inclusive eld that supportsnd nurtures all
young scientists?

How can we take advantage of the unique mixture of diverse sudds and
international communities that comprise nuclear astroplsics to achieve these
goals?

What can individual researchers do to further DEIA goals?

What institutional and cultural changes are needed to achievDEIA goals?

How can we incentivize inclusive practices and disincentag oppressive behaviors?

Institutional DEIA o cers play a key role as facilitators of change. How can the
group that actively facilitates change be broadened so thatommunity members
from marginalized groups are not the only ones expected to hetive in this work?

The COVID pandemic has transformed our use of digital commueation. These
new practices and innovative online interaction platformsare powerful tools for
advancing DEIA goals. However, the same tools can also be &wlg. What
lessons can be learned from recent experience, how can wereskl shortcomings
and can we identify useful practices that should be made peament?

6.3. How Did We Get Here?

Considerable e ort in recent years has been undertaken by niaus groups to identify
challenges, to develop pathways and recommendations to mamne them, and to start
to address the DEIA problem in physics. These include the AIP EAM-UP initiative
[597, the APS STEP-UP program p93, and the International Science Council's Gender
Gap in Science Project494. Centers such as JINA have advanced the DEIA agenda
by broadly adopting a Code of Conduct and implementing it at i JINA-supported
meetings. Centers like JINA, and its European counterparts, ka also spearheaded
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the inclusion of DEIA topics in workshops and conferencesidluding invited plenary
talks, dedicated sessions, and novel discussion formatsNAFCEE now provides a wide
range of resources related to DEIA e orts as a resource to theld [ 595. Centers and
networks aggregate DEIA metrics.

Thanks to the signi cant e orts made, particularly in the past couple of decades,
by various international networks in nuclear astrophysicgJINA, ChETEC, IReNA,
etc.), the nuclear-astrophysics community has made stridegowards awareness of the
importance of gender diversity. For example, attention ha®deen paid to inviting
women speakers to present their work at conferences, and taking sure participation
by women is encouraged and welcomed. As a consequence, recbrdttendance,
presentations, and inclusion of women in committees at caménces in the eld has
reached typical values of around 30% (41% of the speakers la¢ tJINA Horizon meeting
that originated this white paper were women). This is, howear, only the start of
the journey. As detailed below, the eld's progress in includg other marginalized
communities is poor. It is also vital that we realise that pegle who belong to more
than one marginalized community face more barriers than tise who belong to only one
such community.

DEIA priorities vary somewhat from region to region and couny to country, and
nuanced approaches are required at regional levels. An exdenpf a successful, larger-
scale, regional initiative to advance gender and socio-@oonic diversity in the eld is the
Changing Face of Physics campaign in 2018 by the E.A. Milne Ges for Astrophysics
at the University of Hull, UK (also part of JINA, ChETEC, and IReNA). Ke y elements
of this initiative include close connections to more than 5@cal schools to identify
capable students interested in physics that would be exclad when using traditional
entrance selection criteria, mentorship by undergraduatand post graduate students
from similar backgrounds, and research internships. As a s Physics at Hull has
seen a doubling of women into Physics in only three years, thgh more work remains.

Many important challenges related to gender equality and atusion of other
marginalized groups remain, e.g, (i) Unconscious biases; éxample when women and
people of color are overlooked as potential invited speake(ii) the gender pay gap and
di erences in approach (and success) of minorities in apphg for jobs or promotions
[596 597, (iii) the need to inspire younger generations to be invobd in the community,
(iv) making it easier in practice for everyone to participag¢ in activities such as workshops
or meetings, and (v) achieving a healthy work-life balanceFamily and other caring
responsibilities often impact women disproportionally. Wmen in physics continue to
experience sexual harassment in large numbef9§ correlating with a feeling of not
belonging. Similar challenges are encountered by membefshe LBGT+ communities
(lesbian, gay, bisexual, transgender and other sexual andrgler minorities). APS and
IOP climate surveys indicate that 16-20% of LBGT+ members inphysics recently
experienced exclusionary behavior and a third consideredaling Physics $99 60(.
The international nature of collaborations poses particar challenges as it increases
exposure of LBGT+ scientists to cultures with low levels ofriclusion F99.
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The track record of the physics community in terms of partigation by race remains
dismal. In the US the fraction of Black students among physidsachelor degrees between
1999 and 2020 dropped from 4.8% to 3.1%/]1] despite robust increases of participation
of Black students in other STEM disciplines. While these nundrs are low, they are
hiding an even bleaker reality as the vast majority of Physgcdegrees were awarded by a
small number of Historically Black Colleges and UniversitiefHBCUs). At most other
US universities numbers of Black students graduated rangeofn zero to two over this
time period. Furthermore, the fraction of physics doctorats awarded to Black students
has dropped since and is now below 1%.
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Sidebar: Women who Made Nuclear Astrophysics

Cover of the calendar \Women Scientists Who Made Nuclear Astrophysis”. Credit: [607],
and clockwise 1) Yuasa: courtesy Ochanomizu University, History Musem, 2) Mudller:
courtesy R. J. Rutten, Utrecht University 3) Payne: courtesy AIP Emilio Segre Visual

Archives, Physics Today Collection 4) Mayer: U.S. Department of Enegy (Public Domain), 5)

Eryurt: Courtesy METU Physics Department 6) Behm-Vitense Courte sy U. of Washington

via Julie Lutz 7) Meitner: Smithsonian Institution Archives, Wiki media

Many women scientists were critical to the development of nuclear asophysics since its
inception. The nuclear astrophysics community has worked on promotingthese women as
role models and to remember and celebrate them. A poster and a calendarelebrating 12
historical gures of women who contributed to developments in the eld have been created in
an e ort led by M. Lugaro and C. V. Hampton [ 602. The poster was presented at the Nuclei
in the Cosmos conference in 2018 and can be downloaded from the ChETEC wéles[603. The
calendar was translated into 25 languages, and distributed for the years 2021 dr2022 in several
countries including the United States, Japan and Europe $§04. The main aim of the project is
to reach out to young students and present them an image of scientistshtat counters prevailing
stereotypes. Carefully chosen photographs portray scientists both aan early age and advanced
career phase, so young girls and boys can start recognizing outstandingisntists also as young
women. The calendar was presented at secondary schools and social meelients to speci cally
reach young students. Moving from historical gures to current women scientists would be a
natural extension of the above outreach, anti-bias projects. While sora e orts have been made
in this direction, for example, the ChETEC website lists women researchers who recently secured
prestigious grants from the European Research CounciBD5, a more coordinated, international
e ort is needed to ensure that the young public is reached. Using ifrastructures such as current
projects that involve high school students, e.g., within JINA and ChETEC-Infra, and visitor
centers associated with observatories, laboratories, or planetaria issuccessful direction in which
to expand the reach.
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6.4. What Needs To Be Done?

Action is needed, not only at individual and institutional levels, but also by scienti ¢
collaborations, conference organizing committees, anchfling agencies. Recruitment is
a challenge, but until we improve the retention of studentsye cannot expect recruitment
to be the sole answer. As we improve our ability to retain studhés in the eld, the ability

to recruit will also improve. Research has shown that the ppmrtion of undergraduate
students from marginalized communities interested in seiee and engineering is much
greater than the proportion of degrees awarded to minoritsein those elds p0q. We
need to identify how cultural practices in introductory physcs and astronomy classes
and early encounters with research experiences have deg¢eristudents from persisting
in areas where they have interest. This must lead to restruating of recruitment and
retention e orts at the undergraduate level f07. Bringing more interested high-school
students into a eld that fails to nurture their sense of beloging and identity as a
scientist prevents achievement of our DEIA goals.

Large collaborations and centers (Sectiod.1) have an opportunity for particularly
impactful actions. Most importantly, just like science, agtancing DEIA should be a
collaborative endeavor for the eld as a whole, with opportaities to exchange ideas and
observations, develop new directions, and share best prigets, successes, and failures.
In the following we summarize speci c actions that the nucke astrophysics community
recommends to implement for progress towards a diverse, égble, inclusive, and
accessible eld of nuclear astrophysics:

Treat diversity goals on an equal footing with scienti ¢ goals: Diversity
goals are as important as the scientic goals of the eld. The should be valued
as part of how we execute our research and thus be part of thelesti c merit of
our work. Therefore, diversity goals should be integratedcaordingly in conferences,
workshops, review and promotion criteria, criteria for pdes and awards, publications,
and public dissemination of achievements. We advocate foredicated sessions on
DEIA at conferences and workshops that are treated like saiec sessions. This has
been shown to foster awareness across multiple generatiohscientists, and stimulate
discussion.

Provide incentives to promote DEIA goals: Incentives are a key agent for
advancing DEIA goals. Recognizing DEIA achievements on emjufooting as science
achievements (see above) will go a long way in creating suahcentives. Another
example would be recognition of clearly developed DEIA planand activities in a
project at the same level as scienti ¢ and technical componts. Funding agencies and
institutions need to provide incentives through grants andellowships, e.g., requiring
some meaningful discussion of DEIA in impact statements arglving such statements
equal weight to research descriptions, especially for eslished researchers.

Address barriers:  There are many kinds of barriers to marginalized-community
success in science that many scientists are unaware of. Bens to marginalized ethnic
minorities (See AIP TEAM-UP report [59] for details) include nancial and family
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concerns, or the lack of resources at small or under-resaedlcuniversities. Barriers to
disabled scientists need to be addressed by targeting resms to explore innovative
approaches such as sign language for science, soni ed datd eontent for blind people,
as well as measures that help alleviate the impact of disaligs that are not immediately
visible. An increasingly important type of disability limiting participation in nuclear
astrophysics, as in other science elds, concerns mentalafth, which constitutes a
signi cant percentage in the spectrum of DEIA barriers. Instutions and leaders need
to bring this inclusion barrier into clear focus and address (Section 7.1).

Address bias: Policies that seek to mitigate biases must be both intentially
implemented and regularly reviewed for e ectiveness for hieving DEIA goals. For
example, double-blind reviews reduce unconscious bias bguising on the science rather
than the identity of the proposer. Bias in recruiting and himg should be reduced by
following best practices in writing job advertisements, irstreamlining interviews, and
in using interview panels with pre-selected questions andaing criteria.

Retention: The retention of researchers from marginalized communisies key to
achieving DEIA goals. A commitment to arm an early or late career researcher's
identity as a scientist, and to reinforce a sense of belonginn a department or
collaboration, should be the responsibility of all facultyand collaboration members
with whom the researcher engagesJ2. Retention and recruitment can be helped by
policies and practices that acknowledge and are designedaiddress the family concerns
of professionals, including support for solving the two-laty problem in which married or
partner couples seek meaningful professional careers i ttame location. In addition,
practices of cluster hiring that allow new sta to identify a supportive cohort can be
helpful if implemented correctly.

A healthy work-life balance must be promoted and normalizedhe current culture
that reinforces the notion that to be successful one must beovking signi cantly more
that 40 hours/week is one mechanism by which people are margiized and contributes
signi cantly to mental health problems. Both the structure of our programs and those
that mentor early-career researchers must send a clear neggsthat one can be successful
in the eld without working more than standard working hours As a community we
must also highlight and support exible working hours to acommodate the needs of
those with other life commitments.

At the student level, valuing the experience and insights @ach student as they seek
a career path in science, requires changes to our evaluatiohreadiness to undertake
graduate work. Career paths of each student di er and our DA goals should re ect
values and community norms that support achievement of indidual student's career
goals. Retaining a diverse pool of graduate students regesrinvesting resources in these
e orts. It is also important that students see people from meginalized communities as
leaders in the eld.

Open access to data, resources, knowledge, and ideas:  This includes digital
access, for example open access to data and research soéwas well as shared access
to experimental, observational, and computational facilies. The community must also
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organize open access to knowledge and promote early sharagigdeas through open
networks that explicitly strive to include participants from groups currently marginalized
in the eld. Centers and networks play a key role in providingaccess to a broad range of
researchers at di erent levels of seniority and from a broadange of institutions. They
should strive to create structures and processes speci lyatlesigned to improve access.
For example, JINA schools have focused on introducing a divergeoup of students
to open-access computational research tools and to expentsthe eld who provide
guidance and collaboration. The NuGrid collaboration has agpted a mandatory open-
access policy in which all collaboration projects have to pen to all participants. This
could be extended to the center or international network-lel.

Buy-in: The buy-in of all stakeholders and the community as a whole witical
for achieving DEIA goals. Centers and networks must faciate the establishment of
discussion spaces for people to engage in the conversatiom drm their opinions.
Attention needs to be paid to making these discussion spaceafe for a ected
marginalized communities to avoid negative impacts.

Committed leadership:  To advance the DEIA goals both bottom-up and top-
down approaches are needed. Leadership in the community amdh-level policy groups
need to engage with clear and visible actions. An example wdule the implementation
of DEIA metrics in evaluation and assessment. Overall, a ste leadership model needs
to be adopted that incorporates the broad community's rangef career status, expertise,
and perspective.

Codes of Conduct: Collaborations and conferences should develop, ideally
with outside experts, and implement codes of conduct, alseferred to as community
agreements, and e ectively communicate them. These shouidclude an aspirational
DEIA statement advanced through policy, an outline of instutional responses to
violations such as harassment and bullying, as well as besaptices for bystanders such
as reporting and providing support to the people a ected. Caes of conduct should be
reviewed regularly.

Mentoring: E ective mentoring is recognized as a particularly importat element
for creating inclusive communities. Institutions and codborations should implement
mentoring frameworks that go beyond the single mentor appach and include mentor
training [e.g., 60g). One possibility would be the formation of multi-institutional
support groups for minorities, potentially coordinated bycenters, with support from
professional coaches.

Outreach:  Public outreach provides an opportunity to reach marginatied
communities and dispel racial and gendered misconceptiong fresenting diverse role
models. Owing to new developments especially during the memic, where in-person
outreach has largely been substituted by online outreaclhs now possible to reach new
audiences that are not in the immediate vicinity of the reseah institutions. Outreach
programs should be adapted to ensure marginalized commued are reached and there
are no barriers to participation, including technical barters for online programs.

Training:  Collaborations should consider training activities that pomote DEIA
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topics. Such training should be tailored to the needs of theeld. Centers should
facilitate the collection and sharing of experiences in theld with such trainings.

Centers and Networks:  Centers and networks (Sectio8) have the opportunity
to apply particularly impactful action on all the points in this section. To further
broaden the impact and lower access barriers it is importanto expand networks
to smaller, less-connected institutions both nationally rd internationally. As they
are broad-reaching and multi-institutional, centers havean excellent opportunity
to provide a support network for those who might not otherwis have access to
interdisciplinary training, research opportunities, andresources. This could include
community-wide mentorship and networking programs, a cerdlized location for job
notices and workshop announcements, mental health and welks resources, assistance
with translation or data accessibility issues, and a diveesdatabase of potential speakers
for conference and seminar planning. Centers also o er theportunity to coordinate
responses to code of conduct violations across instituten

Online Access to Meetings:  While recognizing that online participants miss
important elements of the scienti c meeting experience, whave noted that moving
to online meetings during the COVID pandemic has supported ween to attend more
meetings and that the percent of female participation has aneased { on top of the
meetings becoming in general more inclusive. Online accesay also be bene cial to
groups with limited ability to travel, for example because bhealth issues, disabilities, or
economic reasons. We need to continue monitoring this potei e ect, and suggest that
meeting organizers consider continuing to provide the opganity to attend meetings
both online and in person, and keep track of the attendanceviels.

Collect and Monitor Metrics: The monitoring of statistics on participation is
important to understand if progress is being made. Nuclear @gphysics must continue
to collect information that demonstrates that DEIA goals ae being met. Centers can
help to normalize and curate this information. Collaboratins should track participation,
for example by analyzing co-authorship, to identify dispdties.

On the personal level, a major step that each of us can take i3 #xamine ourselves
for unconscious bias. Tools exist (for example, the testswddoped by F09) to enable
individuals to help expose their unconscious biases, whichn lead to positive changes
in an individual's approach to decision-making that might therwise negatively impact
diversity in the sciences. Unconscious bias happens belove tlevel of an individual's
or institution's awareness, however while drawing attenbin to it can be helpful in some
cases, there is evidence that this is not su cient. Policieand procedures must still be
in place that curtail the opportunity to act on bias. Individuals play an important role
in creating a more inclusive and respectful workplace. Evamall steps { such as taking
the time to learn the correct pronunciation of someone's nanor ensuring that someone
is given appropriate credit for an idea in a meeting { over tirma make a di erence.
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6.5. What Do We Need?

Broad community buy-in and a concerted e ort to make DEIA goad a priority for
all members of the eld, on equal footing with the scienti ¢ gals.

Centers are important in bringing DEIA e orts center stage,fostering new ideas,
and implementing policies and procedures that drive broachange across all of
nuclear astrophysics and its various sub elds and interdigplinary partners.

Transition from identifying what should be done to making ad sustaining actual
changes through equity-minded approaches that acknowlesighe di ering needs
of individuals. All members of the community have a role to pla Individual

actions in these roles may range from individual and persdra using in uence to
establish inclusive policies and procedures in their cdilarations, departments and
universities.

7. Career Development: Perspective of Early Career Researcher S

7.1. Introduction

For an early career researcher, the task may seem clear: dse&ch and publish.
This may make sense at face value. However early career sastatrequire holistic
mentorship to develop skills in more than just research in der to navigate their way
to a permanent job and be successful, be it in academia, indys public service, or
other sectors. Here we summarize some thoughts on career ttgsment shared by
early career researchers following the JINA Horizon's Junior kkshop, which included
participants from the global IReNA network (see1( for links to talks and other career
related resources including a \hiring survey" of short anser responses from senior
scientists, which highlights the diverse criteria consided during the hiring process).
The general topics for which early career researchers exgsed concern were: mentoring,
understanding career options, networking and community,esources for topics outside
research, navigating the job market, family and work life dance, mental health, and
imposter syndrome. We note that each of these issues impagctedent types of early
career scientists in distinct ways and in this sense are rédd to the discussions of equity,
diversity, and inclusion in Section6; however, we do not discuss such connections here.

7.2. How Did We Get Here?

Nuclear astrophysics, with its need to integrate broad setd skills and knowledge across
diverse disciplines and with its collaborative and internzonal character, is well suited
for training of skills that are transferable to a broad rangef careers. Many skills learned
are practical and overlap with practices in the private seor (e.g. coding, exposure to
lab equipment). Summer schools, workshops, and programs asften noted by early
career researchers to provide exposure to a variety of topiand tools that then become
integrated into their skill sets. An education in physics als provides opportunities
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to travel or work anywhere in the world thereby meeting a larg spectrum of people.
Additionally, early career scientists have the freedom to flow their interests, and can
make discoveries at the edge of knowledge, thereby contriimg to the advancement of
science and society.

While there are clearly many bene ts to an education in nuclegaastrophysics, it can
be challenging for early career scientists to understand Wdheir experience translates
to the next stage of their career. In recent years, there hagén signi cant progress with
raising awareness of the importance of professional deyetent and the preparation for
successful careers. Physics centers like JINA and IReNA (Secti8) have introduced
career development activities as part of their programs, @nas major components of
meetings. Nevertheless, there remain challenges that neexllie addressed, and it is
important to try to identify the best practices for preparing the next generation of
scientists for the workforce.

Ultimately, physics PhDs have a wide range of exciting job pspects, both inside
and outside of academia. In fact, most physics PhDs will nonhd up in academia, as is
demonstrated in Fig.8. This is the elephant in the room of any discussion about cae
paths for physicists that early career scientists are laryeencouraged toward pursuit of
an academic job but may be only vaguely aware of the competiéiness to obtain such
a job. Despite bright job prospects in areas ranging from cquater software to nance
and business, early career scientists noted that discussoof career opportunities in
national labs and in industry are rarely discussed in theirniversity settings. Mentors
who themselves have landed in academia may even unintentadg display bias about
what should be the next stage of the mentee's career. Oftenrlgacareer scientists feel
that looking into careers outside of academia comes with aefang of failure.

Mentors and institutions have a responsibility to preparetsidents for a broad range
of careers inside and outside of academia. However, many parareer scientists feel
mentors focus too exclusively on the research developmeand they lack important
guidance and skills needed to build a successful career. Asaglin [617, key challenges
for early career scientists do not necessarily relate to thegher learning materials, but
the lack of clarity around what their time during studies shald entail, which can be
helped by greater clarity of expectations and earlier feedbk. Some areas of de ciency
relate to the development of important transferable skillsuch as communication skills
or a better understanding of the job application and intenew process and required
preparations.

Imposter syndrome and mental health are other challengesahare often not
su ciently addressed. Indeed recent work in the social sarees has noted that
transitions from undergraduate to postgraduate educatioare not straightforward and
can be characterized, at least initially, by anxiety, seléfoubt and disorientation [(14.
Imposter syndrome is experienced by a large part of the sciem community at all
career stages and often prevents early career scientistnfrintegrating in the scienti ¢
community. Another challenge is the lack of advice on workf balance, or how
to balance the pursuit of a career while planning or growing amily. Many early
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Figure 8: Chart showing elds of potentially permanent employmentdr physics PhDs awarded
between 2014 and 2018, inclusive. The dierent elds are displayed eceesponding to the
percentage of the PhD awardees going into that eld immediately on gduation. Credit: AIP
Statistical Research Center p11]

career researchers are also confronted with the so-calle@vd-body problem”, facing
the prospect of having to choose between advancing the careé one partner at the
expense of the other. Although many face such challenges,lgaareer scientists may not
have or may not be aware of resources outside their personamtor such as counseling,
mentorship programs, or support groups.

All mentors need training on how to recognize the signs of deggsion and anxiety in
early career researchers, while not over-interpreting theehavior. The mentors should
be aware of the full range of resources available to early ear researchers, and the
best approaches to helping their mentee reach out to counggland psychiatric centers.
Mental health training for advisors is essential, and inceive to provide such training
within a research group should be provided.
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An additional issue early career researchers are currentlyperiencing is to navigate
networking in the remote conference era brought about by theOVID pandemic. Many
early career scientists are concerned about diminishing mgrtunities to get to know
more senior researchers from di erent institutions and a tk of conference visibility.
Even when attending a meeting, virtually or in person, many a&ly career scientists
feel intimidated to approach more senior researchers, thumsissing out on important
opportunities.

7.3. What Needs to be Done?

Professional development:. = Communication skills are important no matter where
an early career researcher's career path leads. A commuica skill which is widely
recognized to be important is the ability to present scientt results e ectively (in fact
the need to give a great talk was a recurrent point mentionechithe hiring survey
by those giving insights on how hiring committees evaluateandidates). Here early
career researchers noted that it would be helpful if there waa more central resource for
learning good talk practices, practicing talks, or preseimtg among peers. Additionally,
e ective communication skills are needed for a diverse nurabof settings, not just when
standing in the front of the room. For instance, involvementn multiple collaborative
e orts can provide some needed exposure to relaying and sygieing distinct viewpoints.
The ability to clearly outline science goals and results idso needed to teach e ectively
as well as to be successful when approaching funding ageswciéscienti ¢ writing is
another important skill that needs to be learned. This spans broad range from
scienti ¢ publications to research and grant proposals. @omon questions of early
career researchers are how to write e ective proposals, #fasts, gure captions, or
conclusions and how to be a courteous and fair referee.

A pre-requisite for e ective training towards successfulareers is being comfortable
in one's community. Mentors should consider group dynami@nd how it may a ect
individual mentees since this can in uence an early careeesearcher's view of their
value. This can translate into their perceived place in the eld and their ability to
compete for positions. Early career researchers also neespace to be able to express
their anxieties, perceived short-comings, and fears abotite uncertainties that come
with building a science career, particularly because of trmmmon fear that mentors or
other more senior researchers could interpret their coneoeras foolish.

Bringing imposter syndrome out in the open and having senioresearchers
acknowledge it would help to reduce its power since this walhighlight that: (1)
if you are experiencing imposter syndrome you are not alonad(2) you can navigate
through such feelings to a successful career. Senior reskars can help to change the
environment for the better with acts as simple as paying attégion to the tone struck
when teaching courses, being mindful of the manner in whichay address other senior
researchers during conferences, and speaking up to addeggsinappropriate behavior of
colleagues. Although science bene ts from a vigorous backdaforth between experts, if
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the tone is dismissive, it will likely deter an early careerasearcher from feeling adequate
to join the conversation. This is just one example of why codeof conduct such as that
implemented by JINA serve an important function since they dene and enforce what
is considered a productive and comfortable academic enviroent.

Senior researchers also have personal experience of imgosiyndrome, mental
health problems and rejection: it is important they help nomalize sharing these
experiences and that support is provided when students anéréy career researchers
face the universal academic experience of rejected papems grant proposals.

Students would also benet from a more well-rounded approhcto mentoring
where PhD goals, career options, and lifestyle preferen@ e discussed early and often.
Research projects should be tailored to the ultimate caregoals of a mentee, for instance
a machine learning project would help to develop skills need in a software development
career. Having regular meetings with long-term mentors whore familiar with the
evolution of the personal goals of the mentee could be of grealue toward helping
an early career researcher evaluate their progress. Indewrdltiple mentors with unique
perspectives and experiences are crucial for early careesgarchers to fully consider
their career options.

Training for Careers Outside of Academia: Although mentors may worry
that emphasizing the competitiveness of the academic job mkat will discourage their
budding mentee, mentors and the community must nd a way to benore up front
about career prospects. Tunnel vision toward an academicrear can make sense if a
researcher is certain that they would like to work toward ths end. However, early career
scientists, busy with their research tasks, may develop sua tunnel vision not purely
out of interest but rather due to a lack of exposure to other dpns. Mentors should
help students consider their choices more completely, farstance by encouraging them
to attend career fairs. Additionally early career scientig should be made more aware of
career related resources, some of which have been providgitganizations like CIRTL
[613 and AIP [614, including discussions of careers outside academia (/@13).

In particular, senior researchers can help to mitigate the peeived stigma of
industry jobs by discussing non-academic career optiongkaon and by being mindful of
the attitude that they convey about their mentees obtainingjobs outside of academia.
An obvious di culty is that academic mentors themselves likéy do not know much
about industry career paths so outside help is needed. Mergbip training programs
and courses could help to Il these and other gaps. For instar, organizations such
as the CIMER Project at the University of Wisconsin-Madison 16 aim to provide
resources and training for improving mentoring relationsps at all stages of a mentee's
career. Although such special courses should likely be a mataty part of becoming a
mentor, mentorship programs are often not readily availabl

Many early career researchers noted a lack of perspectivetashe possible sectors
of industry and job titles that align with the skills learned during a physics PhD.
University programs could help with information on non-acaeimic career outcomes,
mentorship programs, or keeping a record of up-to-date comtainformation for past
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students who have landed in industry. Physics centers like NA could play a role in
further aggregating such information.

Physics programs could also benet from more workshops, iastry visitors,
invitations for seminars from industry professionals, andeven industry internship
programs. Having such exposure built in to the options avaitde during their PhD
studies would not only help students make a more educated d&on on their career
goals, but would also help physics PhD students stay comptte for industry jobs when
compared to other disciplines such as engineering and cortgruscience whose degree
programs may already incorporate industry partnerships. Aditionally, this could help
to the address \gaps" highlighted in recent work (e.g. €[L7]) between what students
learn and the skills that are expected and needed in the pris&asector.

Training for Careers in Academia: If an early career researcher decides to
pursue an academic job, then a postdoc is likely their nextegp after graduate school.
To get to this next stage, graduate students need to be prepag during their PhD
to be an attractive candidate through networking and collabrating. Through such
interactions the student can gain additional mentors, letr writers, and allies. Students
also need assistance in navigating the market of postdoc pgmss, and can bene t from
recommendations on parties to send application materials privately, rather than solely
responding to job ads.

When moving on to a postdoc position, early career researchare often unclear
about strategies to make their short time as a postdoctoralesearcher e ective and
aligned with their career goals. Mentors could help menteakevelop such strategies
prior to starting a position. Additionally, postdocs repored feeling that there was less
support available to them compared to graduate students. tmeased support programs
for postdocs in their local departments could go a long way ward navigating their
careers at such a crucial stage. An example is MIT's semesteng) class on "Leadership
and Professional Strategies and Skills (LEAPS)" for STEM imrested grad students and
postdocs. LEAPS focuses on self-awareness, tools and tipshow to chart one's own
career, and how to lead and guide students and group memberghwm academia and
industry.

Another crucial step towards an academic career is the tratisin from postdoc
to a permanent position. Early career researchers would ékthere to be a more
open and active dialogue with their mentor early in their cagers regarding how their
research, publications, community involvement, etc. mayéviewed by the community
and future hiring committees as well as guidance on how to ldia successful resume
(e.g. drawbacks of being on long author lists, the importaecof rst author papers, or
whether to branch out to gain expertise in several topics veus building expertise in
a more narrowly focused topic). Guidance on application sttegies is also important.
It would be helpful for early career researchers to learn m®mmabout search committee
thought processes and patrticipate in training activities elated to applying for faculty
positions. In many cases, early career researchers are aaclabout the role of the
cover letter, how to self-market e ectively, if and how to talor applications to di erent
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jobs, and how to choose where to apply. It would be helpful iEsior researchers in the
department, who have recently been on a hiring committee, gl provide feedback to
grad students and postdocs on application materials and libinock interviews. Valuable
resources such as application materials training may be akadble from services outside
one's department such as the graduate school, o ce of postdmral a airs, or from
dedicated career development workshops such as those orgadh by APS and JINA.
However, such resources can be overlooked by grad studentsl ggostdocs who are
most actively focused on research progress. Graduate stotsecould also bene t from
having a postdoc mentor keep them informed of what they havedrned while navigating
the job market, which also serves to give postdocs much neddeentoring experience.
Mentors should make early career researchers aware of th# fange of academic jobs.
Students could go to an institution with a high level of reseaah activity; however, these
universities account for a minority of universities in the U§61§. The majority of
students in the US are trained at generally smaller, regionainiversities with higher
teaching loads, and that is where many faculty positions Wwibe available. Many senior
faculty are unaware of what these sorts of jobs entail and adors can give the impression
that working at such institutions are beneath them. Howevermany of our colleagues
successfully combine research with the di erent demands afch an institution, and the
advantages to working in smaller departments include hawnfewer barriers to making
positive reforms in the program, greater connection to stwhts, and opportunities to
collaborate with local high schools, community collegesnd local private organizations
on outreach and education (the APS STEP-UP progranbpd is a great example of the
latter). A faculty member can make signi cant positive impats in ways that would be
much more di cult to achieve at a large, research-heavy, unersity.

It is unfortunately rare for people trying to navigate the aademic job market to
get feedback from hiring parties. All too often intervieweekarn that they did not get
the job either by never hearing back or from a generic email thino personalization.
This is a lost opportunity to provide community mentorship © early career researchers.
Regular, brief feedback as to how the committee felt the caitthte t and did not t
the search criteria could go a long way to help early careersearchers understand how
hiring committees think and the uniqueness aspect of eachbjgearch.

Cultural dierences between countries can also be dicult b navigate as
administration, funding, and the expectations of a hiring ommittee are all subject
to cultural factors. Due to the international nature of the eld, postdocs often seek
permanent positions in countries that are di erent from thecountry they were trained
in. International networks such as IReNA could help addressush challenges. This is
just one example of why access to distinct viewpoints and exale approaches from
multiple mentors are crucial for early career researchers tsuccessfully navigate the
job market. Here early career researchers should be made asvaf valuable programs
designed for them to nd more support such as JINA mentoring luches or the APS
Career Mentoring Fellows program.
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7.4. What is needed?

Preparing students for careers beyond academia should na an afterthought, but

a cultural norm. Mentors and academic institutions should ke sure to broaden
the career prospects presented to PhD students by, for exatapintegrating career
fairs into graduate programs or inviting outside speakersdm industry. It should

be made clear to early career scientists that moving on to aregr in industry is

not only okay, but common and full of exciting opportunities

Professional development for a broad range of careers slibblk available to all
graduate students and postdocs in nuclear astrophysics,dshould be integrated
in research mentoring and training. Exposure and access talustry partners could
help students and academic institutions better align theitraining to be compatible
with both industry and academia.

Early career researchers should be made more aware of whatptyers, both in
industry and academia, are looking for. Centralized resocgs to assist with job
searches, self-marketing, application materials, and irtview preparation would
help ensure all candidates get a fair chance.

Early career researchers need to be able to build their coredce and discuss the
challenges they are facing. They should be provided with antiade aware of
resources outside their personal mentor such as counselingentorship programs,
or support groups. The community and mentors must also worlotensure a healthy
working environment with an inclusive atmosphere.

International experiences are of particular importance foearly career researchers
and should be encouraged and supported.

8. The Role of Centers

8.1. Introduction

Nuclear astrophysics is an interdisciplinary eld at the inersection of nuclear physics and
astrophysics with its own compelling fundamental scientt questions as described in the
previous sections of this white paper. Addressing these gtiess requires simultaneous
work using the most advanced nuclear accelerator facilife the most advanced
telescopes, space-based observatories, and ground basgdatiors of cosmic messengers
such as gravitational waves or neutrinos, as well as cuttingdge computational models
and theory. Some of the major capabilities and facilities wa been developed with
nuclear astrophysics in mind, others not. Nuclear astrophics centers maximize the
scienti ¢ impact of all these major investments, exploit tkeir full discovery potential,
and ensure a large and diverse community takes advantage bémn.

Furthermore, the scienti ¢ questions in nuclear astrophyiss are all interconnected.
It is the same stellar populations that are responsible forutleosynthesis that are
producing the compact objects probed by LIGO and give rise transients. Stellar
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evolution sets the stage for stellar explosions and compagbject formation. Multi-
messenger astronomy provides constraints across all typ#sstellar objects. The same
nuclear physics, from reaction rates to dense matter progas, plays a role in multiple
types of scenarios and questions. Instead of investigatippenomena in isolation, it is
therefore important for the eld to take into account the full range of nuclear physics and
observational constraints across interconnected astroggical sites towards a consistent
descriptions of all nuclear processes in the cosmos.

Centers are essential for nuclear astrophysics to build theterdisciplinary
communities of scientists necessary to carry out such coordted work, to facilitate
the exchange of ideas and data across elds, and to triggeretmecessary developments
in each sub eld required to address the open questions. Nuateastrophysics requires an
extraordinarily diverse range of capabilities and expede to come together, and centers
provide the framework to trigger the necessary large-scahetworks of collaborations
and to evolve communication and coordination over extendqukeriods of time. Centers
also play a key role in interdisciplinary training of new geerations of young scientists
able to navigate a rapidly evolving research environment biranscending traditional
eld boundaries. Last but not least, centers bring togethethe scientists from di erent
elds to develop and de ne the open questions and scienti cgportunity { this white
paper with its working groups of nuclear scientists and asinomers is just one example.

8.2. How Did We Get Here?

The particular need of centers in nuclear astrophysics is eeted in the history of the
eld. In the early stages of nuclear astrophysics around theiddle of the last century,
the pioneering research groups that de ned the new eld seed that purpose, most
importantly the Caltech group around Nobel prize winner Willam A Fowler. The
Nuclei in the Cosmos conference series initiated by Heinz Obhemmer and Claus Rolfs
in Austria in 1990, and since rotating internationally, stated to provide a touch point
for a growing, broader, and international nuclear astroplgics community. It served
as the primary forum that brought together nuclear scientis and astronomers and
helped de ne the modern eld of nuclear astrophysics. In 19the Joint Institute for
Nuclear Astrophysics (JINA) was founded. It started as a small nefork of institutions
primarily located in the US Midwest. In response to the growtland developing needs
in the eld, JINA grew rapidly and includes today 350 scientistsfrom 27 institutions
in 12 countries. JINA developed the modern, broad center-bakaetwork approach to
nuclear astrophysics. It serves a dual role as interdisampéry research center driving
key developments in experiment, observation, and theory, hite at the same time
serving as a center for the entire eld of nuclear astrophyss, providing a forum for
exchange, coordination, and community building. The appexh has been successful
and e ective in building a broad interdisciplinary nuclearastrophysics community and
accelerating scienti ¢ progress. Subsequently a similapproach has been adopted in
other countries, starting with NAVI in Germany, UKAKUREN in Japan, and BRIDGCE
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in the UK. Since 2010 a number of collaborative networks havesbn initiated at the
European level, including Eurogenesis, ENSAR1, ENSAR2, ChETE&nd most recently
in 2021 ChETEC-INFRA. In Canada the CanPAN nuclear astrophysicmetwork was
initiated in 2021. The JINA-led US initiative of the International Research network for
Nuclear Astrophysics (IReNA) took the approach to the next levelconnecting initially
6 (and now 9) international research networks to form a netwk of networks. IReNA
involves scientists from 17 countries and enables commueg to take advantage of
complementary international capabilities in nuclear astiphysics research and education.

All these initiatives include strong educational componest and foster active
involvement of young scientists, including students and ptdocs with particular
attention to equal access (see Sidebar: Building the Next Gemation on Pg. 13). In
the US JINA has developed, often in collaboration with internabnal partners, a novel
school concept that focuses on hands-on activities on spec¢opics and brings together
students and postdocs to work together in interdisciplingr teams. In Europe, three
summer schools focusing on nuclear astrophysics were depetl in the early 2000s:
The European Summer School on Experimental Nuclear Astrophgs in Italy, the
Russbach School on Nuclear Astrophysics in Austria, and the Gaathian Summer
School of Physics in Romania. These schools are complemdriby the Nuclei in the
Cosmos School, which has been established as a permanenttaddto the Nuclei in
the Cosmos conference. Recently, the Chetec:INFRA framewoektablished an online
school series SNAQs (School on nuclear astrophysics ques)ao provide educational
and networking opportunities to students during the COVID-B pandemic.
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Sidebar: International Research Network for Nuclear Astroplsjcs

IReNA is a National Science Foundation AccelNet Network of Networks.

Success in nuclear astrophysics requires international collaboration Research networks pool
regional expertise and resources, kickstart and strengthen collaboratins, and help establish
common goals in a research community. The International Research Networkof Nuclear
Astrophysics (IReNA) is a network of networks, joining research netwoks in nuclear physics,
astronomy, and computational science in North America (JINA-CEE, CanPAN), Europe
(BRIDGCE, ChETEC, ChETEC-INFRA, EMMI, SFB-881), Asia (UKAKUREN, JaFNA), and
virtual space (NUGRID). Since it was founded in 2019, IReNA has improved ommunication
across countries and disciplines to take advantage of the latest developents in astronomy,
nuclear experiments, and theory. Enabled by NSF's AccelNet program, IRNA has employed
novel mechanisms for connecting regional research networks across theorld into a global
community. Such international frameworks will be key to maximizing progress in nuclear
astrophysics research in the coming years by opening opportunitieotexchange multidisciplinary
knowledge and expertise, and enhance training of the next generation eaésearchers.

8.3. What Needs To Be Done?

The need for centers and larger scale collaboration in nuateastrophysics is stronger
than ever before, and essential for realizing the vision ftwe eld outlined in this white
paper. The development of such centers has been driven by teraordinary diverse
range of expertise and capability across di erent discipies that needs to come together
to address nuclear astrophysics questions, and the distuiied character of this expertise
and capabilities, often with single research groups at a @ institution. This diversity is
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now undergoing a phase of signi cant further growth, with ree isotope science entering
a new stage with a new generation of accelerator facilitie®ming online, with the
advent of multi-messenger astronomy in particular the detgion of gravitational waves,
new underground accelerators for nuclear astrophysics, camew areas in astronomy
with strong potential impact on nuclear astrophysics such aasteroseismology or time
domain astronomy. At the same time, the number of researchaips working in nuclear
astrophysics, and the number of facilities and instrumentfocusing on this eld are
growing as well.

Successful nuclear astrophysics centers combine traditéd center and network
aspects { they are centers in that they serve as attractors drfocal points for the broader
community, and they form networks by connecting multiple istitutions and islands of
expertise to achieve scienti ¢ goals beyond the capabilityf individual research groups.
The most important roles and features of centers in nucleassaophysics will continue
to be:

Connecting islands of expertise across disciplines to advance the science:
such connections are essential to achieve the scienti ¢ ¢gmaln nuclear astrophysics this
is of particular importance as the expertise and capabilgs are exceptionally broad.
Centers address the challenge of these islands of experts@ng highly distributed
across institutions and countries, sometimes as single leted research groups, or
even a single researcher. In addition, to address the oveshing science themes
nuclear astrophysics ultimately relies on relatively spae astronomical, planetary,
and cosmochemical observations { a rapid connection betweauclear physics work,
modeling, and the latest observations at every stage is tlefore especially important.
This requires a range of expertise that is not typically avéble in a given research
group.

Sustain and grow an inclusive, interdisciplinary nuclear astrophysics
community:  centers play a critical role in forming the interdisciplinay research
community needed to seize the scientic opportunities in mtlear astrophysics.
Successful centers have an explicit focus on initiating andstering communication
between di erent areas, and overcome cultural and scientt language divisions across
elds. It is important for centers to be open, nimble, and exble to be able to respond
to new developments and reach out to new communities in a raiby evolving eld. For
researchers at small or remote institutions, or in countrge without a strong nuclear
physics research e ort, networks are an invaluable way to teract with a broader
community and for the community to take advantage of their epertise.

Foster a diverse scienti c community: With their multi-institutional nature
large scale centers can be e ective agents in advancing gotdwards full representation
of marginalized communities (Sectiorb). Centers can draw on the combined expertise
and best practices in multiple institutions, countries, ad scientic elds, and new
insights and actions can have a broader impact. An importantote of centers is
also to connect researchers from a broader range of institwts such as large research
universities, small colleges, national laboratories, andinority serving institutions.
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Provide interdisciplinary educational opportunities for early career
researchers: Centers provide resources and mechanisms for training anddwledge
transfer across disciplines that do not otherwise exist indecational systems. Centers
are therefore essential for training the nuclear astrophigs workforce needed to take
advantage of the new interdisciplinary opportunities in tle future. At the same time,
the same interdisciplinary skills that make nuclear astrdpysics researchers successful,
apply to the demands of modern work places and thus provideustents with professional
development opportunities for a broad range of careers. Qers help early career
researchers to see broader context and the big picture of thevork and help overcome
isolation in small research groups. Interdisciplinary tezning resources help early career
scientists prepare for teaching roles that were not in theparticular area of training.

Trigger new directions and new scienti ¢ opportunities: Centers bring
together di erent research areas, foster the exchange ofweadeas, and connect new
capabilities and developments in multiple elds. This lead to new developments and
directions in nuclear astrophysics, new scienti ¢ opportities, and new discoveries that
would not otherwise happen.

Facilitate transfer of data and knowledge across sub elds: Centers facilitate
exchange of data and knowledge across eld boundaries. Thigludes infrastructure
for sharing data and results, addressing the particular change that often researchers
in one eld have to be able to access data in another eld.

Leverage resources and enable broad access and sharing:  Centers play an
important role in facilitating access to instruments, equment, methods, and other
resources, as well as to knowledge of how to use these e cignt In many cases
centers also drive the development of resources with padiar importance for nuclear
astrophysics that are subsequently becoming available tbé community.

Sustain networks of collaborations: Centers can provide continued interaction
points for networks of collaborations, such as small focuse/orkshop series or long-term
visitor programs. Such frameworks are critical to maintaimesearch momentum across
disciplines over extended periods of time.

Facilitate e ective dissemination of results and outreach: Centers can
coordinate communication of scienti c advances to expertgia targeted messaging
networks and to the general public via center-supported orgach mechanisms.

Combine good practices from di erent elds: Centers enable the community
to combine best practices from di erent elds and create anrevironment where di erent
elds can inspire each other to improve. Examples include bt practices related to
Diversity, Equity, Inclusion and Accessibility (DEIA) (Section 6), data sharing culture,
and open source computer codes.

Give the eld a voice: Centers play an important role in the community bringing
together the researchers from di erent elds to de ne the fontiers of nuclear astrophysics
and give the eld a voice. This is an important complement to xésting eld specic
mechanisms such as the Nuclear Physics Long Range Plan and Beradal Surveys in
nuclear physics and astronomy, which operate predominaptivithin their discipline.
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Foster partnerships and collaboration: Centers foster multi-institutional and
international partnerships and collaboration. They also mvide opportunities for early
career searchers to develop the skills needed to navigatel éimrive in such collaborations.

8.4. What Do We Need?

Centers and center-based networks are essential to achiéive scienti ¢ goals of the
eld, and to continue to de ne the frontiers of the eld as newdiscoveries are made
and new capabilities emerge. Sustained support for nucleastrophysics centers is
necessary to maintain the rapid pace of progress seen in theld in recent years.

Larger scale collaboration, fostered by centers, is essahin nuclear astrophysics.

Funding agencies should support such collaboration that ta1across typical single

investigator and group funding structures, institutionalleaders should embrace and
appreciate collaborative breakthroughs and successesdascience policy should
encourage and facilitate international collaboration.

Closer connections between the various communities impant for nuclear
astrophysics in the multi-messenger era. These include aobd range of
nuclear science, nuclear data, astrophysics, neutrino Eigs, gravitational wave
physics, cosmic-ray, neutrino observation, cosmochenmmstand planetary science
communities as well as a broad range of institutions from shhauniversities,
minority serving institutions, research universities, naonal laboratories, NASA,
and international institutions.
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