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A few key questions
● What is the origin of the elements? e.g. Do the r-process elements 

we see on earth come from neutron star mergers? Collapsars? 
Other sites?

● What fundamental nuclear physics can we learn from the cosmos? 
e.g. What is the equation of state? What are the masses of nuclei 
off stability? Are there new particles beyond the standard model? 

● How does nuclear physics govern the lives and deaths of stars? 
e.g. Does a given massive star end in a black hole or a neutron star 
at the end of its life?



  

Two roles

Primary role: nuclear astrophysics theory is a core 
area of nuclear physics, addressing key questions

Secondary role: nuclear astrophysics theory adds 
value to many other areas in nuclear physics
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Public fascination with the cosmos 
links nuclear physics to the public

CNN on heaviest neutron star
New York Times on r-
process elements 



  

Value added: ties together 
experiment and theory

          Presolar grainss-process path at branch 
point 95Zr
95Zr is unstable

Reaction theory 
is key to 

determining 
reliable cross 

sections

Figures from Jutta Escher

95Zr 96Zr
*



  

Value added: validate nuclear experiment/ 
theory with astrophysical observables

Using astronomical observables to constrain the equation of state, figures from I. Tews
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Nuclear experiments: e.g. 
radioactive beams

Figures from Sprouse et al 2019 and R. Surman

AME 2016

FRIB Day 1 reach

FRIB design goal

 Grey – current uncertainty



  

Nuclear theory: e.g. DFT with 
machine learning and AI

ML/AI for DFT Bayesian UQ

Verriere et al., Front. Phys. 10, 1 (2022)

Lasseri et al., PRL 124, 162502 (2020)

Schunck et al, JpG 47, 074001 (2022)

Neufcourt et al., 
PRC 101, 044307 
(2020)

Navarro Perez et al., PLB 47, 
074001 (2022)

Slide from adapted from
N. Schunck, A. Lovell



Astrophysical observations tie 
nuclear physics to astronomy

Abundance maps of Cas A 
including 44Ti:

Grefenstette et al. 2014

 Transients
• Gravitational Waves:  Probes of 

the EOS (LVK)
• Neutrinos:  EOS and Neutrino 

physics (DUNE, JUNO, Super-K, 
Hyper-K)

• UVOIR spectra

 Nucleosynthetic Yields: 
• SN and Mergers:  Radioactive 

44Ti 
• Galactic Distribution of 

Isotopes:  26Al, 60Fe, .. 
• Galactic Chemical Evolution 

(Dust, Stars)
COMPTEL Map of Radioactive Isotopes 

GW observations  Capano et 
al. 2020

Slide adapted from C. Fryer
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Element synthesis last decade: some r-process 
was made in a BNS merger

Fig from Dan Kasen Neutrons captured out to the rare earths



  

Next decade: fission, alpha decay 
signatures can be identified in future 

kilonovae

Barnes et al 2022



Progress in the last ten years

● Dynamical-spacetime, 3D, GRMHD with advanced 
microphysics

● Neutrino transport (M1 and Monte Carlo)
● Subgrid turbulence models

Next ten years

● Non-equilibrium effects in dense matter
● End-to-end simulations: from inspiral, through 

merger, wind phase, and kilonova
● Nuclear reactions
● Neutrino quantum-kinetics
● Embedding of ML models into the simulations

Nedora+ 2020

Foucart+ 2020

Neutron star merger last decade 
(observations!!)  paradigm shift: 
there are different types of ejecta 

Slide from D. Radice
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NR informed GW modeling 
and data analysis

Neutron star merger simulation, next decade: connecting the 
different “messengers” with simulations

Slide from D. Radice



  

Recent progress: success of 
the neutrino heating mechanism 
tested against light curve data

Achievement of the last decade: 
core collapse supernovae simulation

Bruenn et al 2016
Ebinger et al 2020
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Time

Any type ofcrossings (PNS convection)

Type II crossings
(neutrino absorption)

Type II crossings [Exp-only] 
(asymmetric νemissions)

Type I crossings [Exp-only] 
(nucleon-scattering + α    1 + cold matter)

Shock wave

Space-time diagram of ELN-angular crossings in CCSNe

1 s

200 km

FIG. 4. Space-time diagram for appearance of ELN crossings. The bold red line portrays a time
trajectory of shock wave for exploding models. The thin and dashed line represents the counterpart
of shock trajectory for non-exploding models. The color code for enclosed regions distinguishes types
of ELN crossing. Thegreen, blue, and brown color denote Type I, Type II, and any type of crossings,
respectively. In each region, we provide some representative characteristics of ELN-crossings. In the
remark, ”Exp-only” denotes that the ELN-crossing appears only in exploding models. See the text
for more detail.

overall trends of crossings observed in our CCSN mod-
els. We note that crossings relevant to PNS convections
and pre-shock region drawn in Fig. 4 arenot included in
Fig. 3. There is a technical reason why we do not in-
clude the case with PNS convection in Fig. 3; that will
be discussed later. To facilitate readers’ understanding,
the color in Fig. 4 distinguishes types of ELN-crossings.
Below, we turn our attention to the physical origin of
generating each ELN crossing.

B . G eneration mechanism of ELN crossings

1. Type-II crossings at early post-bounce phase

Let us start with analyzing Type-II crossings appear-
ing at the early post-bounce phase (⇠ 100 ms) in all
CCSN models (see the top left panel in Fig. 3). We first
present the result of 12 solar mass model as a represen-
tativecase; theprogenitor-dependence is discussed later.
In Fig. 5, weshow Mollweideprojection of theELN cross-
ing and someimportant quantitiesat 130 kmfor 12solar
mass model. We find that the Type II crossing has a
rather scattered distribution (see the top left panel). To
seethetrend morequantitatively, weshow ∆Gout in the
left middlepanel in Fig. 5, which correspondsto theELN
at µ= 1. Moreprecisely, ∆Gout (and incidentally ∆Gin)
is defined as follows. The energy-integrated number of

neutrinos at µ= 1 and −1 are written as

Gout =
Z
d(
"3

3
)f out("),

Gin =
Z
d(
"3

3
)f in("),

(2)

respectively, where " denotes the neutrino energy with
the unit of MeV. We stress that both f out and f in in
Eq. 2 are the basic output for computations of angular
reconstruction complemented by theray-tracing method
(seeSec. II B). Weobtain ∆G by thedi↵erenceof⌫e and
⌫̄e;

∆G = G⌫e −G⌫̄e , (3)

where we omit the subscript ”out” or ”in” in Eq. 3. As
shown in Fig. 5, wefind that ⌫̄e dominatesover⌫e in some
regions (blue-colored area), and that they areone-to-one
correspondence to the region of Type-II crossings. The
one-to-one correspondence is attributed to the fact that
⌫e always overwhelms⌫̄e in µ =−1(incoming) direction.

We find some interesting correlations between the
Type-II crossing and other physical quantities. They
provide useful information to study the physical origin
of the crossing. To quantify the correlation, we define
thecorrelation function to ∆Gout by following [51–53],

X =
Y AG

Y A ⇥YG
, (4)

Nagakura, Burrows, Johns, & Fuller, PRD (2021)

Fast instabilities in a typical CCSN
(“crossing” = unstable)

Fast instabilities in a typical CCSN
(“crossing” = unstable)

Richers, PRD (2022)

Fast instabilities in a NSMFast instabilities in a NSM Collisional instabilities in a CCSN
(unstable where dashed > solid)

Collisional instabilities in a CCSN
(unstable where dashed > solid)

Xiong et al., 2210.08254
Slide adapted from Luke Johns, Einstein Fellow @ Berkeley

Neutrino achievement of 
the last decade:  neutrino 
flavor instabilities in 
supernovae and mergers 
occur much deeper than 
previously realized → 
affects our  core questions



Next decade: Neutrino Quantum Kinetics,
 Evaluate role in dynamics & nucleosynthesis.

Li & Siegel, PRL (2021)

Wu, Tamborra, Just, & Janka, PRD (2017)

Preliminary results suggest that instabilities
can significantly enhance r-process yields in
post-merger outflows.

Now we need calculations that
(1) have more complete oscillation physics,
(2) cover a variety of progenitors/conditions,
(3) predict more observables (neutrino signals,
      kilonova light curves, dynamical effects). 

Slide adapted from Luke Johns, S. Richers



Element synthesis and global theories of beta 
decay: achievement → uncertainties identified, 
next decade → improve predictive power of 
element synthesis

Slide adapted from N. Vassh



Surrogate reactions provide viable method to 
extract neutron capture rates

Neutron capture on s-process branch point 95Zr 
from inelastic scattering

Neutron capture

n

95Zr 
unstable

Surrogate reaction

pp’

96Zr
 stable

96Zr

g
n

(p,d)

Determining capture rates for unstable nuclei directly is 
hard

• Short-lived target make measurements difficult to 
impossible

• Hauser-Feshbach (HF) calculations lack predictive 
power away from stability

Surrogate reactions provide a solution

• A transfer or inelastic scattering experiment produces 
the compound nucleus and the decay is measured

• Advanced reaction theory turns this data into 
constraints for calculations of the desired neutron 
capture rate 

Status:

• Capture cross sections have been obtained from 
surrogate reactions using (p,d) and (d,p) transfers and 
inelastic scattering. 

• Cross sections for capture involving isomers have 
been obtained.

• Future: inverse-kinematics, fission. 

Slide from J Escher



Achievements: 
Neutron stars 

• Below 2nsat, nuclear theory constraints on EOS of 

neutron-rich matter with UQ
      
• Heaviest neutron star with 2.08(7) Msol observed in 

2019, AT2019gfo provided estimate Mmax  2.3≲  Msol 

        

• First-ever constraint on tidal deformability of neutron 
stars from GW170817:

   

• Neutron Star Interior Composition Explorer (NICER) 
provided two NS mass-radius measurements:

• Systematic combination of all these data
       

Huth et al., PRC (2021)

Essick et al., PRC (2020)

LIGO Collab.., PRL (2017)

LIGO

LIGO

Heavy NS

Theory

Miller et al., ApJ Lett (2021)

NICER



Next decade: 
NS Golden Age
• Improved theory constraints on EOS: 

Combine EFT + Bayes + UQ 

• New experimental constraints from 
FRIB, FAIR, RHIC. Improved neutron-skin 
measurements (MREX).

• Many more gravitational-wave signals 
from LIGO observing runs (O4 Spring 
2023).

• NICER was extended for at least 
another 3 years.

EOS will be much better constrained in ten 
years!

Breschi et al. MNRAS 
(2021)

?

Kunert et al. PRD 
(2022)

Slide from I. Tews



Slide from A. Steiner



Slide from A. Steiner



  Simulation: X-ray Bursts

Slide from M. Zingale



Slide adapted from B. Fischer



Landscape in the last decade

Physics Frontier Center NSF theory Hub

PFC, exp, obs, th.DOE topical collaboration 
(ended)

Reactions, structure aspects

Scidac  TEAMS (ended)
(ended)



Conclusions

Nuclear astrophysics theory is looking at some 
exciting times:  lots of data coming!  e.g. EOS 
constraints, r-process site constraints

Integrated approach is essential: e.g. simulations, 
neutrino QKEs, application of DFT/MI and 
reaction theory

Needed: people, computing
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