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Nuclear Science
Nuclear physics is the branch of physics that studies the properties, reactions 
and structure of atomic nuclei

Prepared by LLNL under Contract DE-AC52-07NA27344.LLNL-PRES-737743LLNL-PRES-815354
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Fundamental Science
Properties of atomic nuclei play a key role in understanding the formation of 
elements in the universe or the fundamental symmetries of nature

Prepared by LLNL under Contract DE-AC52-07NA27344.LLNL-PRES-815354
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Theoretical Nuclear Physics
Different energy scales require different degrees of freedom and theoretical 
approaches – each with its computational challenges

Prepared by LLNL under Contract DE-AC52-07NA27344.LLNL-PRES-737743LLNL-PRES-768624

▪ Many-body methods:
− Ab initio approaches
− Configuration interaction (CI)

▪ Density functional theory (DFT)

This talk
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▪ Quantum-mechanical, many-body system
− Entirely characterized by wave functions where 𝑟𝑘 is the position 

of particle k, and 𝜎𝑘 = ±1 is the spin of that particle

− Wave functions are eigenvectors of Hamiltonian operator, which determines the 
dynamics of the system

▪ Observables are obtained from multi-dimensional integrals, e.g.,

▪ Computational grand challenge: 
− 3A continuous degrees of freedom + A discrete ones

− Spin alone: 2A combinations...

LLNL-PRES-775063
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Basics of Nuclear Theory
The goal of low-energy nuclear theory is to describe the structure and 
reactions of nuclei as strongly-interacting, quantum many-body systems
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▪ Two main approaches to the nuclear many-
body problem

− Many-body methods : In some suitable basis, find 
eigenvalues and eigenvectors of nuclear Hamiltonian 

• By direct diagonalization (no-core shell model)

• By approximation schemes (coupled-cluster, quantum 
Monte-Carlo, in-medium similarity renormalization 
group, etc.)

− Density functional theory (DFT): Find surrogate 
many-body wave functions that approximate 
experimental observables well

▪ No unique theory = no unique computational 
implementation

LLNL-PRES-775063

Nuclear Models
The size of the computational challenge imposes different approaches 
tailored to specific system sizes and needs
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▪ Choose single-particle basis of ℒ2(ℂ) made of eigenfunctions 

𝜙𝑛(𝒓) of some operator. Ex.: − ∇2

2𝑚
+

1

2
𝑚𝜔2𝑟2 𝜙𝑛 = 𝜀𝑛𝜙𝑛

▪ Build many-body states by taking product states of the 𝜙𝑛
▪ Compute matrix of Hamiltonian operator (>100 GB…)  tensor 

contractions

▪ Diagonalize / evolve  very large-scale linear algebra, often 
sparse

LLNL-PRES-775063

Many-body Methods
The algorithmic and computational building blocks of many-body methods 
are tensor contractions and (sparse) linear algebra at very large scale

Φ1 𝒓1𝜎1, … , 𝒓𝐴𝜎𝐴 =
𝜙1(𝒓1𝜎1) … 𝜙1(𝒓𝐴𝜎𝐴)

⋮ ⋱ ⋮
𝜙𝐴(𝒓1𝜎1) … 𝜙𝐴(𝒓𝐴𝜎𝐴)

Φ2 𝒓1𝜎1, … , 𝒓𝐴𝜎𝐴 =
𝜙1(𝒓1𝜎1) … 𝜙1(𝒓𝐴𝜎𝐴)

⋮ ⋱ ⋮
𝜙𝐴(𝒓1𝜎1) … 𝜙𝐴+1(𝒓𝐴𝜎𝐴)

⋮
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Limitations
Ab initio methods provide the most accurate and precise data on structure and 
reactions, but are inapplicable beyond the lightest nuclei (memory-bound)

▪ Direct ab initio approaches not 
applicable beyond A ~ 16

▪ Other many-body methods 
scale up only near 40Ca, 48Ca, 
100Sn, 132Sn, 208Pb

Rev. Mod. Phys. 87, 1067 (2015)

Comput. Phys. Commun. 222, 1 (2018)
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Benefits of New Architectures
New architectures based on GPU open new avenues of research – but often 
require considerable code refactoring and important human investment

PRC 102, 024616 (2020) Work by K. Kravvaris, S Quaglioni (LLNL)

LLNL-PRES-815354
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▪ About 2,500 nuclei predicted to be stable, from Hydrogen to 
(currently) 196

294Og118
− Variety of excitation mechanisms: collective rotations, vibrations, 

nucleonic excitations, et.

− Decay modes: -particle emission, -radioactivity, -ray emission, 
cluster emission, fission

Density Functional Theory
DFT is the only quantum many-body method that can scale up to the entire 
table of isotopes and provide structure and decay properties

Nature, 486, 7404 (2012)

LLNL-PRES-815354
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▪ Energy is a functional (to be determined 
from physics argument) of the density of 
particles, e.g. 

𝐸 𝜌(𝒓) = 𝐶𝜌𝜌𝜌2 + 𝐶𝜌Δ𝜌𝜌Δ𝜌 +⋯

▪ Actual density is determined by minimizing 
the energy  Kohn-Sham equation
− The density of particles does not conserve the 

same symmetries as the nuclear Hamiltonian

− Justification for the concepts of nuclear 
deformation and nuclear pairing

▪ Constraints on, e.g., the nuclear shape or 
the total spin, allow building in more 
correlations

LLNL-PRES-775063

Basic Concepts of DFT
Density functional theory is based on remapping the original A-body 
problems into an effective 1-body problem

LLNL-PRES-815354
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Computational Implementation
The Kohn-Sham equation involves a self-consistent loop that is solved by an 
iterative procedure until convergence

▪ Linear algebra (structure)
− Differential operators in Hilbert 

spaces

− Define basis of vectors 𝜙1, … , 𝜙𝑛
− Diagonalize matrix ℎ𝑖𝑗 in that basis

▪ PDE on a lattice (reactions)
− Mesh discretization, e.g., Lagrange

− Integrate PDE with boundary 
conditions

▪ Kohn Sham equation:
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Computational Challenges
Computational challenges come from non-linearity of self-consistent loop 
and number of configurations required to reach given accuracy 

▪ Variational principle of DFT only gives lowest solution

▪ Improve model by quantum mixing of different configurations
− Configurations obtained with constraints on Kohn-Sham solutions

− Thousands/millions of different calculations (=ensemble runs)

− 1 iteration of KS loop = up to a few minutes on 4-8 threads

− Convergence may require 100+ iterations

PRC 78, 014318 (2008) PRL 113, 162501 (2014)Phys. Scr. 91, 073003 (2016)

LLNL-PRES-815354
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▪ Fission = extreme application of DFT
− Both collective and intrinsic degrees of freedom relevant

− Time-evolution of a quantum many-body system

− Sensitivity of observables on details of model

LLNL-PRES-775063

Application: Theory of Nuclear Fission
A predictive theory of fission built on quantum many-body methods such as 
DFT remains a formidable computational challenge

PRC 87, 024320 (2013)

L
o

g
(T

s
f/y

e
a

r)

LLNL-PRES-815354



LLNL-PRES-xxxxxx

15

ℏ
𝜕

𝜕𝑡

𝑈𝜇↑(𝒓, 𝑡)

𝑈𝜇↓(𝒓, 𝑡)

𝑉𝜇↑(𝒓, 𝑡)

𝑉𝜇↓(𝒓, 𝑡)

=

ℎ↑↑ − 𝜆 ℎ↑↓
ℎ↓↑ ℎ↓↓ − 𝜆

0 Δ
−Δ 0

0 −Δ∗

Δ∗ 0

−ℎ↑↑
∗ + 𝜆 −ℎ↑↓

∗

−ℎ↓↑
∗ −ℎ↑↑

∗ + 𝜆

𝑈𝜇↑(𝒓, 𝑡)

𝑈𝜇↓(𝒓, 𝑡)

𝑉𝜇↑(𝒓, 𝑡)

𝑉𝜇↓(𝒓, 𝑡)

LLNL-PRES-775063

Real-Time Fission Dynamics
Time-dependent density functional theory for fusion or fission is based on 
solving hundreds of thousands coupled PDE

▪ State-of-the-art simulations 
on advanced architectures
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Microscopic Description of Fission
Fission can be characterized by the shape of the nucleus as it deforms: the 
actual phase space includes millions of different configurations

▪ Map fragmentations into deformations of 
fissioning nucleus

▪ Compute potential energy surface

▪ Compute flow of probability to extract 
relative yields
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PRC 93, 054611 (2016)

Comput. Phys. Commun. 225, 180 (2018)
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▪ Two major sources of uncertainties in nuclear models
− Models for the (unknown) nuclear Hamiltonian

− Many-body method and its computational implementation

▪ Quantify and propagate theoretical uncertainties (UQ)
− Calibration of parameters of nuclear potentials

− Truncation effects in systematic expansions

− Extrapolation where experimental data is unavailable

▪ Build accurate emulators of (very) expensive computational 
models 
− Approximate solution at limit of infinite basis

− Run large-scale MCMC calculations with expensive computer models

LLNL-PRES-775063

Machine Learning / AI
Nuclear theories always rely on a small number of parameters difficult to 
calibrate: ML/AI offer methods to quantify the related uncertainties

LLNL-PRES-815354
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Machine Learning / AI
Nuclear theories always rely on a small number of parameters difficult to 
calibrate: ML/AI offer methods to quantify the related uncertainties

PRL 114, 122501 (2015)PRC 99, 054308 (2019)

PRL 122, 062502 (2019)
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The SciDAC Project
Breakthrough can emerge from jointly-funded, multidisciplinary teams of 
nuclear theorists, applied mathematicians and computer scientists 

▪ On-going effort since 2007

▪ Several mathematical/computational 
methods opened new avenues in 
physics

▪ Very effective pipeline for workforce

http://nuclei.mps.ohio-state.edu/
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Conclusions
High-performance computing has been a paradigm shift for low-energy 
nuclear theory

▪ There is no “standard model” for nuclear theory: Coexistence of 
different theoretical approaches imply different computational 
strategies 
− Extreme-scale linear algebra and tensor contractions (ab initio methods)

− Dense, complex linear algebra and very large ensemble runs (DFT) 

▪ The two biggest challenges for computational nuclear physics 
− Physics models are not fixed but are continually evolving

− Cost of adapting existing codes to emerging architectures is high 
• Complexity of legacy codes

• Physics models are changing

▪ Nuclear theory is embracing machine leaning / AI 
− As diagnostics of approximate theories

− For emulating/optimizing computationally expensive models

− No substitute for better theories…
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