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Nuclear Density Functional Theory
A global, microscopic approach to structure and reactions
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Energy Density Functional
Different levels of approximation provide different capabilities
Single-Reference

Multi-Reference

Time-Dependent

Symmetry-breaking

Symmetry-restored

Symmetry-breaking

• HF/HF+BCS
• HFB
• Covariant DFT

• GCM
• TDHF/TDHF+BCS
• Projection
• TDHFB (TD-SLDA)
• Collective Hamiltonians • TDGCM
RPA/QRPA

 Energy functional and level of

approximation determine predictive
power
 Depend on a small set of parameters
(10 – 20) adjusted on select data
Computational cost increases from single-reference to multi-reference to time-dependent
making high-performance computing key to recent and future progress.
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Large-Scale Surveys of Nuclear Properties
Assessing the true predictive power of realistic EDF
1. PRC 89, 054320 (2014)
2. PRC 75, 044305 (2007)
3. PRC 93, 014304 (2016)
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ln(τFRDM/τQRPA)

 Full axially-deformed SR-EDF calculations

with realistic EDF give
— Masses, radii, moments, separation energies
— Provide basis for systematic MR-EDF calculations
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 Large-scale surveys of “complex”

observables (lifetimes) are now doable
Leadership computing facilities play a transformative role for nuclear theory of heavy nuclei by
enabling global surveys at unprecedented scale.
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Uncertainty Quantification
Putting error bars on theoretical predictions
1. PRL 114, 122501 (2015); 2. PRC 89, 054318 (2014); 3. PRC 90, 044305 (2014); 4. PRL 116, 121101 (2016)
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 Covariance and Bayesian

2
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methods
 Propagation of statistical
uncertainties
 Exploration of
systematic uncertainties

Uncertainty quantification has become a standard in theoretical papers over the past 5 years
thanks to collaborative efforts between nuclear theorists and mathematicians
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Towards Precision Spectroscopy
Computing realistic nuclear spectra
1

 Deformed QRPA
 Fast methods to compute

response functions
 Full symmetry restoration
 Multi-dimensional GCM

1. PRL 113, 162501 (2015)
2. PLB 746, 341(2016)
3. PRC 92, 051302(R) (2015)
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Multi-reference EDF calculations in realistic settings have become possible thanks to effort in
coding, algorithms and HPC facilities, but formal challenges remain.
6
LLNL-PRES-xxxxxx

Fission Theory
Cracking one of the longest-standing problems in physics
1
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 Spontaneous fission half-lives

computed in 4D collective space
(including pairing)
 Fission product yields computed
in a fully microscopic theory
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1. arXiv:1603.08824 (2016)
2. Proceedings of ICNF5 (2013)
3. PRC 93, 011304(R) (2016)
4. PRC 87, 024320 (2013)

Microscopic theory of fission has transitioned from feasibility studies to accurate large-scale
predictions. Precision challenge remains.
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Nuclear Dynamics
Real-time nuclear dynamics for fusion, fission and neutron stars
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 3D TDHF(+BCS) used for heavy-ion fusion and

fission
 Microscopic simulations of pasta, waffle and
garage-like structures in neutron stars
 Recent application of full 3D TDHFB

1. arXiv:1509.06671 (2015)
2. PRC 85, 034609 (2012)
3. PRL 116, 122504 (2016)

Symmetry-unrestricted time-dependent EDF methods build interface between structure and
reactions, nuclear physics and astrophysics and provide new probe of EDF.
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Microscopic Energy Density Functionals
From phenomenological to microscopically-constrained EDF
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 Use ab initio-generated pseudodata to constrain EDF
 Map realistic potentials into EDF form through

expectation value at given SR-EDF form (ex.: density
matrix expansion)
 Expand ab initio techniques to symmetry breaking
states (coupled-cluster, Green function, MR-IM-SRG)

3
1. PRC 89, 054314 (2014)
2. PRC 82, 054307 (2010)
3. PRC 90, 041302(R) (2014)

Crossover between ab initio and EDF methods is needed to reduce systematic uncertainties.
Physics, educational and computational challenges are significant.
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Uncertainty Redux
From quantifying to reducing theoretical uncertainties
2
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 High-precision DFT solvers needed for

1. PRC 90, 024317 (2014)
2. PRL 114, 122501 (2015)
3. MPLA 29, 1430010 (2014)

— Extended geometries: fission, neutron stars
— High-temperature configurations: fission, compound nucleus

— Continuum states (resonances): reactions

 Masses, separation energies, radii, etc. needed for large N/Z and A
 Couple with models used to extract meta-data (s.p. energies, fission barriers)?
FRIB will play an essential role in reducing statistical uncertainties by constraining EDF fits.
Continuing access to leadership computing facilities is critical.
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Complex Applications
From postdiction to prediction for real-life nuclei
1

2

3

4
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 Fully-fledged MR-EDF calculations

with verified EDF, and detailed
uncertainty budget (numerical,
statistical and systematic)
 Controlled extrapolations and
reliable trends (N/Z, A, E*, I)

1.
2.
3.
4.

JPG 42, 034017 (2015)
PRC 92, 035807 (2015)
PRC 82, 015501 (2010)
https://www.physics.umass.edu/acf
i/bsm-np/electric-dipole-moments
5. NDS 131, 319 (2016)

DFT is uniquely positioned to tackle some of the most fundamental scientific questions in
science, but putting together all pieces in the puzzle requires sustained investments.
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Conclusions
Investing in the future
 Recent achievements
— Large-scale: mass tables in one run
— Accuracy: real observables, not pseudo-data

 Challenges/opportunities
— Microscopic underpinning of EDF
— Precision: 100 keV on masses? 20% on BE? 1 order of magnitude on τsf?
— Predictions: staying ahead of experiments

 HPC plays an essential role and will continue to do so
 Workforce challenges
— U.S. community is small and fragmented
— Many formal developments carried out in Europe (TALENT summer school:

15 applicants so far, 2 from US)
— The role of interfaces: ab initio/DFT, structure/reaction, theory/codes
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