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Achieving this goal involves developing predictive theoretical models that allow us to understand the 
emergent phenomena associated with small-scale many-body quantum systems of finite size. The detailed 
quantum properties of nuclei depend on the intricate interplay of strong, weak, and electromagnetic 
interactions of nucleons and ultimately their quark and gluon constituents. A predictive theoretical 
description of nuclear properties requires an accurate solution of the nuclear many-body quantum 
problem — a formidable challenge that, even with the advent of super-computers, requires simplifying 
model assumptions with unknown model parameters that must be constrained by experimental 
observations.  

Fundamental to Understanding 

The importance of rare isotopes to the field of 
low-energy nuclear science has been 
demonstrated by the dramatic advancement in 
our understanding of nuclear matter over the 
past twenty years. We now recognize, for 
example, that long-standing tenets such as 
magic numbers are useful approximations for 
stable and near stable nuclei, but they may 
offer little to no predictive power for rare 
isotopes. Recent experiments with rare 
isotopes have shown other deficiencies and 
led to new insights for model extensions, 
such as multi-nucleon interactions, coupling 
to the continuum, and the role of the tensor 
force in nuclei. Our current understanding has 
benefited from technological improvements 
in experimental equipment and accelerators 
that have expanded the range of available 
isotopes and allow experiments to be 
performed with only a few atoms. Concurrent 
improvements in theoretical approaches and 
computational science have led to a more 
detailed understanding and pointed us in the 
direction for future advances.  

We are now positioned to take advantage of these developments, but are still lacking access to beams of 
the most critical rare isotopes. To advance our understanding further low-energy nuclear science needs 
timely completion of a new, more powerful experimental facility: the Facility for Rare Isotope Beams 
(FRIB). With FRIB, the field will have a clear path to achieve its overall scientific goals and answer the 
overarching questions stated above. Furthermore, FRIB will make possible the measurement of a majority 
of key nuclear reactions to produce a quantitative understanding of the nuclear properties and processes 
leading to the chemical history of the universe. FRIB will enable the U.S. nuclear science community to 
lead in this fast-evolving field. 

 
Figure 1: FRIB will yield answers to fundamental questions 
by exploration of the nuclear landscape and help unravel 
the history of the universe from the first seconds of the Big 
Bang to the present.  
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The Nuclear Many-Body Problem
The many-body Schroedinger equation for bound states consists

of 2(  ) coupled second-order differential equations in 3A coordinates
using strong (NN & NNN) and electromagnetic interactions.

Successful ab initio quantum many-body approaches (A ≥ 6)

Stochastic approach in coordinate space
Greens Function Monte Carlo (GFMC) 

Hamiltonian matrix in basis function space
No Core Configuration Interaction (NCSM/NCFC)

Cluster hierarchy in basis function space
Coupled Cluster (CC)

Lattice Nuclear Chiral EFT, MB Greens Function, 
MB Perturbation Theory, . . . approaches

Comments
All work to preserve and exploit symmetries

Extensions of each to scattering/reactions have emerged
They have different advantages and limitations
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REPRODUCTION OF NUCLEAR LEVELS
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AV18+IL7 reproduces ∼50 levels (+ ∼60 isobaric analogs) up to 12C with rms error ∼0.6 MeV
We have motivated or supported experimental work in almost all these nuclei

Slide provided by Steve Pieper



No-Core Configuration Interaction calculations

Barrett, Navrátil, Vary, Ab initio no-core shell model, PPNP69, 131 (2013)

Given a Hamiltonian operator

Ĥ =
∑

i<j

(p⃗i − p⃗j)2

2mA
+
∑

i<j

Vij +
∑

i<j<k

Vijk + . . .

solve the eigenvalue problem for wavefunction of A nucleons

ĤΨ(r1, . . . , rA) = λΨ(r1, . . . , rA)

Expand wavefunction in basis states |Ψ⟩ =
∑

ai|Φi⟩

Diagonalize Hamiltonian matrix Hij = ⟨Φj |Ĥ|Φi⟩

No-Core CI: all A nucleons are treated the same

Complete basis −→ exact result

In practice

truncate basis

study behavior of observables as function of truncation
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Expand eigenstates in basis states

No Core Full Configuration (NCFC) – All A nucleons treated equally



Nuclear interaction

Nuclear potential not well-known,
though in principle calculable from QCD

Ĥ = T̂rel +
∑

i<j

Vij +
∑

i<j<k

Vijk + . . .

In practice, alphabet of realistic potentials

Argonne potentials: AV8′, AV18

plus Urbana 3NF (UIX)

plus Illinois 3NF (IL7)

Bonn potentials

Chiral NN interactions

plus chiral 3NF, ideally to the same order

. . .

JISP16

. . .
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Major development during the past decade:
High-precision ab initio calculations now used to
“discover” the correct strong NN+NNN interaction

JISP16
Daejeon16 

- e.g. LENPIC



Low 
Energy 
Nuclear 
Physics 
International 
Collaboration

E. Epelbaum, H. Krebs

A. Nogga 

P. Maris, J. Vary

J. Golak, R. Skibinski, 
K. Tolponicki, H. Witala

S. Binder,  A. Calci, K. Hebeler,
J. Langhammer, R. Roth

R. Furnstahl

H. Kamada

Calculation of three-body forces at N3LO

Goal

Calculate matrix elements of 3NF in a partial-

wave decomposed form which is suitable for 

different few- and many-body frameworks

Challenge

Due to the large number of matrix elements, 

the calculation is extremely expensive.

Strategy

Develop an efficient code which allows to 

treat arbitrary local 3N interactions. 

(Krebs and Hebeler)

U.-G Meissner

Consistent strong and electroweak interactions from Chiral EFT

Current Focus

Introduce momentum space regulators 

to facilitate gauge invariance

Extensive studies of the NN, 3N systems: 

scattering, moments, form factors . . . 

Light nuclei: magnetic moments, 

GT, M! and E! transitions with operators 

consistent through N3LO

Medium weight nuclei with coupled cluster 

Longer term – sd-shell and pf-shell (Veff ) 
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Grey bands – chiral perturb. theory uncertainty
Blue bars – extrapolation and SRG evolution

uncertainty
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Daejeon16 NN interaction

Based on SRG evolution of Entem-Machleidt “500” chiral N3LO to

followed by Phase-Equivalent Transformations (PETs) 

to fit selected properties of light nuclei.

A.M. Shirokov, I.J. Shin, Y. Kim, M. Sosonkina, P. Maris and J.P. Vary,

“N3LO NN interaction adjusted to light nuclei in ab exitu approach,”

Phys. Letts. B 761, 87 (2016); arXiv: 1605.00413 

GS radius also agrees with experiment to within 1%

λ = 1.5 fm−1



P. Maris, I.J. Shin and J.P. Vary, NTSE2018 Proceedings, arXiv: 1908.00155 
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ImpactObjectives 
• Predict properties of neutron-rich systems which relate 

to exotic nuclei and nuclear astrophysics
• Determine how well high-precision phenomenological 

strong interactions compare with effective field theory 
based on QCD

• Produce accurate predictions with quantified 
uncertainties

§ Improve nuclear energy density functionals used in 
extensive applications such as fission calculations

§ Demonstrate the predictive power of ab initio nuclear 
theory for exotic nuclei with quantified uncertainties

§ Guide future experiments at DOE-sponsored rare 
isotope production facilities

1. Demonstrates predictive power of 
ab initio nuclear structure theory.

2. Provides results for next generation 
nuclear energy density functionals

3. Leads to improved predictions for 
astrophysical reactions

4. Demonstrates that the role of 
three-nucleon (3N) interactions in 
extreme neutron systems is 
significantly weaker than predicted 
from high-precision 
phenomemological interactions

Accomplishments

Ab initio Extreme Neutron Matter

Comparison of ground state energies 
of systems with N neutrons trapped 
in a harmonic oscillator with 
strength 10 MeV.  Solid red 
diamonds and blue dots signify new 
results with two-nucleon (NN) plus 
three-nucleon (3N) interactions 
derived from chiral effective field 
theory related to QCD. Inset displays 
the ratio of NN+3N to NN alone for 
the different interactions. Note that 
with increasing N, the chiral 
predictions lie between results from 
different high-precision 
phenomenological interactions, i.e. 
between AV8’+UIX and AV8’+IL7.

References: H. Potter, S. Fischer, P. Maris, J.P. Vary, S. Binder, 
A. Calci, J. Langhammer and R.Roth, Phys. Lett. B739, 445 (2014);
P. Maris, J.P. Vary, S. Gandolfi, J. Carlson, S.C. Pieper, 
Phys. Rev. C87, 054318 (2013);  Contact:  jvary@iastate.edu
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Fig. 6 Scaled ground state energies for neutron drop systems when confined to a harmonic oscillator trap with
strength 10 MeV. The results are obtained with NN + 3N interactions from chiral Effective Field Theory (those
labeled “NN+3N”) and compared with results from meson exchange interactions using other methods (P.
Maris et al., Phys. Rev. C 87, 054318 (2013)). These results help quantify the uncertainty due to interaction
dependence. NCSM results (labeled “NCSM”) are obtained on Titan using the GPUs for decoupling
transformations of the 3N interaction from a compressed coupled angular momentum and isospin basis to an
m-scheme basis that is employed in MFDn. Results from coupled-cluster calculations using the same
interaction are labeled “ΛCCSD(T)”.

P. Maris, J.P. Vary, S. Gandolfi, J. Carlson, S.C. Pieper, Phys. Rev. C87, 054318 (2013);
H. Potter, S. Fischer, P. Maris, J.P. Vary, S. Binder,  A. Calci, J. Langhammer and R.Roth, Phys. Lett. B739, 445 (2014)

2014-2016 INCITE Closeout Report Highlight

Chiral EFT 



Compare 8Li observables evaluated using OLS versus SRG 
B.R. Barrett et al. / Progress in Particle and Nuclear Physics 69 (2013) 131–181 153

Table 5
Comparison of 8Li observables between experiment [155,160,161] and theory. The OLS results with Chiral NN + NNN are calculated in the NCSM at
h̄⌦ = 13 MeV up through Nmax = 8 as reported in Ref. [153]. The SRG results (↵ = 0.08) with Chiral NN + NNN for Nmax = 8; 10 are calculated at
h̄⌦ = 16 MeV in the IT-NCSM as reported in Ref. [158]. Results up through Nmax = 12 with JISP16 [107–109] are obtained in the NCFC approach as
reported in Ref. [159]. The table uses the same units as in Table 4. AV18/IL2 results are obtained in the GFMC approach as reported in Refs. [1,2] and do
not include meson-exchange corrections for the magnetic moment; CD-Bonn (‘‘CD-B’’) and INOY results are from Refs. [136,163], and were calculated at
Nmax = 12 and h̄⌦ = 12 and 16 MeV respectively for CD-Bonn and INOY, with the INOY g.s. energy extrapolated to the infinite basis space. See caption
to Table 4. For the JISP16 results, the energies are obtained from extrapolations to the infinite basis space, the magnetic dipole observables are nearly
converged and the RMS point-proton radius and electric quadrupole observables are evaluated at h̄⌦ = 12.5 MeV.

8Li Expt. Chiral NN + NNN Chiral NN + NNN AV18/IL2 JISP16 INOY CD-B
Okubo–Lee–Suzuki SRG(0.08) Nmax = 8; 10

Eb(2+) 41.277 39.95(69) 39.90(1) ; 40.79(10) 41.9(2) 40.3(2) 41.3(5) 35.82
hr2ppi

1/2 2.21(6) 2.09 2.09(1) 2.1 2.01 2.17
Ex(1+

1 1) 0.981 1.00 (16;03) 1.027(2) ; 0.985(6) 1.4(3) 1.5(2) 1.26 0.86

Ex(3+

1 1) 2.255(3) 2.75 (16;09) 2.608(3) ; 2.599(7) 2.5(3) 2.8(1) 2.87 3.02
Ex(0+

1 1) – 4.01 (84;20) 3.842(15) ; 3.537(40) 4.22 2.48
Ex(1+

2 1) 3.210 4.73 (84;21) 4.632(16) ; 4.283(44) 4.90 3.25
Ex(2+

2 1) – 4.78 (44;12) 4.603(7) ; 4.443(23) 5.11 3.98
Ex(2+

3 1) – 5.94 (37;20) 6.07 5.29
Ex(1+

3 1) 5.400 6.09 (70;22) 6.76 5.02
Ex(4+

1 1) 6.53(20) 7.45 (36;15) 7.2(3) 7.0(3) 7.40 6.69
Ex(3+

2 1) – 8.24 (50;22) 8.92 7.57
Ex(0+

1 2) 10.822 11.77 (27;29) 12.05 10.90
Q (2+) 3.27(6) 2.65 2.73(1) ; 2.79(1) 3.2(1) 2.6 2.55 2.78
Q (1+) – 1.08 1.12(1) ; 1.12(1) 1.2
Q (3+) – �1.97 �1.92(1); �1.94(2) �2.0
Q (4+) – �3.01 �3.4
µ(2+) 1.654 1.49 – 1.65(1) 1.3(1) 1.42 1.24
µ(1+) – �2.27 �2.2(2)
µ(3+) – 2.13 2.0(1)
µ(4+) – 1.86 1.84(1)
B(E2;1+) – 1.19 1.9
B(E2;3+) – 3.70 4.6
B(E2;4+) – 1.21 1.9
B(M1;1+) 5.0(16) 4.13 4.15(1) ; 4.14(1) 3.7(2) 4.56 4.39
B(M1;3+) 0.52(23) 0.33 0.31(1) ; 0.30(1) 0.25(5)

Fig. 17. Basis size dependence of the 7Li (left) and 10B (right) excitation energies in the range from Nmax = 0 to Nmax = 10 (7Li) and Nmax = 8 (10B)
calculated with the CD-Bonn 2000 NN potential compared to the experiment. The HO frequency of h̄⌦ = 13 MeV (7Li) and h̄⌦ = 14 MeV (10B) was used.
For further details on the calculations, see Refs. [163,164].

ground state in the NCSM calculations alsowith the AV80NN potential [132] andwith the chiral N3LONN potential [133,151]
(see the NN spectrum in the 10B column of Fig. 18). The same was found in the GFMC calculations with the Argonne V18
(and V80) potential [165].

Remarkably, including the NNN interaction, such as the TM0, to the NN potential, e.g., AV80, fixes the 10B g.s. problem
without spoiling the correct level ordering in lighter nuclei [116]. Similarly, augmenting the chiral N3LO NN potential by the
chiral N2LO NNN interaction results in a correct description of 10B and overall improvement for other p-shell nuclei [151].
This is demonstrated in Fig. 18, where we display the natural-parity excitation spectra of four nuclei in the middle of the

Compare 8Li observables using different MB methods and interactions



Conclusion: No bound state but a resonance at ~ 2 MeV is reasonable

Conclusion: No bound state but a resonance at E ~ 0.8 MeV and width of ~ 1.4 MeV 

Continuing on Theme 1



Joint supercomputing efforts and joint funding proposals

2007 - 2019     INCITE (several proposals)
2007 – 2012    SciDAC/UNEDF
2012 – 2022    SciDAC/NUCLEI

Failed joint proposal

2016 Early Science on Aurora

Steve’s observation about the reviews:
“The only negative seems to be lack of portability to GPU's which never
made a lot of sense to me in a proposal for a machine with no GPUs.” 

Moving to Theme 2

2009                Scientific Grand Challenges Report



From M. Savage

SciDAC-2 UNEDF 
SciDAC-3&4 NUCLEI
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How	NUCLEI	competes	for	INCITE	resources:
Workflow	of	NUCLEI	efforts	within	INCITE
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Application Parallel Performance 

This project utilizes a variety of applications targeted for the size of the nucleus and the type of 
Hamiltonian.  Our applications, the production job size, CY2018 target platforms, and algorithmic 
motifs are given in Table 1. We required both ALCF and OLCF resources since algorithm and code 
development have been aligned with the resource’s architecture. AGFMC is developed at ANL in 
conjunction with the Asynchronous Dynamic Load Balancing (ADLB) and Distributed Memory 
(DMEM) libraries to scale and efficiently utilize Mira’s BG/Q architecture.  MFDn, NCSM/RGM, 
NUCCOR and the DFT code suite solve large matrix problems and require the overall memory 
footprint and memory/node provided on Titan. The	NLEFT	codes	perform	auxiliary-field	Monte	
Carlo	 simulations	 that	 scale	nearly	 ideally	 on	 Titan	 with	 the	 number	 of	 cores	 and	 get	
significant	acceleration	with	GPUs	for	larger	systems.	
	
 

Table 1.  Primary applications used for INCITE production runs 

Application Production Run 
Sizes Resource 
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AGFMC:  Argonne Green’s 
function Monte Carlo   260K cores @ 10 hrs Mira 

  X 
F90, MPI, OpenMP, 

ADLB 

MFDn:  Many-fermion 
dynamics – nuclear 

360K cores @ 2 hrs  
500K cores @ 1.5 hrs 

 
Mira  X  

F90, MPI, OpenMP, 
BLAS/LAPACK 

NUCCOR:  Nuclear 
coupled-cluster - Oak Ridge, 
m-scheme & spherical 

100K cores @ 5 hrs 
(1 nucleus, multiple 

parameters) 

Titan 

 X  
F90, MPI, OpenMP, 

BLAS/LAPACK 

DFTNESS:  Density 
functional theory, mean-field 
methods 

100K cores @ 10 hrs 
(entire mass table, 
fission barriers) 

Titan 
X   

F90, MPI, OpenMP 
BLAS/LAPACK,BLACS, 

ScaLAPACK, ADIOS 

MADNESS:  Schrödinger, 
Lippman-Schwinger, DFT, 
TDSE/TDDFT, scattering 

40K cores @ 12 hrs 
(extreme asymmetric 

functions) 

Titan 
Mira 

X X  

C++, MPI, pthreads 
BLAS, LAPACK, 
elemental, TBB 

NCSM_RGM:  Resonating 
group method for scattering; 

TRDENS support code 

98K cores @ 8 hrs 
 

48K cores @ 12 hrs 

Titan 

X X  MPI, OpenMP 

IUMD: Molecular Dynamics, 
nucleonic matter 

2K GPUs @ 12 hrs Titan 
   

F2003, MPI, OpenMP, 
PGI CUDA Fortran 

NLEFT: Nuclear lattice 
effective field theory 

40K cores @ 6 hrs 
2K GPUs @ 6 hrs 

Titan 
  X 

F90, MPI, OpenMP 
BLAS/LAPACK, PGI 

CUDA Fortran 



 
 

2015 INCITE Awards 
 

Type: Renewal 
Title: “Nuclear Structure and Nuclear Reactions” 
 
Principal Investigator: James Vary, Iowa State University 
Co-Investigator: Joseph Carlson, Los Alamos National Laboratory 

Gaute Hagen, Oak Ridge National Laboratory 
Pieter Maris, Iowa State University  
Hai Ah Nam, Oak Ridge National Laboratory 
Petr Navratil, TRIUMF 
Witold Nazarewicz, University of Tennessee, Knoxville  
Steven Pieper, Argonne National Laboratory  
Nicolas Schunck, Lawrence Livermore National Laboratory 

  
Scientific Discipline: Physics: Nuclear Physics 
  
INCITE Allocation: 204,000,000 processor hours 
 Site: Argonne National Laboratory 
 Machine (Allocation): IBM Blue Gene/Q (100,000,000 processor hours) 

Site: Oak Ridge National Laboratory 
Machine (Allocation): Cray XK7 (104,000,000 processor hours) 

  
Research Summary: 
Predictions for the structures and reactions of nuclei, with assessed uncertainties, are important 
for the future of U.S. energy and security needs. The development of a robust and precise 
nuclear theory, based on the underlying theory of the Standard Model of elementary particles, 
incorporating both the strong and electroweak  sectors,  represents  a  “holy  grail” for physics, 
with many applications in both basic science and applied science. However, developing a 
comprehensive description of all nuclei and their reactions requires investigations of exotic 
isotopes that are difficult or impossible to study experimentally. 

For this multiyear INCITE project, researchers will continue to use DOE supercomputers to 
provide needed predictions where direct experiments are not possible or are subject to large 
uncertainties. Such calculations are relevant to applications in nuclear energy, nuclear security, 
and nuclear astrophysics, since rare nuclei lie at the heart of nucleosynthesis and energy 
generation in stars. In regard to nuclear energy, a fundamental description of nuclear structure 
and nuclear reactions that retains predictive power and carries quantified uncertainties is vital 
for the future development of advanced fission reactors and fusion energy. The INCITE team’s  
research agenda is focused on basic nuclear physics that is relevant  to  DOE’s  current  and  
planned user experimental facilities, such as Jefferson Lab and the Facility for Rare Isotope 
Beams, where new phenomena and precision tests of the theory are anticipated. 

 

2015 Top awards by size of award 
Rank and millions of cpu hours 

1. 280 – Lattice QCD 
2. 270 – Plasma Physics 
3. 204 – Nuclear Physics 
4. (tie) 200 – Quantum Chemistry 
4.   (tie) 200 – Climate Science 
+ 51 more awards 



NUCLEI/UNEDF	Leadership-class	computing

u Significant	accomplishments	in	NUCLEI/UNEDF,		
achieved	through	leadership-class	computing

ØAb-initio	 calculations	 of	C-12
ØUnderstanding	 the	long	 lifetime	of	 C-14
ØAb-initio	 calculations	 of	78Ni	and	 100Sn
ØImproved	 energy-density	 functionals
ØQuantified	 the	 limits	 of	 nuclear	 existence

u SciDAC collaborations	between	applied	
mathematicians,	computer	scientists,	and	nuclear	
physicists	lead	to	efficient	utilization	of	leadership-class	
computing	resources	for	nuclear	physics	problems

UNEDF
Contacts:	G.	Hagen,	 hageng@ornl.gov

INCITE	Allocation	Trends
2008	– 2018
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Allocation Use  

 
During CY2018 we fully utilized our allocations, and our burn rates on both Titan and Mira were 
at 140% of the total allocations (see Figs. 8 and 9). Due to ALCF and OLCF overburn policies, we 
were able to obtain additional resources at the end of the year in order to complete large production 
jobs. In the case of Mira the dominant component of our usage is in the leadership class category 
(see Fig 9b), while on TITAN 23% of the allocation was in the leadership class category (see Fig. 
6).  
 
On Titan,                

  

Fig. 8. Percent utilization of Titan allocation and Leadership-class utilization during CY2018 
 

 
On Mira, 

 
Fig. 9a. Percent utilized of Mira allocation                  Fig. 9b. Utilization of Mira by job size 
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Closing Perspectives

We can all be proud of Steve Pieper’s outstanding scientific achievements.

Personally, I also admired his first-rate scientific acumen, his unwavering 
ethical standards and his dedicated efforts to advance the entire field 
of Nuclear Physics on mulitiple fronts.  Thank you Steve!


