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Computational Nuclear Physics	
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Highlights since 2007 / Future Program	


Findings/Recommendations of the Town Meeting



Glenn Young (Chair) , David Dean (co-Chair) , Martin Savage (co-Chair)
Fred Bertrand (Facilitator)

Tom Luu (LLNL) 
David Richards (TJNAF)

Steven Pieper (ANL)  
James Vary (Iowa)

George Fuller (UCSD)  
Tony Mezzacappa (ORNL) 

Steffen Bass (Duke U.) 
Frithjof Karsch (BNL)

Robert Ryne (LBNL)

• 109 Attendees 
•  Physics, Computer Science, Mathematics and Applied Mathematics 
•  27 Universities (US and foreign), 7 Labs, 6 Corporations (US and foreign), 2 Federal Agencies 
•  PNNL administered/document production  (Moe Khaleel, Hope Mathews (technical writer) )

Meeting in Washington DC  
Jan 26 , 27, 28   (2009)

2009 NP HPC  
Status and Projected Needs 2014

Additional Meeting on NNSA Science including Nuclear

Background	
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Monday, July 14, 2014

Strengthen SciDAC	


and Related Initiatives

Computing Integrated 	


with New 	



Experimental Initiatives

Education, Training	


w/ Applied Math and	


Computer Science

Strengthen SciDAC
and related

Computing integrated 
with new expt initiatives

Education, training,
intra, AM, CS

2012

Strongly endorsed NAS Report HPC 
statements and Recommendation

Monday, July 14, 2014



Background

High performance computing provides answers to questions that 
neither experiment nor analytic theory can address; hence, it 
becomes a third leg supporting the field of nuclear physics.	



Recommendation:
A plan should be developed within the theoretical community and enabled by the 
appropriate sponsors that permits forefront computing resources to be exploited by 
nuclear science researchers, and establishes the infrastructure and collaborations needed 
to take advantage of exascale capabilities as they become available.	



NAS report “Exploring the Heart of Matter”:

Tribble Report:
“People remain the key factor. In particular, early-career scientists working at the interface 
between nuclear theory, computer science, and applied mathematics are critical to make future 
impact, especially in the era of extreme computing that demands the novel coding paradigms 
and algorithmic developments required by novel architectures.”	



National Academy Report, Tribble Report….

2012 National Academy 
Report Recommendations

FRIB
JLabRHIC

DUSEL

2014

Monday, July 14, 2014
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Available Resources Growing Very Rapidly

NUCLEI

Cold and Hot QCD
USQCD

Nuclear 
Forces

Configs Structure

Spectrum

Cold QCD

2014

Capacity hardware project significantly underfunded > 2014
     will deliver ~1/3 integrated cycles c/w requested  = problem
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Nuclear Astrophysics



Architectures Changing Rapidly 2009
GPU’s Arrive

ARRA @ JLab
2014

Life will never be the same !

Next NERSC Procurement - Xeon Phis

Monday, July 14, 2014
Next NERSC Procurement	


will be a Xeon Phi system



Training of  Young Scientists is Crucial

• Murat Bakirci, Ames and ODU 
• Bridget Bertoni, UW / INT 
• Noah Birge, UT (20%) 
• Sushant More, OSU 
• Titus Morris, MSU (50%) 
• Erik Olsen, UT (30%) 
• Kemper Talley, UT (50%) 
• Dossay Oryspayev, Ames and 
ODU (100%) 
• Nathan Parzuchowski, MSU 
(40%) 
• Hugh Potter, ISU (50%) 
• Ermal Rrapaj, UW / INT (100%) 
• Shiplu Sarker, CMU 
• Andre Schneider, IU 
• Thomas Shafer, UNC 
• Fei Yuan, MSU (15%) 
• Chunli Zhang, UT (100%) 

• Andreas Ekstrom, MSU 
• Heiko Hergert, OSU (FRIB Fellow at MSU from 
8/2014) 
• Sebastian Koenig, OSU (50%) 
• Nobuo Hinohara, UNC (80%), UT (20%) 
• Jeremy Holt, UW 
• Guillaume Hupin, LLNL 
• Gustav Jansen, UT/ORNL (10%) 
• Michael Kruse, LLNL 
• Diego Lonardoni, ANL (100%) 
• Joel Lynn, LANL (100%) 
• Allesandro Lovato, ANL 
• Justin Lietz, MSU (15%) 
• Jordan McDonnell, LLNL (100%) 
• Mika Mustonen, UNC (100%) 
• George Papadimitriou, ISU (100%) 
• Sergey Postnikov, IU (50%) 
• Jhilam Sadhukhan, UT 
• Irinia Sagert, IU (50%) 
• Andre Schneider, IU (50% through 8/14) 
• Roman Senkov, CMU (100%) 
• Yue Shi, UT (50%) 
• Angelo Signoracci, UT/ORNL (100%) 
• Andrew Steiner, UW / INT 
• Vaibhav Sundriyal, Ames (100%) 
• Kyle Wendt, UT/ORNL (100%) 

Graduate Students Postdocs 
NUCLEI  
Year 2 

Andrew Steiner: UT/
ORNL 

Heiko Hergert : FRIB Nobuo Hinohara: 
Tsukuba 

Alessandro Lovato: ANL 

DOE early career awards:	


Hagen	



Quaglioni

2014 new positions

similar support/awards in Nuclear Astrophysics and QCD



Outstanding Science Opportunities

Lattice QCD	


!
!
!
!
Physics of Nuclei	


!
!
!
!
!
Nuclear Astrophysics

Asymptotic freedom ? 

from B. Sherrill 

DFT$
FRIB$

current$



Lattice QCD and Nuclear Physics

by one-meson exchange together with a contact operator
that encodes the low-energy effect of short-distance
interactions. As these contact operators are independent
of the light-quark masses, at LO the quark-mass depen-
dence of the n!! interactions is dictated by the meson
masses. Therefore, in each partial wave, a single lattice
datum at a sufficiently low pion mass determines the
coefficient of the contact operator, thereby determining
the LO interaction, including energy-independent and
local potentials, wave functions, and phase shifts, at the
physical pion mass.

We find that our LQCD calculations in the 1S0 n!!

channel are consistent with the SU(3) symmetry expecta-
tions. At m! " 389 MeV, using a volume extrapolation as
discussed above, we find that this channel has a bound
state, with binding energy B ¼ 25$ 9:3$ 11 MeV. The
quality of the LQCD data in the 1S0 n!! channel is
comparable to that of its 27-plet partner "!"!, analyzed
in detail in Ref. [31] (see also [46]). In the EFT, the
coefficient of the LO contact operator in this channel is
determined by tuning it to reproduce the LQCD-
determined binding energy. We find that this channel be-
comes unbound at m! & 300 MeV, in agreement with
Ref. [47], which constrained the LO contact operator using
experimental data. In Fig. 1, we show the predicted 1S0
n!! phase shift at the physical pion mass—(very dark,
light) (blue) bands correspond to (statistical, systematic)
uncertainties—and compare with the EFT constrained by
experimental data [24], the Nijmegen NSC97f model [14],
and the Jülich 2004 model [19]. The systematic uncertain-
ties on our predictions include those arising from the
LQCD calculation (see [46]) as well as estimates of omit-
ted higher-order effects in the EFT.

The 3S1-
3D1 n!

! coupled channel is found to be highly
repulsive in the s wave at m! " 389 MeV, requiring inter-
actions with a hard repulsive core of extended size. Such a

core, if large enough, would violate a condition required to
use Lüscher’s relation, namely, R % L=2, where R is the
range of the interaction. We have determined the EFT
potential directly by solving the three-dimensional
Schrödinger equation in finite volume to reproduce the
energy levels obtained in the LQCD calculations. The
repulsive core, whose size is set by the contact operator
at LO in the EFT, is found to be strongly enhanced over the
meson-exchange contributions. This formally precludes
the use of Lüscher’s relation, but both methods lead to
phase shifts that agree within uncertainties, indicating that
the exponential corrections to Lüscher’s relation are small.
In Fig. 2, we show the predicted 3S1 n!

! phase shift at the
physical pion mass.
The n!! interactions presented here are the crucial

ingredient in calculations that address whether !!’s ap-
pear in dense neutron matter. As a first step, and in order to
understand the competition between attractive and repul-
sive components of the n!! interaction, we adopt a result
due to Fumi for the energy shift due to a static impurity in a
noninteracting Fermi system [48]:

#E ¼ ! 1

!"

Z kf

0
dkk

!
3

2
#3S1

ðkÞ þ 1

2
#1S0

ðkÞ
"
; (2)

where" is the reduced mass in the n!! system. Using our
LQCD determinations of the phase shifts, and allowing for
a 30% theoretical uncertainty, the resulting energy shift
and uncertainty band are shown in Fig. 3. At neutron
number density $n " 0:4 fm!3, which may be found in
the interior of neutron stars, the neutron chemical potential
is "n "MN þ 150 MeV due to neutron-neutron interac-
tions and the electron chemical potential is "e! "
200 MeV [49]. Therefore, "n þ"e! " 1290 MeV, and,
consequently, if "!! ¼ M! þ #E & 1290 MeV, that is,
#E & 100 MeV, then the !!, and hence the strange
quark, will play a role in the dense medium. We find using
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FIG. 1 (color online). LQCD-predicted 1S0 n!! phase shift
versus laboratory momentum at the physical pion mass (very
dark and light blue bands), compared with other determinations,
as discussed in the text.
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FIG. 2 (color online). LQCD-predicted 3S1 n!! phase shift
versus laboratory momentum at the physical pion mass (very
dark and light blue bands), compared with other determinations,
as discussed in the text.

PRL 109, 172001 (2012) P HY S I CA L R EV I EW LE T T E R S
week ending

26 OCTOBER 2012

172001-3

1S0 3S1
Sigma- neutron interactions extrapolated 	



to physical pion mass

Baryon-Baryon Interactions	


Light Nuclear Structure	


Properties of dense matter - neutron stars, etc.

Cold QCD (III)
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Extensive study of s-shell nuclei and hypernuclei, and 
baryon-baryon interactions at SU(3) symmetric point

Beane et al, Phys.Rev. D87 (2013) 3, 034506, Phys.Rev. C88 (2013) 2, 024003  

Barnea et al, arXiv:1311.4966

Nuclear Forces2014
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Light Nuclei and Reactions

The 3-body continuum energy 
spectrum of 6He (= 4He+n+n) is 
needed for the description of the 
3H+3H ! 4He+n+n fusion 

  

6He Energy Spectrum of States!
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Results - Longitudinal form factor

• Experimental data are well 
reproduced by theory over 
the whole range of 
momentum transfers;

• Two-body terms become 
appreciable only for q > 3 
fm−1, where they interfere 
destructively with the one-
body contributions bringing 
theory into closer 
agreement with experiment.

Monday, June 24, 13

12C(G.S.) ! 12C(0+
2 ) ftr FORM FACTOR
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• Data from M. Chernykh et al., Phys. Rev. Lett. 105, 022501 (2010)

• Right panel [ftr(k)/k2] proportional to M(E0) at k = 0

• Large errors at small k due to large Monte Carlo errors

• Can get better value at k = 0 by computing
R

drr2r2⇢tr(r)

• Results with best 0+
2 wave function in good agreement with data

Lattice EFT 
12C ground state and transition FF

Scattering including 3-body final states

ELECTROWEAK PROPERTIES OF LIGHT NUCLEI

• Great progress has been made in ab initio calculations of nuclear binding energies starting
from realistic Hamiltonians with two- and three-nucleon potentials

• Current efforts aimed at studying electroweak structure and response in s- and p-shell nuclei
• Two-body terms in nuclear electroweak currents are crucial to reproduce experimental

magnetic moments and M1 transitions

Magnetic Moments
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Green’s function Monte Carlo
(GFMC) calculations of light
nuclei give accurate binding en-
ergies but a lowest-order theory
of one-body currents (blue) fails
to reproduce magnetic moments
and M1 transitions (black).
Including recently constructed
two-body currents using effec-
tive field theory (red) greatly im-
proves agreement with data!

EM Transitions
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EM transitions and	


2 nucleon currents

Ties to fundamental symmetries, neutrino physics and astrophysics
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Figure: Calcium 
two-neutron 
separation energies 
for chiral NN+3N 
interactions with 
different cutoffs.
Black bars are expt.
values

Figure: Oxygen 
ground-state 
energies for different 
ab initio  methods, 
using the same NN
+3N interactions. 
Black bars are expt. 
values.

Figure: 22O spectra
from IM-SRG
generated Shell 
Model interactions, 
compared to 
experiment and the
phenomenological 
USDb interaction.

Status

• (MR-)IM-SRG ground-
state calculations reach  
tin isotopes with chiral  
NN+3N interactions

•mild computational 
scaling allows exploration 
of uncertainties due to
•many-body basis & 
truncations

•chiral expansion

•spectroscopy with non-
empirical Shell Model 
interactions from IM-SRG

52,54Ca magic

expt.

Oxygen Isotopes
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generated Shell 
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Status

• (MR-)IM-SRG ground-
state calculations reach  
tin isotopes with chiral  
NN+3N interactions

•mild computational 
scaling allows exploration 
of uncertainties due to
•many-body basis & 
truncations

•chiral expansion

•spectroscopy with non-
empirical Shell Model 
interactions from IM-SRG

52,54Ca magic

expt.

Calcium Isotopes

Present status 

•  Ab-initio computations with chiral two- and 

three-nucleon forces have advanced to mid 

mass nuclei  

•  Theory has provided predictions in exotic 

nuclei, some of which have been confirmed 

experimentally 

•  Optimization of interactions from chiral effective 

field theory with consistent currents 

•  First steps towards including two-body currents 

in weak decays    

experiment 

Ground state energies 

of Oxygen isotopes 

Two‐body currents 

quench the Ikeda sum 

rule in isotopes of 

carbon and oxygen for 

a range of three‐body 

couplings 

Neutron Rich Nuclei

Direct Connection to FRIB, calculations of weak rates, matter



Neutrinoless Double-Beta Decay and Neutrino Mass
normal inverted

!
! new expts.

Rate proportional to square of effective
ν-mass �m
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New experiments should be able to seedecay if hierarchy is inverted.
But rate also depends on nuclear matrixelement, which must be calculated.
Uncertainty due to theoretical error in nuclear matrixelement (schematic)
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nuclear uncertainties

Present Status of Calculations
Comparable level ofagreement in 2014.

proton-neutron (pn) QRPAShell ModelInteracting Boson ModelProjected HFBGenerator Coordinates
From P. Vogel, 2010

Calculations fall into two broad classes:I. DFT Generator Coordinates (and projected HFB)QRPAII. Shell Model and derivativesShell Model itselfIBM-2 Goal: improve all of these.

Neutrinoless Double Beta Decay

Uncertainties



Heavy Nuclei: Drip Lines, Fission
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FIG. 4: (Color online) Vibrational wave functions squared∑
K |ΦαIK(β, γ)|2 of the 0+1 , 2

+
1 , 0

+
2 and 2+2,3 states in

30−34Mg. Contour lines are drawn at every eighth part of
the maximum value.

tern of the K = 02 bands in 30Mg and 32Mg, noticed
above, can be seen more drastically in the inter-band
E2 transition properties. In the lower panel of Fig. 3,
we plot the ratio B(E2; 0+2 → 2+1 )/B(E2; 0+1 → 2+2,3) of
the inter-band transition strengths between the K = 01
and K = 02 bands. If the K = 01 and K = 02 bands
are composed of only the K = 0 component and the in-
trinsic structures in the (β, γ) plane are the same within
the band members, this ratio should be one. These ra-
tios for 34Mg and 36Mg are close to one, indicating that
the change of the intrinsic structure between the 0+ and
2+ states is small. In contrast, the ratios for 30Mg and
32Mg are larger than 10, indicating a remarkable change
in the shape-fluctuation properties between the 0+ and
2+ states belonging to the K = 01 and K = 02 bands.
Figure 4 shows the vibrational wave functions squared

∑

K |ΦαIK(β, γ)|2. Let us first examine the character
change of the ground state from 30Mg to 34Mg. In 30Mg,
the vibrational wave function of the ground 0+1 state is
distributed around the spherical shape. In 32Mg, it is re-
markably extended to the prolately deformed region. In
34Mg, it is distributed around the prolate shape. From
the behavior of the vibrational wave functions, one can
conclude that shape fluctuation in the ground 0+1 state is
largest in 32Mg. To understand the microscopic mecha-
nism of this change from 30Mg to 34Mg, it is necessary to

take into account not only the properties of the collective
potential in the β direction but also its curvature in the
γ direction and the collective kinetic energy (collective
masses). This point will be discussed in our forthcoming
full-length paper. As suggested from the behavior of the
inter-band B(E2) ratio, the vibrational wave functions
of the 2+1 state are noticeably different from those of the
0+1 state in 30Mg and 32Mg, while they are similar in the
case of 34Mg. Next, let us examine the vibrational wave
functions of the 0+2 and 2+2,3 states in 30−34Mg. It is im-
mediately seen that they exhibit one node in the β direc-
tion. This is their common feature. In 30Mg and 32Mg,
one bump is seen in the spherical to weakly-deformed
region, while the other bump is located in the prolately
deformed region around β = 0.3−0.4. In 34Mg, the node
is located near the peak of the vibrational wave function
of the 0+1 state, suggesting that they have β-vibrational
properties.
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FIG. 5: (Color online) (a) Vibrational wave functions
squared, |Φα,I=0,K=0(β, γ = 0.5◦)|2, of the 0+1 states in
30−34Mg. Their values along the γ = 0.5◦ line are plotted
as functions of β. (b) Probability densities integrated over γ,
P (β) ≡

∫
dγ|Φα,I=0,K=0(β, γ)|

2|G(β, γ)|1/2, of the 0+1 states
in 30−34Mg, plotted as functions of β. (c) Same as (a) but for
the 0+2 states. (d) Same as (b) but for the 0+2 states.

To further reveal the nature of the ground and excited
0+ states, it is important to examine not only their vibra-
tional wave functions but also their probability density
distributions. Since the 5D collective space is a curved
space, the normalization condition for the vibrational
wave functions is given by

∫

∑

K

|ΦαIK(β, γ)|2|G(β, γ)|1/2dβdγ = 1 (5)

with the volume element

|G(β, γ)|1/2dβdγ = 2β4
√

W (β, γ)R(β, γ) sin 3γdβdγ,
(6)

Shape&coexistence&

Asymptotic freedom ? 

from B. Sherrill 

DFT$
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Critical Challenges:	


Nuclei far from stability	



r-process and Nucleosynthesis	


Nuclear Fission
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Neutron Stars and 	


Supernovae: Microphysics

Mass/Radius relationship

Nuclei (II)

Large scale MD simulations of nuclear pasta formation: 
Nuclear reactions that make a neutron star !

Objectives: !
•  Determine how core of massive star, during 

supernova, transforms from 1055 separate nuclei 
into a single large nucleus --- a newly formed 
neutron star.!

•  Study large-scale shape oscillations associated with 
formation of exotic nuclear pasta phases.!

Impact: !
•  Determine time scales for large-scale 

nuclear shape changes.!
•  Guidance for multifragmentation and 

other heavy-ion reactions. !
•  Determine many transport properties 

important in astrophysics.!

 Accomplishments: !
•  Performed MD simulations 

with � 300,000 nucleons.!
•  Directly determined time 

scales for different nuclear 
pasta shape changes.!

 !
Reference:  A. Schneider 
et al., to be published.!
Contact: C. Horowitz 
horowit@indiana.edu!

!

2014
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Crust Dynamics

Gravitational waves and EOS	


Neutron Star Cooling	


Supernovae neutrinos

Supernovae Coherent 	


Neutrino Evolution



Type II (core-collapse) Supernovae

Entropy in 3D simulation, 15 solar masses

3D codes with	


spectral neutrino transport	



now becoming available

Unique laboratories for :	


• High density nuclear EOS	


• r-process nucleosynthesis	


• neutrino-nuclear physics	


• neutrino flavor mixing	


• gravitational waves

public codes available



Turbulent	
  Fusion	
  Flames	
  
in	
  Type	
  Ia	
  Supernovae

• Laboratory	
  for	
  nuclear 
fusion	
  in	
  the	
  presence 
of	
  turbulence	
  and	
   
instabilities 

• SN	
  Ia	
  are	
  the	
  origin	
  of  
iron	
  and	
  many	
  other 
heavy	
  elements 

• Electron	
  capture,	
  electron  
screening	
  and	
  heavy	
  ion  
reactions	
  affect	
  outcome



X-­‐ray	
  Bursts	
  on	
  Neutron	
  Stars

Unique	
  laboratories	
  for:	
  
!
• Nuclear	
  reactions	
  involving 

nuclei	
  near	
  the	
  proton-­‐drip  
line	
  (rp-­‐process) 

• Science	
  goal	
  of	
  FRIB 

• Light	
  curve	
  well	
  studied	
  –	
   
depends	
  on	
  properties	
  of  
very	
  unstable	
  nuclei  

• Multi-­‐D	
  effects	
  important, 
but	
  could	
  constrain	
  neutron  
star	
  radii	
  –	
  hence	
  EOS



Neutron Star Mergers

using gravitational waves	


to study  neutron star structure

T.#Janka#(2014)

yellow#is##
ejected

Yellow is ejected

nucleosynthesis from NS merger

Key questions:	


• R-process site(s)	


• Gravitational Waves	


• Neutron Star Mass Radius

requires full GR	


microphysics in different regimes



Realizing the scientific potential of current and future 
experiments demands large scale computations in nuclear theory 
that exploit the US leadership in high-performance computing. 
Capitalizing on the pre-exascale systems of 2017 and beyond 
requires significant new investments in people, advanced 
software, and complementary capacity computing directed 
toward nuclear theory.	



Recommendation
2014



• To this end, we ask the Long-Range Plan to endorse the creation 
of an NSAC subcommitee to plan a diverse program of new 
investments in computational nuclear theory. We expect this 
program to include:	


– new investments in SciDAC and complementary efforts needed 
to maximize the impact of the experimental program;	


– development of a multi-disciplinary workforce in computational 
nuclear theory as called for in the Tribble Report;	


– deployment of the necessary capacity computing to fully exploit 
the nations leadership-class computers;	


with support ramping up over five years towards a level of around 
$10M per annum.	


!

Request
2014


