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Fundamental questions of nuclear physics => discovery potential 
 
  What controls nuclear saturation?  
 
  How shell and collective properties emerge from the underlying theory? 
 
  What are the properties of nuclei with extreme neutron/proton ratios? 

  Can we predict useful cross sections that cannot be measured? 

  Can nuclei provide precision tests of the fundamental laws of nature? 

  Can we solve QCD to describe hadronic structures and interactions? 

+ K-super. 
+ Blue Waters 
+ Lomonosov 
+ Tachyon-II 



What is computational nuclear physics?	

	


Problem Statement	

Hardware & Resource Assessments	


Algorithms	

Software	


Generate Results & Analysis	

-> Problem Solution	




Core-collapse supernova simulation – Science, 1 June 2012 

Supercomputers play an essential role in understanding nature	




                 Nobel Prizes for Computational Science	

	

2011 Accelerating Universe (Perlmutter, Riess, Schmidt) – implicit	

1999 Electroweak renormalization (‘t Hooft, Veltman)	

1985 Shake and Bake Algorithm - quantum chemistry (Hauptman, Karle)	

1982 Critical Phenomena - Renormalization Group (Ken Wilson ) - implicit	


Ab initio nuclear theory is an example of computational physics.	

Physical Review Letters published within ab initio nuclear theory alone:	


~80 through 2012	




Validated	  Nuclear	  
Interac/ons	  

Structure	  and	  Reac/ons:	  
Light	  and	  Medium	  Nuclei	  

Structure	  and	  Reac/ons:	  
Heavy	  Nuclei	  

Chiral	  EFT	  
Ab-‐ini/o	  

Op/miza/on	  
Model	  valida/on	  
Uncertainty	  Quan/fica/on	  

Neutron	  Stars	   Fission	  
Neutrinos	  and	  

Fundamental	  Symmetries	  

Ab-‐ini/o	  
RGM	  
CI	  

Load	  balancing	  
Eigensolvers	  
Nonlinear	  solvers	  
Model	  valida/on	  
Uncertainty	  Quan/fica/on	  
	  
	  

DFT	  
TDDFT	  

Load	  balancing	  
Op/miza/on	  
Model	  valida/on	  
Uncertainty	  Quan/fica/on	  
Eigensolvers	  
Nonlinear	  solvers	  
Mul/resolu/on	  analysis	  
	  

Stellar	  burning	  

fusion	  

Neutron	  drops	  
	  

EOS	  
Correla/ons	  

(2012-2017) 

compu/ngnuclei.org	  (adapeted	  by	  Gaute	  Hagen)	  



Overarching Problem	

	


Main hypothesis	

If the Standard Model is correct, we should be able	


to accurately describe all nuclear processes	

	


Long-term goal	

Use all fundamental interactions 	


including yet-to-be-discovered interactions 	

to construct a model	


for the evolution of the entire universe	

	


Purpose of this International Conference	

Current progress with theory 	


and supercomputer simulations	

	




Problem statement for	

Quantum Hamiltonian Physics:	


Solve the non-relativistic quantum 	

many-body problem 	


with strong interactions	

	

	


Note: Light front Hamiltonian and 	

non-relativistic nuclear Hamiltonian	

problems present similar challenges	




Hamiltonian framework of Light-Front Quantum Field Theory	

has similarities and differences with 	


the non-relativistic quantum many-body problem	


Yang Li, NTSE-2013	




Nuclear and Particle Physics address critical problems in our understanding of the	




Going to the scale of the nucleus – can we	

accurately describe and predict nuclear processes	


governing supernovae and governing exotic	

decays such as neutrinoless double beta-decay, 	


as examples?	




Standard Model is the current starting point 	

for describing the nuclear processes 	


that brought the universe to the present time 	

and can provide fusion energy for the future	


	

This starting point defines our “ab initio” 	


or “from the beginning” theory of the atomic nucleus	

	


Can we successfully proceed from that starting point	

to explain/predict all nuclear phenomena?	




Nuclear structure 
Nuclear reactions 

Hot and/or dense quark-gluon matter 
Quark-gluon percolation 

Hadron structure 

Nuclear astrophysics  
 

Applications of nuclear science 

Hadron-Nuclear interface R
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collective 
and 
algebraic 
models 

CI 

ab initio 

QCD 

quark 
models 

Adapted from W. Nazarewicz 

Third Law of Progress in Theoretical 
Physics by Weinberg:  
“You may use any degrees of 
freedom you like to describe a 
physical system, but if you use the 
wrong ones, you’ll be sorry!” 



The ADLB (Asynchronous Dynamic Load-Balancing) version 
of GFMC was used to make calculations of 12C with a 
complete Hamiltonian (two- and three-nucleon potential 
AV18+IL7) on 32,000 processors of the Argonne BGP. These 
are believed to be the best converged ab initio calculations of 
12C ever made. The computed binding energy is 93.5(6) MeV 
compared to the experimental value of 92.16 MeV and the 
point rms radius is 2.35 fm vs 2.33 from experiment.  

12C in GFMC: Pieper et al. 
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Examples: Ab Initio 



Coupled-cluster method  
description of medium-mass open nuclear systems 

G. Hagen et al., arXiv:1204.3612 (2012) 

½+ virtual state 

•  Strong	  coupling	  to	  
con/nuum	  for	  neutron	  
rich	  calcium	  isotopes	  

•  Level	  ordering	  of	  states	  
in	  the	  gds	  shell	  is	  
contrary	  to	  naïve	  shell	  
model	  picture	  



NCSM 

NCFC 

NCSM/RGM 
NCSMC 

SU3-
NCSM 

QFT 
BLFQ 

J-matrix 

Structure 

Reactions EFT-ext field 

MC- 
NCSM 

IT- 
NCSM 

NCSM  
with Core 

More emerging drivers  
for leadership-class 

resources 

J.P. Vary, May 15, 2013 



Ab initio symplectic no-core shell model 
T Dytrych, K D Sviratcheva, J P Draayer, C Bahri, and J P Vary. J. Phys. G 35,  123101 (2008) 

Symplectic Sp(3,R) symmetry-adapted basis 
G. Rosensteel and D.J. Rowe, Phys. Rev. Lett. 38, 10 (1977) 

first 0+ excited state of 16O 

•  Effective truncation 
scheme 

•  Very promising 
approach for cluster 
states 



T. Abe, P. Maris, T. Otsuka, N. Shimizu, Y. Utsuno and J.P. Vary, Phys. Rev. C 86, 054301 (2012); arXiv:1204.1755   



P. Maris, J. P. Vary and P. Navratil, Phys. Rev. C87, 014327 (2013); arXiv 1205.5686 

Note additional predicted states! 
Shown as dashed lines 

CD= -0.2 



CCP-2012  
proceedings  
(to appear).  

Renormalization scale invariance & agreement with experiment 



K=1/2	  bands	  include	  Coriolis	  decoupling	  parameter:	  

Both	  natural	  and	  unnatural	  parity	  bands	  iden/fied	  
Employed	  JISP16	  interac/on;	  Nmax	  =	  10	  -‐	  7	  

K=1/2	  

K=1/2	  

K=3/2	  

K=3/2	  

K=1/2	  

K=1/2	  

Black	  line:	  Yrast	  band	  in	  collec/ve	  model	  fit	  
Red	  line:	  excited	  band	  in	  collec/ve	  model	  fit	  



M.A.	  Caprio,	  P.	  Maris	  and	  J.P.	  Vary,	  
Phys.	  Le\.	  B	  719,	  179	  (2013)	  

Note:	  
Although	  Q,	  B(E2)	  are	  slowly	  converging,	  
the	  ra/os	  within	  a	  rota/onal	  band	  appear	  	  
remarkably	  stable	  



9Be Translationally invariant gs density 
Full 3D densities = rotate around the vertical axis 

Total density  Proton-Neutron density 

Shows that one neutron provides a “ring” cloud  
around two alpha clusters binding them together 

C. Cockrell, J.P. Vary, P. Maris, Phys. Rev. C 86, 034325 (2012); arXiv:1201.0724;   
C. Cockrell, PhD, Iowa State University 
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ab initio predictions in close 
agreement with experiment 

TAMU Cyclotron Institute 

Experiment published: Aug. 3, 2010 Theory published PRC: Feb. 4, 2010 



“Anomalous Long Lifetime of Carbon-14” 

Impact Objectives  
  Solve the puzzle of the long but 

useful lifetime of 14C 
  Determine the microscopic origin 

of the suppressed β-decay rate 

  Establishes a major role for strong 3-nucleon forces in nuclei 
  Verifies accuracy of ab initio microscopic nuclear theory 
  Provides foundation for guiding DOE-supported experiments 

  Dimension of matrix solved 
for 8 lowest states ~ 1x109 

  Solution takes ~ 6 hours on 
215,000 cores  on Cray XT5 
Jaguar at ORNL 

  “Scaling of ab initio nuclear 
physics calculations on 
multicore computer 
architectures," P. Maris, M. 
Sosonkina, J. P. Vary, E. G. 
Ng and C. Yang, 2010 
Intern. Conf. on Computer 
Science, Procedia Computer 
Science 1, 97 (2010) 
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Ab initio nuclear reactions 

  Arrive	  at	  a	  fundamental	  understanding	  of	  nuclear	  
proper/es	  from	  a	  unified	  theore/cal	  standpoint	  rooted	  
in	  the	  fundamental	  forces	  among	  nucleons	  

  Develop	  theore/cal	  founda/ons	  for	  an	  accurate	  
descrip/on	  of	  reac/ons	  between	  light	  ions	  in	  a	  
thermonuclear	  environment	  	  	  

  Computa/onal	  tools	  for	  addressing	  fusion	  reac/ons	  
that	  power	  stars	  and	  Earth-‐based	  fusion	  facili/es	  
such	  as	  the	  Na/onal	  Igni/on	  Facility	  (NIF)	  	  

  Provide	  research	  community	  with	  accurate	  
evalua/ons	  and	  uncertain/es	  for	  nuclear	  
astrophysics	  and	  fusion	  diagnos/c	  

Impact	  Objec/ves	  	  

Ab	  ini/o	  theory	  reduces	  uncertainty	  due	  to	  conflic/ng	  data	  

  The n-3H elastic cross section for 14 MeV neutrons, 
important for understanding how the fuel is assembled in 
an implosion at NIF, was not known precisely enough.  
Nuclear theory was asked to help.  

  Delivered evaluated data with required 5% uncertainty and 
successfully compared to measurements using an Inertial 
Confinement Facility 

  “Ab initio theory of light-ion reactions”, by P. Navrátil, S. Quaglioni, 
and R. Roth, J. Phys. Conf. Ser. 312, 082002 (2011) 

  ``First measurements of the differential cross sections for the elastic 
n-2H and n-3H scattering at 14.1 MeV using an Inertial Confinement 
Facility”, by J.A. Frenje et al., Phys. Rev. Lett. 107, 122502 (2011) 

http://physics.aps.org/synopsis-for/10.1103/PhysRevLett.107.122502 



Extrapolating to the infinite matrix limit  
i.e. to the “continuum limit” 

 
Results with both IR and UV extrapolations 

 

References: 
S.A. Coon, M.I. Avetian, M.K.G. Kruse, U. van Kolck, P. Maris, and J.P. Vary,  
Phys. Rev. C 86, 054002 (2012);  arXiv: 1205.3230 
R.J. Furnstahl, G. Hagen, T. Papenbrock, Phys. Rev. C 86 (2012) 031301 
E.D. Jurgenson, P. Maris, R.J. Furnstahl, P. Navratil, W.E. Ormand, J.P. Vary,  
submitted to PRC;  arXiv:  1302:5473  



Convergence and Uncertainty Assessments: Recent Highlight 
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Extrapolation A 



Combined IR and UV extrapolation: 
HO-basis regulator definitions 

1S.A. Coon, M.I. Avetian, M.K.G. Kruse, U. van Kolck, P. Maris, and J.P. Vary,  
Phys. Rev. C 86, 054002 (2012);  arXiv: 1205.3230 
2R.J. Furnstahl, G. Hagen, T. Papenbrock, Phys. Rev. C 86 (2012) 031301 
3E.D. Jurgenson, P. Maris, R.J. Furnstahl, P. Navratil, W.E. Ormand, J.P. Vary,  
submitted to PRC;  arXiv:  1302:5473  

Put this in terms of Lambda_UV  and lambda_IR 

Ref. 1 Ref. 2 
 

Ref. 3 
 

UV:  Λ 

IR:   λ 
 

     N  
(p-shell) 

  Nmax + 1 
 

  Nmax + 2 
 

 Nmax + 3 
 



E.D. Jurgenson, P. Maris, R.J. Furnstahl, P. Navratil, W.E. Ormand, J.P. Vary,  
Phys. Rev. C. 87, 054312 (2013);  arXiv:  1302:5473  
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Basis Light Front Quantization (BLFQ) 
Framework with discovery potential 

Physics drivers: 
Spin content of the proton 
Exotic meson states around 4 Gev (X, Y, Z, . . .) 
In-medium propagation & energy loss of jets, charmonia, . . . 
Strong, time-dependent external field physics applications 
 
 Initial applications and test cases 

Paul Wiecki 



•  Space-‐/me	  structure	  

	  

•  Two	  effects:	  accelera/on	  and	  radia/on	  
	  

tBLFQ:	  Nonlinear	  Compton	  Sca\ering	  

x!

37	  Xingbo	  Zhao	  



D. Chakrabarti, A. Harindranath and J.P. Vary, Phys. Rev. D 71, 125012(2005); hep-th/05104094.  

Spontaneous symmetry breaking in LF quantized Hamiltonian approach  
Kink condensation in scalar 1+1 field theory 



D. Chakrabarti, A. Harindranath and J.P. Vary, Phys. Rev. D 71, 125012(2005); hep-th/05104094.  



1990 - Atanasoff awarded the  
National Medal of Technology  
by President George W. Bush  

John Vincent Atanasoff 
1983 photo 

Clifford Berry 
1962 photo 

1942 photo of Clifford Berry 
and the ABC 

Atanasoff-Berry Computer (ABC) 

• 1939 - Iowa State Physics Professor Atanasoff invents the electronic digital 
computer based on binary mathematics with stored program and data along 
with punch card input.  Atanasoff and graduate student Clifford Berry 
construct the ABC and use ABC to solve simultaneous linear equations 
•  1997 - Replica completed and demonstrated in public 
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flop/s 



Newest “Top 500” list 
November 12, 2012 







NUCLEI/UNEDF	  Leadership-‐class	  compu/ng	  

 	  Significant	  accomplishments	  in	  NUCLEI/UNEDF,	  	  
achieved	  through	  leadership-‐class	  compu/ng	  

 Ab-‐ini/o	  calcula/ons	  of	  C-‐12	  
 Understanding	  of	  long	  life/me	  of	  C-‐14	  
 Microscopic	  calcula/ons	  of	  select	  	  
	  	  	  	  medium-‐mass	  nuclei	  
 Improved	  energy-‐density	  func/onals	  

 	  SciDAC	  collabora/ons	  between	  applied	  mathema/cians,	  computer	  scien/sts,	  
and	  nuclear	  physicists	  lead	  to	  efficient	  u/liza/on	  of	  leadership-‐class	  compu/ng	  
resources	  for	  nuclear	  physics	  problems	  

 	  60%	  to	  80%	  of	  compu/ng	  resources	  	  	  	  	  	  	  	  
used	  at	  leadership-‐class	  scale	  
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 Hardware	  advances:	  Moore’s	  Law	  
 Theory/Algorithms/Somware	  advances:	  Doubles	  Moore’s	  Law	  

Discovery	  poten/al	  increases	  geometrically	  



accepted	  by	  IEEE	  conference	  PDSEC-‐13,	  March	  2013	  	  

The	  bigger	  the	  workload	  transferred	  to	  the	  GPU,	  the	  greater	  the	  gain	  up	  to	  a	  limit	  

Decouple	  NNN	  interac/on	  matrix	  elements	  from	  JT-‐scheme	  to	  m-‐scheme	  



 MFDn/ 
BIGSTICK 

Heff 

M2 

GOSC 

MANYEFF 

  TRDENS 

Trel     Hcm     Vcoul   JISP16 
Option:  Lee-Suzuki renorm 
V-phenomenological 

Transform from relative  
to HO or WS single-particle basis 

Reformat  

V3TRANS 

NCSMV2EFF 
AV18  AV8’  AV6  AV4 
CD-Bonn 
Idaho-N3LO 
INOY 

Idaho-N3LO 
Local N2LO NNN 
Epelbaum N3LO 
TM’ NNN 

Transform from relative  
to HO single-particle basis 

Matrix elements 
for reactions 
a+a 
a+a+aa 
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a+a+a+ 
a+a+a+a+ 

Ab initio NCSM 
Flowcharts 

RGM/Reactions 

Data Base 

Hjorth-Jensen 
Codes 

Library/ 
Build H 

Option: Lee-Suzuki or SRG renorm 

NN + 
NNN 

Idaho-N3LO 
Idaho A/B, . . . 
Vlowk, SRG 



Selected science and technology “drivers”	

for high-performance computing	






http://extremecomputing.labworks.org/nuclearphysics/report.stm 





Many outstanding nuclear physics 	

puzzles and discoveries remain	


	

Clustering phenomena	


Origin of the successful nuclear shell model	

Nuclear reactions and breakup	


Astrophysical r/p processes & drip lines	

Predictive theory of fission	


Existence/stability of superheavy nuclei	

Physics beyond the Standard Model	


Possible lepton number violation	

Spin content of the proton	


+ Many More!	

	




Are there more than four interactions in nature?	

Is there evidence that the Standard Model is incomplete?	


We are looking for astonishing new discoveries	

Supersymmetry	


Extra dimensions (string theory)	

Multiple universes	


- - - - - - - - -	




•  A third rate theory forbids	

•  A second rate theory explains after the fact	

•  A first rate theory predicts	

                                                      - M. Lomonosov	


Status report from the conference	

We are developing successful predictive theory 	


with wide applicability 	

and the supercomputer simulations to exploit that theory	




Many recent insights obtained from ab initio NCSM/NCFC: 
 
Collective modes in light nuclei accessible with ab initio approach 
3NFs continue to play an important role in many observables 
Neutron drop results show (sub)shell closures 
IR and UV convergence in HO basis (Coon et al., Papenbrock et al.) 
Alternative basis spaces poised to relieve IR shortcomings of HO basis 
Alternative MB methods poised to access clustering, halo physics regions 
Computer Science and Applied Math collaborations invaluable 
Generous allocations of computer resources essential to progress 



Recent Collaborators            United States 
ISU:  Pieter Maris, Alina Negoita,  
         Chase Cockrell, Hugh Potter 
LLNL: Erich Ormand, Tom Luu,  
  Eric Jurgenson, Michael Kruse 
ORNL/UT: David Dean, Hai Ah Nam, 
  Markus Kortelainen, Witek Nazarewicz,  
  Gaute Hagen,Thomas Papenbrock 
OSU: Dick Furnstahl, Kai Hebeler, students 
MSU: Scott Bogner, Heiko Hergert 
Notre Dame:  Mark Caprio 
ANL: Harry Lee, Steve Pieper, Fritz Coester 
LANL: Joe Carlson, Stefano Gandolfi 
UA: Bruce Barrett, Sid A. Coon, Bira van Kolck, 
   Matthew Avetian, Alexander Lisetskiy 
LSU: Jerry Draayer, Tomas Dytrych,  
         Kristina Sviratcheva, Chairul Bahri 
UW: Martin Savage 

            International 
Canada: Petr Navratil 
Russia: Andrey Shirokov,  
  Alexander Mazur, Eugene Mazur, 
  Sergey Zaytsev, Vasily Kulikov 
Sweden: Christian Forssen,  
  Jimmy Rotureau 
Japan: Takashi Abe, Takaharu Otsuka,     
  Yutaka Utsuno, Noritaka Shimizu 
Germany: Achim Schwenk,  
  Robert Roth, Javier Menendez, 
  students 
South Korea: Youngman Kim,  
  Ik Jae Shin 
Turkey: Erdal Dikman 
 

ODU/Ames Lab: Masha Sosonkina, Dossay Oryspayev 
LBNL: Esmond Ng, Chao Yang, Hasan Metin Aktulga 
ANL: Stefan Wild, Rusty Lusk 
OSU: Umit Catalyurek, Eric Saule 

Quantum  
Field  

Theory 

ISU: Xingbo Zhao, Pieter Maris,              Germany: Hans-Juergen Pirner 
    Paul Wiecki, Yang Li, Kirill Tuchin,  Costa Rica: Guy de Teramond 
    John Spence    India: Avaroth Harindranath,  
Stanford: Stan Brodsky       Usha Kulshreshtha, Daya Kulshreshtha, 
Penn State: Heli Honkanen                         Asmita Mukherjee, Dipankar Chakrabarti, 
Russia: Vladimir Karmanov       Ravi Manohar 
                                                        

Computer Science/ 
Applied Math 



Thank you for your participation here	

and for all the warm wishes!	


	

I welcome your questions!	



