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Ab initio nuclear physics - fundamental questions 

  What controls nuclear saturation?  

  How the nuclear shell model emerges 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? 

  Under what conditions do we need QCD to describe nuclear structure? 
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Theory of strong interactions 

χEFT 
Chiral Effective Field Theory 

Big Bang  
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List of Priority Research Directions 
•  Physics of extreme neutron-rich nuclei and matter 
•  Microscopic description of nuclear fission 
•  Nuclei as neutrino physics laboratories 
•  Reactions that made us – triple α process and 12C(α,γ)16O 

2α (α,γ)12C 12C(α,γ)16O 

DOE Workshop on Forefront Questions in Nuclear Science  
and the Role of High Performance Computing,  

Gaithersburg, MD, January 26-28, 2009 
Nuclear Structure and Nuclear Reactions 





Based on:  
K.L. Jones, et al., Nature 465, 454 (2010) 
P. Cottle, Nature 465, 430 (2010) 





Thus, even the Standard Model, incorporating QCD,	

is an effective theory valid below the Planck scale	


λ < 1019 GeV/c	


The “bare” NN interaction, usually with derived quantities,	

is thus an effective interaction valid up to some scale, typically	


the scale of the known NN phase shifts and Deuteron gs properties	

λ ~ 600 MeV/c (3.0 fm-1)	


Effective NN interactions can be further renormalized to lower scales	

and this can enhance convergence of the many-body applications	


λ ~ 300 MeV/c (1.5 fm-1)	


“Consistent” NNN and higher-body forces are those valid 	

to the same scale as their corresponding NN partner, 	


and obtained in the same renormalization scheme.	


All interactions are “effective” until the ultimate theory 	

unifying all forces in nature is attained. 

:         ab initio renormalization schemes 
SRG:     Similarity Renormalization Group 
LSO:      Lee-Suzuki-Okamoto 
Vlowk:    V with low k scale limit 
UCOM:  Unitary Correlation Operator Method 
                and there are more! 



The Nuclear Many-Body Problem 
The many-body Schroedinger equation for bound states consists 

of 2A (   ) 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 Shell Model (NCSM) 

No Core Full Configuration (NCFC) 

Cluster hierarchy in basis function space 
Coupled Cluster (CC) 

Lattice + EFT approach (New) 

Comments 
All work to preserve and exploit symmetries 

Extensions of each to scattering/reactions are well-underway 
They have different advantages and limitations 
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Chiral NN (SRG,1.9 fm-1), hw = 24 MeV, Nshell=5, lmax =2 
6He 



•  Adopt realistic NN (and NNN) interaction(s) & renormalize as needed - retain induced 
many-body interactions: Chiral EFT interactions and JISP16 

•  Adopt the 3-D Harmonic Oscillator (HO) for the single-nucleon basis states, α, β,… 
•  Evaluate the nuclear Hamiltonian, H,  in basis space of HO (Slater) determinants 

(manages the bookkeepping of anti-symmetrization) 
•  Diagonalize this sparse many-body H in its “m-scheme” basis where [α =(n,l,j,mj,τz)] 

•  Evaluate observables and compare with experiment 

                                                 Comments 
•   Straightforward but computationally demanding => new algorithms/computers 
•   Requires convergence assessments and extrapolation tools 
•   Achievable for nuclei up to A=16 (40) today with largest computers available 
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n = 1,2,...,1010  or more!

No Core Shell Model  
A large sparse matrix eigenvalue problem  
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P. Maris, P. Navratil, J. P. Vary, to be published 

Note additional predicted states! 
Shown as dashed lines 

(CD= -0.2) 





12C - At the heart of matter 

Many important unsolved problems of the Hoyle state: 
Microscopic origins of the triple-alpha structure are unsolved 
Breathing mode puzzle - experiments disagree on sum rule fraction 
Laboratory experiments to measure the formation rate are very  
           difficult - resulting uncertainties are too large for predicting 
           the 12C formation rate through this state that dictates the size  
           of the iron core in pre-supernova stars 

The first excited 0+ state of 12C, the “Hoyle 
state”, is the key state of 12C formation in the 
triple-alpha fusion process that occurs in stars. 

Due to its role in astrophysics and the fact that 
carbon is central to life, some refer to this as 
one of the “holy grails” of nuclear theory. 

Conclusion: Need ab initio solutions of the Hoyle state with no-core  
method that accurately predicts the ground state binding energy  
 ==> parameter free predictions for the Hoyle state 
        achievable with petascale within 1-2 years 



Lattice + EFT results [Adjusted to 4He, predict rest] 
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  Solves the puzzle of the long but useful lifetime of 14C 
  Establishes a major role for strong 3-nucleon forces in nuclei 
  Strengthens 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) 

3-nucleon forces suppress critical component 

net decay rate  
Is very small 



But how to progress to heavier nuclei – structure & reactions? 

IT-NCSM (Roth, Navratil, . . . ) 
SU3-NCSM (LSU-ISU-OSU-Ames Lab NSF PetaApps collab) 
MCNCSM (Japan-US collaboration) 

NCSM with a core (Barrett) 

Energy-Density Functional theory (SciDAC/UNEDF collab) 
EFT with achievable basis spaces (van Kolck) 
TDSLDA (Bulgac) 



Innovations underway to improve the NCSM with aims: 
 (1) improve treatment of clusters and intruders 
(2) enable ab initio solutions of heavier nuclei 

Initially, all follow the NCFC approach = extrapolations 

Importance Truncated – NCSM 
Separate spurious CM motion in same way as CC approach 

Robert Roth and collaborators 

“Realistic” single-particle basis - Woods-Saxon example 
Control the spurious CM motion with Lagrange multiplier term 

A.  Negoita, ISU PhD thesis project 
Alternative sp basis spaces – Mark Caprio collaboration 

SU(3) No Core Shell Model 
Add symmetry-adapted many-body basis states 

Preserve exactly the CM factorization 
LSU - ISU – OSU collaboration 

No Core Monte Carlo Shell Model 
Invokes single particle basis (FCI) truncation  

Separate spurious CM motion in same way as CC approach  
Scales well to larger nuclei 
U. Tokyo - ISU collaboration 



  Novel approach 
  Sp-CI: exploiting symmetries of 

nuclear dynamics  
  Innovative workload balancing 

techniques & representations of 
multiple levels of parallelism for 
ultra-large realistic problems 

  Impact  
  Applications for nuclear science 

and astrophysics 

  Goals 
  Ab initio calculations of nuclei with 

unprecedented accuracy using 
basis-space expansions 

  Current calculations limited to 
nuclei with A ≤ 16 (up to 20 billion 
basis states with 2-body forces)         

  Progress 
  Scalable CI code for nuclei 
  Sp(3,R)/SU(3)-symmetry vital 

  Challenges/Promises 
  Constructing hybrid Sp-CI code 
  Publicly available peta-scale 

software for nuclear science 



A.  F. Lisetskiy, M. K. G. Kruse, B. R. Barrett, P. Navrátil,  
I.Stetcu, and J. P. Vary, Phys. Rev. C 80 (2009) 024315. 

Ab initio NCSM reinstating the core! 
Name: “Ab Initio Shell Model”? 
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Rotureau, Stetcu, Barrett, Birse + v.K. ‘10 

inversion of g.s. parity 

NNLO 

expt 

Harmonic EFT 

Rotureau, Stetcu, Barrett + v.K. in preparation 

Trapped two-component fermions 

Nucleons 

Contact EFT in 
harmonic-oscillator potential 

scattering length 

with two-body scattering 
parameters 

as input 

U. van Kolck 



Descriptive Science 

Predictive Science 



“Proton-Dripping Fluorine-14” 

Impact Objectives  
  Apply ab initio microscopic 

nuclear theory’s predictive 
power to major test case 

  Deliver robust predictions important for improved energy sources 
  Provide important guidance for DOE-supported experiments 
  Compare with new experiment to improve theory of strong interactions 

P. Maris, A. Shirokov and J.P. Vary,  
Phys. Rev. C 81 (2010) 021301(R) 

V.Z. Goldberg et al.,  
Phys. Lett. B 692, 307  (2010)  

Experiment confirms 
our published 
predictions! 

  Dimension of matrix solved 
for 14 lowest states ~ 2x109 

  Solution takes ~ 2.5 hours 
on 30,000 cores (Cray XT4 
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) 



Ab Initio Neutron drops in traps 

UNEDF 





Preliminary Results 

HO Traps with strengths of 10, 15 and 20 MeV 



Preliminary Results 

HO trap energy 

HO trap energy 



Preliminary 



Ab initio Nuclear Structure 

Ab initio Nuclear Reactions 





NCSM/RGM 

P. Navrátil, R. Roth, and S. Quaglioni, Phys. Rev. C 82 (2010) 034609 



Analogous to Luescher’s method for extracting phase shifts from lattice-gauge results 

T. Luu, M. Savage, A. Schwenk and J.P. Vary, Phys. Rev. C 82, 034003 (2010); arXiv:1006.0427 

Ab initio scattering via trapping the system 
then analytically removing effects of the trap 
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N+1=10,  l=0

n-‐A	  sca%ering	  phase	  shi-	  at	  NCSM	  eigenergy	  Eλ	  	  is	  
expressed	  through	  known	  func;on	  fN(E):	  

δ = fNmax(Eλ)

Varying	  ħΩ	  and	  hence	  Eλ	  ,	  one	  can	  get	  
resonance	  energy	  Eres	  and	  width	  Γ.	  

Eres = Eλ +∆

tan fNmax(Eλ) =
Γ/2

∆

Good	  descrip;on	  of	  Eres	  and	  Γ	  if	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  around	  π/2,	  3π/2,	  etc.;	  if	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  is	  
around	  0,	  π,	  2π,	  etc.,	  there	  is	  no	  hope	  to	  get	  resonance	  parameters	  with	  this	  approach.	  

fNmax(Eλ) fNmax(Eλ)

Resonances in NCSM 
A. Shirokov 



Applications to Relativistic Quantum Field Theory 
QED (new) and QCD (under development) 

J. P. Vary,  H. Honkanen, Jun Li, P. Maris, S. J. Brodsky, A. Harindranath,  
G. F. de Teramond, P. Sternberg, E. G. Ng and C. Yang,  
“Hamiltonian light-front field theory in a basis function approach”,  
Phys. Rev. C 81, 035205 (2010); arXiv nucl-th 0905.1411 

H. Honkanen, P. Maris, J. P. Vary and S. J. Brodsky,  
“Electron in a transverse harmonic cavity”,  
Phys. Rev. Lett. 106, 061603 (2011); arXiv: 1008.0068  



x0	


x1	


H=P0	


P1	


Light cone coordinates and generators	


Equal time	
� 

M 2 = P 0P0 − P
1P1 = (P 0 − P1)(P0 + P1) = P +P− = KE



*H. Honkanen, P. Maris, J.P. Vary, S.J. Brodsky,  
Phys. Rev. Lett. 106, 061603 (2011); 
X. Zhao, P. Maris, J.P. Vary, S.J. Brodsky,  
LC2011 in preparation 

Invariant M2 spectra 

Initial QED problem 
Electron in a transverse  

harmonic trap* 
mass2 spectra and  
anomalous moment 

Without renormalization 

With mass 
renormalization 



Dimension = 38x106 

~ Performance for 2007 PRL 

Number nonzero me = 56x1010 

Example of progress under SciDAC/UNEDF 



1Includes 30 from Jaguar “Early Science” Award 
2Proposed based on current facilities 
3Projected based on trends and current facilities 

Millions of CPU hours - Nuclear ab initio + EDF(fits only) 

YEAR INCITE OTHER TOTAL 
2008 37 3 40 
2009 30 341 64 

2010 40 4 44 
2011 43 15 58 
2012 672 83 75 
2013 1092 103 119 

Additional notes: 
TDSLDA used 70 million in 2010 not included above 
NSF PRAC pending and NSF Blue Waters potential data storage needs  
to reach 200TB by 2013 



Nuclear Physics Server/ 
Any of the LC Facilities/ 

Any other machine 
 /projects/  
(resource folder for files  
containing Meta-Data)   

     DBM Code  
Database 
(Nuclear Physics  
Server at ISU) 

Web Server 

Client 
(www user) 

Data Base Management System - Prototype 
First step for Provenance 

nuclear.physics.iastate.edu/info/ 



Observation 

Ab initio nuclear physics maximizes predictive power 
& represents a theoretical and computational physics challenge 

Key issues 

How to achieve the full physics potential of ab initio theory? 
Can theory and experiment work more closely  
to define/solve fundamental physics problems? 

Conclusions 

We have entered an era of first principles, high precision, 
nuclear structure and nuclear reaction theory 

Linking nuclear physics and the cosmos 
through the Standard Model is well underway 

Pioneering collaborations between Physicists, Computer Scientists 
and Applied Mathematicians have become essential to progress 



                          Challenges 

  improve NN + NNN + NNNN interactions/renormalization 
    develop effective operators beyond the Hamiltonian 
    tests of fundamental symmetries 
  achieve higher precision 
    quantify the uncertainties - justified through simulations 
    global dependencies mapped out 
  proceed to heavier systems - breaking out of the p-shell 
    extend quantum many-body methods 
  evaluate more complex projectile-target reactions 
  achieve efficient use of computational resources – improve 
    scalability, load-balance, I/O, inter-process communications 
  build a community aiming for investment preservation 
    support/sustain open libraries of codes/data 
    develop/implement provenance framework/practices 


