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Nuclear Physics

proton

neutron

adron Ga e B Nuclear interactions

© Residual strong force — highly complex

e two-, three- and four-body forces

m Discovery potential in nuclear physics

® Universal internucleon interaction derived from QCD

© Properties and reactions of nuclei at the edge of their existence

® Accurate tests of fundamentals laws of nature



Applications of Nuclear Structure & Reaction Modeling

Astrophysics: thermonuclear processes in the cosmos
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Ab initio Approaches to Nuclear Structure and Reactions

Many-body dynamics
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Ab Initio No-Core Shell Model

B Goal: Solve the non-relativistic quantum problem of A-interacting nucleons

[A{|¢z>:Ez|¢z> ﬁ:T+VCoul+VNN+...

1. Choose physically relevant model space and construct its basis {|gb1 >7 e ’(,bd>}
2. Compute Hamiltonian matrix Hij = <¢z ’ﬁl%)

3. Find lowest-lying eigenvalues and eigenvectors [Lanczos algorithm]
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B Additional steps

© Calculate nuclear properties from resulting eigenvectors

© Use resulting eigenvectors for ab initio nuclear reaction studies



Key Challenge
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e Limits application of ab initio studies to lightest nuclei

Why Blue Waters?

@ Large aggregate memory and amount of memory per node (64GB)
e High peak memory bandwidth (102.4 GB/s)

Why symmetry-adapted approach?

@ Use partial symmetries of nuclear collective motion to adopt smaller physically relevant model spaces



Symmetry-Adapted No-Core Shell Model

B Many-nucleon basis natural for description of many-body dynamics of nuclei
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MPI/OpenMP Implementation of Symmetry-Adapted No-Core Shell Model

Implementation
e C++/Fortran code parallelized using hybrid MPI/OpenMP

e Open source: https://sourceforge.net/p/lsu3shell/lhome/Home/

e Computational effort: 80 % - computing matrix elements 10% - solving eigenvalue problem

B Load balanced computations
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Discovery: Emergence of Simple Patterns in Complex Nuclei
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Model Space
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SA-NCSM on BlueWaters: reaching towards medium mass nuclei

Excitation Spectrum

Nuclear density
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Effect on X-ray Burst Nucleosynthesis

¢2Ne: 1~ wave function computed on Blue Waters

@ r e > Wave functions

from ab initio

© Project on cluster configurations <%
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SA-NCSM on BlueWaters: reaching towards medium mass nuclei

Novae and X-ray bursts
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PAID Program

IME team leader: William Tang
B Project goal

© Computation of density matrices in the SA-NCSM framework using GPU/MIC accelerators

B Why are density matrices important?

@ essential input for first-principle nuclear reaction studies

® ~ 50% of allocation time on Blue Waters is spent on computation of density matrices

B Challenges

® Computation of matrix elements the most computationally expensive operation (99% of CPU time)

24} :
® Vector-matrix-vector problem »t T ideal case Py
20} ~-old version with Intel TBB :
18- —=—TNEew Version
B New algorithm designed from scratch . 1O
=14}
8
@ Hybrid MPI/OpenMP/CUDA code @ 12
2 10+
8 P
® Avoid storing matrix elements in memory 6}
ss—=—— very small memory footprint al
] 2“
® 4 orders of magnitude speed up compared to legacy code! 0
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Code Improvements

B Generation of many-nucleon basis

©® Took hours for heavier nuclei and large model spaces sie="> precompute and store basis on disk

© Optimization + improving MPI/OpenMP scalability: two orders of magnitude speedup

20 threads + 211 MPI processes
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© Current performance: 100 billion basis states per second tie=""> on-the-fly construction even for the largest problems

B Improving scalability of the Lanczos eigensolver



m Key challenges
e Description of 99.9% mass of the Universe
®m Why it matters

¢ Ultimate source of energy in the Universe

®m Why Blue Waters
© Aggregate memory and high memory bandwidth

B Accomplishments

© Many papers in top journals and reaching beyond what competitives theories could accomplish

B Blue Waters team contributions

© Excellent support and guidance as needed

W Broader impacts

© Training next generation of STEM workforce

B Shared Data

¢ Codes and results publicly available

B Products

e https://sourceforge.net/p/lsu3shell/lhome/Home/
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