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Exa-scale computing will unify nuclear physics
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http://extremecomputing.labworks.org/nuclearphysics/report.stm

Scientific Grand Challenges

FOREFRONT QUESTIONS IN NUCLEAR SCIENCE AND
THE ROLE OF COMPUTING AT THE EXTREME SCALE

January 26-28, 2009 + Washington, D.C.

Sponsored by the Office of Nuclear Physics and the Office of Advanced Scientific Computing Research



Nuclear Physics Requires Exa-scale Computation
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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

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 o process and 2C(a.,y)'¢O
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The 3-fold physics challenge = computationally hard
Multiple scales - keV to GeV (collective modes, fission, fusion, EOS, SRC’s)
Strong interaction - SRC'’s, renormalization, NN+NNN potentials
Self-bound quantum N-body systems - preserve all underlying symmetries

DOE major facilities with related experimental programs

Facility for Rare Isotope Beams (FRIB)
Thomas Jefferson Lab (TJ Lab)
Neutrino detector facilities (several)
National Ignition Facility (NIF)

Nuclear physics interfaces with other disciplines - input/benefits

Math/Comp Sci

Particle physics
Astrophysics/Cosmology
Many-body physics

Nuclear physics applications



Realistic NN & NNN interactions
High quality fits to 2- & 3- body data

Meson-exchange
NN: AV18, CD-Bonn, Nijmegen, . ..
NNN: Tucson-Melbourne, UIX, IL7, . ..

» Chiral EFT (Idaho)
NN:  N3LO
NNN: N2LO

4N:  predicted & needed for consistent N3LO

Inverse Scattering
NN: JISP16




The Nuclear Many-Body Problem

The many-body Schroedinger equation for bound states consists
of 2(3) coupled second-order differential equations in 3A coordinates
using strong (NN & NNN) and electromagnetic interactions.

Ab initio approaches projected for exascale machines

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

Hamiltonian matrix in basis function space
No Core Shell Model (NCSM)

Cluster hierarchy in basis function space
Coupled Cluster (CC)

Comments
All work to preserve and exploit symmetries
Extensions of each to scattering/reactions are well-underway
They have different advantages and limitations



Computational challenge:
large sparse matrix eigenvalue problem

H=T
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n=0

Diagonalize {(®, |H|®, )}

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, «, f3,...

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 [o =(n,l.j,m; T,)]
|(I)n> — [a; eoeo a;]n|0>
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Evaluate observables and compare with experiment
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Comments
 Straightforward but computationally demanding => new algorithms/computers
e Requires convergence assessments and extrapolation tools
e Achievable for nuclei up to A=16 (40) today with largest computers available
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Work in progress: Different truncation schemes

® No-Core Shell Model, No-Core Full Configuration

» truncation on total number of H.O. quanta, Npmax,
In many-body basis space .

#® Full Configuration Interaction g
» truncation on
single-particle basis space,
retaining all many-body states o
allowed by the symmetries = 52—
#® Monte-Carlo Shell Model
Abe, Otsuka, Shimizu, Utsuno

» sampling of the many-body
basis in a FCI truncation

#® Importance Sampling 7 %g

Navratil, Roth : "R
» sampling of the many-body basis 1 a :vmax uuricauur

9 Szmelectic No-Core Shell Model Draayer et al, PetaApps grant

NCSM: Nmax = 6 configuration

Harmonic Oscillator with mQ2/2 = 1

o

Potential Energy
o

o

FCI: Ngpe = 3 configuration

N
o

Potential Energy
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Taming the scale explosion in nuclear calculations
NSF PetaApps - Louisiana State, lowa State, Ohio State collaboration

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)

Novel approach
Sp-Cl: 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

Progress
Scalable CI code for nuclei
Sp(3,R)/SU(3)-symmetry vital
Challenges/Promises
Constructing hybrid Sp-Cl code

Publicly available peta-scale
software for nuclear science

Change to "
physically relevant
| basis

nodes (3P

¥ Cluster & collective




Convergence Pattern for “Bare” NCSM
JISP16 NN interaction
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ab initio NCSM with - Interactions
. Only method capable to apply the y--r NN+NNN interactions to all p-shell nuclei
. Importance of NNN interactions for describing nuclear structure and transition rates
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Extensions and work in progress

. Better determination of the NNN force itself, feedback to ygrr (LLNL, OSU, MSU, TRIUMF)

. Implement Viowk & SRG renormalizations (Bogner, Furnstahl, Maris, Perry, Schwenk & Vary, NPA 801, 21(2008); ArXiv
0708.3754)

. Response to external fields - bridges to DFT/DME/EDF (SciDAC/UNEDF)
- Axially symmetric quadratic external fields - in progress
- Triaxial and spin-dependent external fields - planning process

. Cold trapped atoms (Stetcu, Barrett, van Kolck & Vary, PRA 76, 063613(2007); ArXiv 0706.4123) and applications to other
fields of physics (e.g. quantum field theory)

. Effective interactions with a core (Lisetsky, Barrett, Navratil, Stetcu, Vary)
. Nuclear reactions & scattering (Forssen, Navratil, Quaglioni, Shirokov, Mazur, Vary)



12C - At the heart of matter

The first excited 0+ state of '°C, the “Hoyle
state”, is the key state of 2C 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.

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

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
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Jaguar PF award of 30,000,000 cpu hours
Petascale Early Science — Ab-initio structure of Carbon-14

Puzzling to scientists ... I Half-life ~ seconds
B Half-life ~ years
What is the nuclear
structure of C that leads to
its anomalously long half-
life?

ot

\Z(promn number)

4
B

1 2 3 &4 5 6 7 B % 10 11 12 13 4

11/2 - 5730 vea rs - - | N {neutron number)

10Be and 1%C have extremely long half-lives Chart of light nuclel that decay via beta
compared to other light nuclei (1.6 x 10° emissions
years / 5,730 years) . Their long half-lives

make both isotopes useful for radioactive

dating.

n>p+e+n,

Collaborators: David Dean, Pieter Maris, Hai Ah Nam, Petr Navratil, Erich Ormand
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Descriptive Science

!

Predictive Science
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ADb initio Nuclear Structure
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Ab Initio Nuclear Reactions



Ab initio no-core shell model / resonating-group method
(NCSM/RGM) in a snapshot
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Fully implemented and tested for single-nucleon projectile (nucleon-nucleus) basis




Ab initio NCSM/RGM: nucleon-*He scattering
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Solving the non-local integro-differential coupled-channel
equations for the N-*He relative motion: phase shifts, cross
sections, polarization observables
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J-matrix formalism:
scattering in the oscillator basis

N
EH,Im.<n'M>=El<nM>, n<N
T+V "

_ Cz(v_l)(Q) -Gy (E)T]\I/,N+1C](\74)-l,l (Q)

S =
(+) (+)
o Cy (‘]) —Gyy (E)Tl\lf,NHC]\;rH,l (q)
n(p)+nucleus applications
Forward scattering J-matrix T
1. Calculate E, and (N|A)with NCSM
2. Solve for S-matrix and obtain phase shifts AM. Shirokov. A.l. Mazur.
: : J.P. Vary, and E.A. Mazur,
Inverse scattering J-matrix Phys. Rev. C. 79, 014610
1. Obtain phase shifts from scattering data (2009), arXiv:0806.4018;

2. Solve for n(p)+nucleus potential, resonance params and references therein
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A. M. Shirokov, A. |. Mazur, J. P. Vary and E. A. Mazur, Phys. Rev. C. 79, 014610 (2009), arXiv 0806.4018



Improvements to MFDn under SciDAC
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¢ 1 3¢ chiral NN+NNN - N__ = 6 Basis Space ;
2 MFDn Version Date ]
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J.P. Vary, P. Maris, E. Ng, C. Yang and M. Sosonkina, Journal of Physics: Conference Series
180, 12083 (2009); arXiv nucl-th 0907.0209



Observation

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

Key issue

How to optimize use of computational resources
to achieve the physics potential of ab initio theory

Conclusions

We are entering an era of first principles, high precision,
nuclear theory

It is valuable to engage in dialog on the needs
that can best be served by the
rapidly evolving ab initio approach to structure/reactions



Suggested discussion topics

Near term (2-4 yr) development of ab initio approach
LCCI code development initiative
NPWG access to codes under development
Development of Nuclear Physics “Calculators”



Nuclear Physics Calculator:
ab initio NCSM demonstration project

nuclear.physics.iastate.edu

»*Select the NCSM application
“*Enter your email address

‘*Select the number of neutrons and protons
“Selectthe N,

“»*Select the oscillator energy, Q)

Results file with the JISP16 interaction
will be emailed to you in a few minutes

Note that this is a demonstration project
and will evolve as funding permits



