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2Outline

§ Ab initio calculations in nuclear physics

§ Implementation of large-basis sparse matrix diagonalization algorithm 

§ GPU acceleration of matrix vector multiplication on ORNL Summit and LLNL LassenN

§ Example of an application to a nuclear reaction relevant for astrophysics



3First principles or ab initio nuclear theory

Genuine Ab Initio

Quantum Chromodynamics
(QCD)
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Chiral Effective 
Field Theory

(parameters fitted 
to NN data)

First principles or ab initio nuclear theory – what we do at present

Quantum Chromodynamics
(QCD)

Current ab anitio
nuclear theory

HΨ(A) = EΨ(A)

• Ab initio
² Degrees of freedom: Nucleons  
² All nucleons are active
² Exact Pauli principle
² Realistic inter-nucleon interactions

² Accurate description of NN (and 3N) data

² Controllable approximations



5Conceptually simplest ab initio method: No-Core Shell Model (NCSM)

§ Basis expansion method
§ Harmonic oscillator (HO) basis truncated in a particular way (Nmax)
§ Why HO basis? 

§ Lowest filled HO shells match magic numbers of light nuclei 
(2, 8, 20 – 4He, 16O, 40Ca)

§ Equivalent description in relative-coordinate and Slater 
determinant basis

§ Short- and medium range correlations
§ Bound-states, narrow resonances

1max += NN

NCSM

ΨSD
A = cSDNjΦSDNj

HO (!r 1,
!r 2 , ... ,

!r A )
j
∑

N=0

Nmax

∑ =ΨA ϕ000 (
!
RCM )

ΨA = cNiΦNi
HO ( !η 1,

!
η 2 ,...,

!
η A−1)

i
∑

N=0

Nmax

∑ Author's personal copy

Progress in Particle and Nuclear Physics 69 (2013) 131–181

Contents lists available at SciVerse ScienceDirect

Progress in Particle and Nuclear Physics

journal homepage: www.elsevier.com/locate/ppnp

Review

Ab initio no core shell model

Bruce R. Barrett a, Petr Navrátil b, James P. Vary c,⇤

a Department of Physics, University of Arizona, Tucson, AZ 85721, USA
b Theory Group, TRIUMF, Vancouver, BC V6T 2A3, Canada
c Department of Physics and Astronomy, Iowa State University, Ames, IA 50011, USA

a r t i c l e i n f o

Keywords:
Nuclei
Potentials
Theory
Predictions
Structure
Reactions

a b s t r a c t

Motivated by limitations of the Bloch–Horowitz–Brandow perturbative approach to
nuclear structure we have developed the non-perturbative ab initio no core shell model
(NCSM) capable of solving the properties of nuclei exactly for arbitrary nucleon–nucleon
(NN) and NN + three-nucleon (NNN) interactions with exact preservation of all
symmetries. We present the complete ab initio NCSM formalism and review highlights
obtained with it since its inception. These highlights include the first ab initio nuclear-
structure calculations utilizing chiralNNN interactions, which predict the correct low-lying
spectrum for 10B and explain the anomalous long 14C �-decay lifetime. We also obtain the
small quadrupole moment of 6Li. In addition to explaining long-standing nuclear structure
anomalies, the ab initio NCSM provides a predictive framework for observables that are
not yet measured or are not directly measurable. For example, reactions between short-
lived systems and reaction rates near zero energy are relevant to fusion research but may
not be known from experiment with sufficient precision. We, therefore, discuss, in detail,
the extension of the ab initio NCSM to nuclear reactions and sketch a number of promising
future directions for research emerging from theNCSM foundation, including amicroscopic
non-perturbative framework for the theorywith a core. Having a parameter-free approach,
we can construct systems with a core, which will provide an ab initio pathway to heavier
nuclei.

© 2012 Elsevier B.V. All rights reserved.

Contents

1. Introduction............................................................................................................................................................................................. 132
2. Historical development of the NCSM..................................................................................................................................................... 133
3. Ab initio NCSM formalism....................................................................................................................................................................... 135

3.1. Hamiltonian ................................................................................................................................................................................ 136
3.2. Basis ............................................................................................................................................................................................. 136

3.2.1. Antisymmetrization of Jacobi-coordinate HO basis .................................................................................................. 136
3.2.2. Slater determinant basis ............................................................................................................................................. 137

3.3. Effective interaction.................................................................................................................................................................... 138
3.3.1. Okubo–Lee–Suzuki (OLS) similarity transformation method................................................................................... 138
3.3.2. Two-body OLS effective interaction ........................................................................................................................... 139
3.3.3. Three-body OLS effective interaction ......................................................................................................................... 140

3.4. SRG effective interaction ............................................................................................................................................................ 141

⇤ Corresponding author.
E-mail address: jvary@iastate.edu (J.P. Vary).

0146-6410/$ – see front matter© 2012 Elsevier B.V. All rights reserved.
doi:10.1016/j.ppnp.2012.10.003



6Multi-nucleon states in the Slater Determinant basis

§ Many-body HO Slater determinants

§ Antisymmetrization is trivial
§ Good M, MT and parity quantum numbers, but not J and T

§ Huge number of basis states 


r
1


σ
1


τ
1
,

r
2


σ
2


τ
2
,,

r
A


σ

A


τ
A
a
+

l
a

+

ja
+

i 0

=
1

A!

ϕ
i


r
1( ) ϕ

i


r
2( ) … ϕ

i


r
A( )

ϕ
j


r
1( ) ϕ

j


r
2( ) ϕ

j


r
A( )

  

ϕ
l


r
1( ) ϕ

l


r
2( ) … ϕ

l


r
A( )

ϕ
nljmj

1
2
mt
(

r,

σ ,

τ )

= R
nl
(r) Y

l
(r̂)⊗ χ S

1
2

(

σ )




mj

j

χ T
1
2
mt
(

τ )



7Basis states: occupation representation

§ How are Slater determinants (SD) actually represented in a computer program?
§ We are dealing with fermions, so a single-particle state is either occupied or empty, which in 

computer language translates to either 1’s or 0’s

§ A very useful approach is a bit representation known as M-scheme
§ HO single-particle states will have good j, mj

§ A single integer represents a complicated Slater determinant

§ While the many-body SD states will have goodM, they do not have good J. States of  good J
must be projected and will be a combination of Slater determinants. Same for T and MT

§ Eigenstates obtained by the diagonalization of the Hamiltonian in SD basis will have a good J and 
(approximately) good T
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8Getting the eigenvalues and eigenfunctions:
Code NCSD (No-Core shell model in Slater Determinants)

— M-scheme basis: 
— Total M , MT =(Z-N)/2 and parity conserved

• Setup Hamiltonian matrix áΦi | H |Φj ñ
• Diagonalize using Lanczos algorithm

— Bring matrix to tri-diagonal form (v1, v2 … orthonormal, H Hermitian)

— nth iteration computes 2nth moment
— Eigenvalues converge to extreme (largest in magnitude) values
— ~ 150-200 iterations needed for 10 eigenvalues (even for 109 states)

— Eigenvectors obtained with simplified form of Gaussian elimination

€ 

Hv1 =α1v1 + β1v2

Hv2 = β1v1 +α2v2 + β2v3

Hv3 =             β2v2 +α3v3 + β3v4

Hv4 =                        β3v3 +α4v4 + β4v5
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Lanczos Diagonalization

Pick a random vector: |v1i
<latexit sha1_base64="hObGqpHJHbfN+/P+hMgK/RZ8ufY=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0HQJuyKoFgFbSwjGBNIQpid3CRDZmeWmbvBsOYbbPwVGwtFbK3s/BsnMYWvAwOHc+7lzjlRIoXFIPjwcnPzC4tL+eXCyura+oa/uXVtdWo4VLmW2tQjZkEKBVUUKKGeGGBxJKEWDc4nfm0IxgqtrnCUQCtmPSW6gjN0Uts/aCLcYFYRfEAZNUx1dEyHwFGbUzqmt8N22HRqT0LbLwalYAr6l4QzUiQzVNr+e7OjeRqDQi6ZtY0wSLCVMYOCSxgXmqmFhPEB60HDUcVisK1sGmlM95zSoV1t3FNIp+r3jYzF1o7iyE3GDPv2tzcR//MaKXZPWplQSYqg+Nehbiopajrph3aEcenlyBHGjXB/pbzPDOPoWiy4EsLfkf+S68NSGJTCy6Ni+WxWR57skF2yT0JyTMrkglRIlXByRx7IE3n27r1H78V7/RrNebOdbfID3tsn0Lediw==</latexit><latexit sha1_base64="hObGqpHJHbfN+/P+hMgK/RZ8ufY=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0HQJuyKoFgFbSwjGBNIQpid3CRDZmeWmbvBsOYbbPwVGwtFbK3s/BsnMYWvAwOHc+7lzjlRIoXFIPjwcnPzC4tL+eXCyura+oa/uXVtdWo4VLmW2tQjZkEKBVUUKKGeGGBxJKEWDc4nfm0IxgqtrnCUQCtmPSW6gjN0Uts/aCLcYFYRfEAZNUx1dEyHwFGbUzqmt8N22HRqT0LbLwalYAr6l4QzUiQzVNr+e7OjeRqDQi6ZtY0wSLCVMYOCSxgXmqmFhPEB60HDUcVisK1sGmlM95zSoV1t3FNIp+r3jYzF1o7iyE3GDPv2tzcR//MaKXZPWplQSYqg+Nehbiopajrph3aEcenlyBHGjXB/pbzPDOPoWiy4EsLfkf+S68NSGJTCy6Ni+WxWR57skF2yT0JyTMrkglRIlXByRx7IE3n27r1H78V7/RrNebOdbfID3tsn0Lediw==</latexit><latexit sha1_base64="hObGqpHJHbfN+/P+hMgK/RZ8ufY=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0HQJuyKoFgFbSwjGBNIQpid3CRDZmeWmbvBsOYbbPwVGwtFbK3s/BsnMYWvAwOHc+7lzjlRIoXFIPjwcnPzC4tL+eXCyura+oa/uXVtdWo4VLmW2tQjZkEKBVUUKKGeGGBxJKEWDc4nfm0IxgqtrnCUQCtmPSW6gjN0Uts/aCLcYFYRfEAZNUx1dEyHwFGbUzqmt8N22HRqT0LbLwalYAr6l4QzUiQzVNr+e7OjeRqDQi6ZtY0wSLCVMYOCSxgXmqmFhPEB60HDUcVisK1sGmlM95zSoV1t3FNIp+r3jYzF1o7iyE3GDPv2tzcR//MaKXZPWplQSYqg+Nehbiopajrph3aEcenlyBHGjXB/pbzPDOPoWiy4EsLfkf+S68NSGJTCy6Ni+WxWR57skF2yT0JyTMrkglRIlXByRx7IE3n27r1H78V7/RrNebOdbfID3tsn0Lediw==</latexit><latexit sha1_base64="hObGqpHJHbfN+/P+hMgK/RZ8ufY=">AAACEnicbVC7SgNBFJ2Nrxhfq5Y2g0HQJuyKoFgFbSwjGBNIQpid3CRDZmeWmbvBsOYbbPwVGwtFbK3s/BsnMYWvAwOHc+7lzjlRIoXFIPjwcnPzC4tL+eXCyura+oa/uXVtdWo4VLmW2tQjZkEKBVUUKKGeGGBxJKEWDc4nfm0IxgqtrnCUQCtmPSW6gjN0Uts/aCLcYFYRfEAZNUx1dEyHwFGbUzqmt8N22HRqT0LbLwalYAr6l4QzUiQzVNr+e7OjeRqDQi6ZtY0wSLCVMYOCSxgXmqmFhPEB60HDUcVisK1sGmlM95zSoV1t3FNIp+r3jYzF1o7iyE3GDPv2tzcR//MaKXZPWplQSYqg+Nehbiopajrph3aEcenlyBHGjXB/pbzPDOPoWiy4EsLfkf+S68NSGJTCy6Ni+WxWR57skF2yT0JyTMrkglRIlXByRx7IE3n27r1H78V7/RrNebOdbfID3tsn0Lediw==</latexit>

Compute a new vector: |w0i = H|v1i
<latexit sha1_base64="JXS1LLoneMqW2VdRLbsMNu2Qnq0=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIhQEQTRTZcVbBXaUjLpbQ1mkiG501rGfoobf8WNC0V0p19j2s7C14HAyTn3kpwTxlJY9P0Pb2p6ZnZufmExt7S8srqWX9+oWZ0YDlWupTZXIbMghYIqCpRwFRtgUSjhMrw5G/mXPTBWaHWBgxiaEesq0RGcoZNa+VID4RbTMx3FCQJlVEGf9oCjNkd0SO/6uw3DVFcCPablu14ryK6tfMEv+mPQvyTISIFkqLTy74225kkECrlk1tYDP8ZmygwKLmGYayQWYsZvWBfqjioWgW2m44BDuuOUNu1o445COla/b6QssnYQhW4yYnhtf3sj8T+vnmDnsJkKNQqv+OShTiIpajpqi7aFcV3IgSOMG+H+Svk1M4yj6zTnSgh+R/5LavvFwC8G5weFk9OsjgWyRbbJHglIiZyQMqmQKuHknjySZ/LiPXhP3qv3Nhmd8rKdTfID3ucXIl+i6g==</latexit><latexit sha1_base64="JXS1LLoneMqW2VdRLbsMNu2Qnq0=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIhQEQTRTZcVbBXaUjLpbQ1mkiG501rGfoobf8WNC0V0p19j2s7C14HAyTn3kpwTxlJY9P0Pb2p6ZnZufmExt7S8srqWX9+oWZ0YDlWupTZXIbMghYIqCpRwFRtgUSjhMrw5G/mXPTBWaHWBgxiaEesq0RGcoZNa+VID4RbTMx3FCQJlVEGf9oCjNkd0SO/6uw3DVFcCPablu14ryK6tfMEv+mPQvyTISIFkqLTy74225kkECrlk1tYDP8ZmygwKLmGYayQWYsZvWBfqjioWgW2m44BDuuOUNu1o445COla/b6QssnYQhW4yYnhtf3sj8T+vnmDnsJkKNQqv+OShTiIpajpqi7aFcV3IgSOMG+H+Svk1M4yj6zTnSgh+R/5LavvFwC8G5weFk9OsjgWyRbbJHglIiZyQMqmQKuHknjySZ/LiPXhP3qv3Nhmd8rKdTfID3ucXIl+i6g==</latexit><latexit sha1_base64="JXS1LLoneMqW2VdRLbsMNu2Qnq0=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIhQEQTRTZcVbBXaUjLpbQ1mkiG501rGfoobf8WNC0V0p19j2s7C14HAyTn3kpwTxlJY9P0Pb2p6ZnZufmExt7S8srqWX9+oWZ0YDlWupTZXIbMghYIqCpRwFRtgUSjhMrw5G/mXPTBWaHWBgxiaEesq0RGcoZNa+VID4RbTMx3FCQJlVEGf9oCjNkd0SO/6uw3DVFcCPablu14ryK6tfMEv+mPQvyTISIFkqLTy74225kkECrlk1tYDP8ZmygwKLmGYayQWYsZvWBfqjioWgW2m44BDuuOUNu1o445COla/b6QssnYQhW4yYnhtf3sj8T+vnmDnsJkKNQqv+OShTiIpajpqi7aFcV3IgSOMG+H+Svk1M4yj6zTnSgh+R/5LavvFwC8G5weFk9OsjgWyRbbJHglIiZyQMqmQKuHknjySZ/LiPXhP3qv3Nhmd8rKdTfID3ucXIl+i6g==</latexit><latexit sha1_base64="JXS1LLoneMqW2VdRLbsMNu2Qnq0=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIhQEQTRTZcVbBXaUjLpbQ1mkiG501rGfoobf8WNC0V0p19j2s7C14HAyTn3kpwTxlJY9P0Pb2p6ZnZufmExt7S8srqWX9+oWZ0YDlWupTZXIbMghYIqCpRwFRtgUSjhMrw5G/mXPTBWaHWBgxiaEesq0RGcoZNa+VID4RbTMx3FCQJlVEGf9oCjNkd0SO/6uw3DVFcCPablu14ryK6tfMEv+mPQvyTISIFkqLTy74225kkECrlk1tYDP8ZmygwKLmGYayQWYsZvWBfqjioWgW2m44BDuuOUNu1o445COla/b6QssnYQhW4yYnhtf3sj8T+vnmDnsJkKNQqv+OShTiIpajpqi7aFcV3IgSOMG+H+Svk1M4yj6zTnSgh+R/5LavvFwC8G5weFk9OsjgWyRbbJHglIiZyQMqmQKuHknjySZ/LiPXhP3qv3Nhmd8rKdTfID3ucXIl+i6g==</latexit>

Store the overlap: ↵1 = hv1|w0i
<latexit sha1_base64="OcM0nmGE22tYz+S+UZjyLI6d2CQ="></latexit><latexit sha1_base64="OcM0nmGE22tYz+S+UZjyLI6d2CQ="></latexit><latexit sha1_base64="OcM0nmGE22tYz+S+UZjyLI6d2CQ="></latexit><latexit sha1_base64="OcM0nmGE22tYz+S+UZjyLI6d2CQ="></latexit>

Orthogonalize the two: |wi = |w0i � hv1|w0i|v1i
<latexit sha1_base64="rPt7X+t7kmzfS4wQpubcQTR59aU="></latexit><latexit sha1_base64="rPt7X+t7kmzfS4wQpubcQTR59aU="></latexit><latexit sha1_base64="rPt7X+t7kmzfS4wQpubcQTR59aU="></latexit><latexit sha1_base64="rPt7X+t7kmzfS4wQpubcQTR59aU="></latexit>

Loop for as many as we can: For j = 1, . . . ,m
<latexit sha1_base64="NzMZ42ilWucq87BajIO1t5zVuJc="></latexit><latexit sha1_base64="NzMZ42ilWucq87BajIO1t5zVuJc="></latexit><latexit sha1_base64="NzMZ42ilWucq87BajIO1t5zVuJc="></latexit><latexit sha1_base64="NzMZ42ilWucq87BajIO1t5zVuJc="></latexit>

Normalize the new vector: |vji = |wj�1i/�j
<latexit sha1_base64="wgFd2RJ0K62AUrpGKn/2Wj2c6D8="></latexit><latexit sha1_base64="wgFd2RJ0K62AUrpGKn/2Wj2c6D8="></latexit><latexit sha1_base64="wgFd2RJ0K62AUrpGKn/2Wj2c6D8="></latexit><latexit sha1_base64="wgFd2RJ0K62AUrpGKn/2Wj2c6D8="></latexit>

Store the norm of the new vector: �j =
p

hw|wi
<latexit sha1_base64="S0y6HSc/Sbf6XLskYuJi0uvtWxs="></latexit><latexit sha1_base64="S0y6HSc/Sbf6XLskYuJi0uvtWxs="></latexit><latexit sha1_base64="S0y6HSc/Sbf6XLskYuJi0uvtWxs="></latexit><latexit sha1_base64="S0y6HSc/Sbf6XLskYuJi0uvtWxs="></latexit>

Compute new vector: |w0
ji = H|vji

<latexit sha1_base64="hActsR+QiUOwmPwE5AAFN4Ciyqk=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIigCILopssK9gFtKZn0tkYzyZDcqZaxn+LGX3HjQhHd6deYPhBfBwIn59xLck4YS2HR99+9icmp6ZnZufnMwuLS8kp2da1sdWI4lLiW2lRDZkEKBSUUKKEaG2BRKKESXp0O/EoXjBVanWMvhkbEOkq0BWfopGZ2v45wg+mpjuIEgSq4pl3gqM0h7dPb6+3mZd0w1ZFAj2jhtvt1bWZzft4fgv4lwZjkyBjFZvat3tI8iUAhl8zaWuDH2EiZQcEl9DP1xELM+BXrQM1RxSKwjXQYsE+3nNKibW3cUUiH6veNlEXW9qLQTUYML+xvbyD+59USbB80UqEG4RUfPdROJEVNB23RljCuDdlzhHEj3F8pv2CGcXSdZlwJwe/If0l5Nx/4+eBsL3d8Mq5jjmyQTbJDArJPjkmBFEmJcHJHHsgTefbuvUfvxXsdjU5445118gPexyfxK6Nr</latexit><latexit sha1_base64="hActsR+QiUOwmPwE5AAFN4Ciyqk=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIigCILopssK9gFtKZn0tkYzyZDcqZaxn+LGX3HjQhHd6deYPhBfBwIn59xLck4YS2HR99+9icmp6ZnZufnMwuLS8kp2da1sdWI4lLiW2lRDZkEKBSUUKKEaG2BRKKESXp0O/EoXjBVanWMvhkbEOkq0BWfopGZ2v45wg+mpjuIEgSq4pl3gqM0h7dPb6+3mZd0w1ZFAj2jhtvt1bWZzft4fgv4lwZjkyBjFZvat3tI8iUAhl8zaWuDH2EiZQcEl9DP1xELM+BXrQM1RxSKwjXQYsE+3nNKibW3cUUiH6veNlEXW9qLQTUYML+xvbyD+59USbB80UqEG4RUfPdROJEVNB23RljCuDdlzhHEj3F8pv2CGcXSdZlwJwe/If0l5Nx/4+eBsL3d8Mq5jjmyQTbJDArJPjkmBFEmJcHJHHsgTefbuvUfvxXsdjU5445118gPexyfxK6Nr</latexit><latexit sha1_base64="hActsR+QiUOwmPwE5AAFN4Ciyqk=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIigCILopssK9gFtKZn0tkYzyZDcqZaxn+LGX3HjQhHd6deYPhBfBwIn59xLck4YS2HR99+9icmp6ZnZufnMwuLS8kp2da1sdWI4lLiW2lRDZkEKBSUUKKEaG2BRKKESXp0O/EoXjBVanWMvhkbEOkq0BWfopGZ2v45wg+mpjuIEgSq4pl3gqM0h7dPb6+3mZd0w1ZFAj2jhtvt1bWZzft4fgv4lwZjkyBjFZvat3tI8iUAhl8zaWuDH2EiZQcEl9DP1xELM+BXrQM1RxSKwjXQYsE+3nNKibW3cUUiH6veNlEXW9qLQTUYML+xvbyD+59USbB80UqEG4RUfPdROJEVNB23RljCuDdlzhHEj3F8pv2CGcXSdZlwJwe/If0l5Nx/4+eBsL3d8Mq5jjmyQTbJDArJPjkmBFEmJcHJHHsgTefbuvUfvxXsdjU5445118gPexyfxK6Nr</latexit><latexit sha1_base64="hActsR+QiUOwmPwE5AAFN4Ciyqk=">AAACIHicbVDLSgMxFM34tr6qLt0Ei+iqzIigCILopssK9gFtKZn0tkYzyZDcqZaxn+LGX3HjQhHd6deYPhBfBwIn59xLck4YS2HR99+9icmp6ZnZufnMwuLS8kp2da1sdWI4lLiW2lRDZkEKBSUUKKEaG2BRKKESXp0O/EoXjBVanWMvhkbEOkq0BWfopGZ2v45wg+mpjuIEgSq4pl3gqM0h7dPb6+3mZd0w1ZFAj2jhtvt1bWZzft4fgv4lwZjkyBjFZvat3tI8iUAhl8zaWuDH2EiZQcEl9DP1xELM+BXrQM1RxSKwjXQYsE+3nNKibW3cUUiH6veNlEXW9qLQTUYML+xvbyD+59USbB80UqEG4RUfPdROJEVNB23RljCuDdlzhHEj3F8pv2CGcXSdZlwJwe/If0l5Nx/4+eBsL3d8Mq5jjmyQTbJDArJPjkmBFEmJcHJHHsgTefbuvUfvxXsdjU5445118gPexyfxK6Nr</latexit>

Store Overlap: ↵j = hw0
j |vji

<latexit sha1_base64="SU+S6ABXtre2SE+YWTgqgUeWV2c="></latexit><latexit sha1_base64="SU+S6ABXtre2SE+YWTgqgUeWV2c="></latexit><latexit sha1_base64="SU+S6ABXtre2SE+YWTgqgUeWV2c="></latexit><latexit sha1_base64="SU+S6ABXtre2SE+YWTgqgUeWV2c="></latexit>

Obtain new vector: |wji = |w0
ji � ↵j |vji � �j |vj�1i

<latexit sha1_base64="GRgyQfVJuam5IGK5/BOlRXqo5jE="></latexit><latexit sha1_base64="GRgyQfVJuam5IGK5/BOlRXqo5jE="></latexit><latexit sha1_base64="GRgyQfVJuam5IGK5/BOlRXqo5jE="></latexit><latexit sha1_base64="GRgyQfVJuam5IGK5/BOlRXqo5jE="></latexit>

0

BBBBBB@

↵1 �2

�2 ↵2 �3

�3 ↵3
. . .

. . .
. . .
�j ↵j

1

CCCCCCA

<latexit sha1_base64="9UkM4cEydPRSXzKJoeDzwDfwRqY="></latexit><latexit sha1_base64="9UkM4cEydPRSXzKJoeDzwDfwRqY="></latexit><latexit sha1_base64="9UkM4cEydPRSXzKJoeDzwDfwRqY="></latexit><latexit sha1_base64="9UkM4cEydPRSXzKJoeDzwDfwRqY="></latexit>

Diagonalize only small 
tridiagonal matrix

Note: Lanczos vectors are expansions over the many-nucleon basis states (dimension N)
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NCSD Main Loop Structure

Setup

Construct 
Basis. 

Lanczos Diagonalization:
Loop over iterations

Loop over basis states
Loop over all non-zero  

matrix elements
Store new vector

MPI_ALLREDUCE for re-
distributing resulting vectors

Calculate 
transitions

Exit

NCSD – Fortran 90 with MPI, OpenMP and CUDA GPU accelerations, capable of running ~12,000 MPI tasks
Lanczosh diagonalization, bit operations, hashing, partial or full storing of non-zero Hamiltonian matrix elements in memory 
NN+3N interaction input, can calculate Nmax basis sequence (0(1),2(3),…Nmax) in a single run



11(
<latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit>

)
<latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit>

CPU/RAM

On The Fly

GPU(
<latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit>

)
<latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit>

CPU/RAM

On The Fly

• Matrix is currently saved in Compressed 
Sparse Row format. Will change to 
Compressed Sparse Block in the future for 
better GPU efficiency. 

• Current code does SpMV multiplication; by 
using SpMM for a block of vectors, GPU 
usage will further increase. 

• We construct the matrix elements in RAM as 
it is generally more readily available than 
GPU memory. 

• Matrix elements are transferred to GPU and 
perform the matrix-vector multiplications on 
the GPU.

• Due to mixed float/double precision for matrix 
elements/vector elements, no CUBLAS 
intrinsic function is used.



12SUMMIT - Oak Ridge National Laboratory's 200 petaflop supercomputer

§ Specifications
§ Processor: IBM POWER9™ (2/node)
§ GPUs: 27,648 NVIDIA Volta V100s (6/node)
§ Nodes: 4,608
§ Node Performance: 42TF
§ Memory/node: 512GB DDR4 + 96GB HBM2
§ NV Memory/node: 1600GB
§ Total System Memory: >10PB DDR4 + HBM + Non-volatile
§ Interconnect Topology: Mellanox EDR 100G InfiniBand, Non-blocking Fat Tree
§ Peak Power Consumption: 13MW

§ INCITE award “Nuclear Structure and Reactions”
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https://www.olcf.ornl.gov/wp-content/uploads/2018/10/Summit_Node.jpg

Anatomy of a Summit Node:
• Fat Node allows for more 

freedom in resource 
management.

• 16GB of memory/GPU 
means they can be used 
for storage of not only 
the vectors, but also the 
matrix elements.

• 512GB of RAM/node 
allow for the entire 
Hamiltonian Matrix to be 
stored.

• The 42 hyper-threaded 
cores accelerate the 
construction of the 
matrix.

https://www.olcf.ornl.gov/wp-content/uploads/2018/10/Summit_Node.jpg
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CPU code

GPU code

• Speedup decreases at high 
node count as the non-GPU 
accelerated part of the code 
dominates.

• Memory footprint also 
decreased by a factor of 2 
from more efficient storage 
of matrix elements.

• SUMMIT has enough nodes 
so that the entire matrix fits 
on GPU memory.

(
<latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit><latexit sha1_base64="eTq1/s9f4/oEOSlTeQSU6pI7d14=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBahp5KIoMeiF48t2A9oQ9lsJ+3azSbsboQS+gu8eFDEqz/Jm//GbZuDtj4YeLw3w8y8IBFcG9f9dgobm1vbO8Xd0t7+weFR+fikreNUMWyxWMSqG1CNgktsGW4EdhOFNAoEdoLJ3dzvPKHSPJYPZpqgH9GR5CFn1FipWR2UK27NXYCsEy8nFcjRGJS/+sOYpRFKwwTVuue5ifEzqgxnAmelfqoxoWxCR9izVNIItZ8tDp2RC6sMSRgrW9KQhfp7IqOR1tMosJ0RNWO96s3F/7xeasIbP+MySQ1KtlwUpoKYmMy/JkOukBkxtYQyxe2thI2poszYbEo2BG/15XXSvqx5bs1rXlXqt3kcRTiDc6iCB9dQh3toQAsYIDzDK7w5j86L8+58LFsLTj5zCn/gfP4AbPmMrA==</latexit>

)
<latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit><latexit sha1_base64="Vc/F7wCLwhVrbNGal5W4fQhkQ2w=">AAAB6HicbVBNS8NAEJ3Ur1q/qh69LBZBLyURQY9FLx5bsB/QhrLZTtq1m03Y3Qgl9Bd48aCIV3+SN/+N2zYHbX0w8Hhvhpl5QSK4Nq777RTW1jc2t4rbpZ3dvf2D8uFRS8epYthksYhVJ6AaBZfYNNwI7CQKaRQIbAfju5nffkKleSwfzCRBP6JDyUPOqLFS46JfrrhVdw6ySrycVCBHvV/+6g1ilkYoDRNU667nJsbPqDKcCZyWeqnGhLIxHWLXUkkj1H42P3RKzqwyIGGsbElD5urviYxGWk+iwHZG1Iz0sjcT//O6qQlv/IzLJDUo2WJRmApiYjL7mgy4QmbExBLKFLe3EjaiijJjsynZELzll1dJ67LquVWvcVWp3eZxFOEETuEcPLiGGtxDHZrAAOEZXuHNeXRenHfnY9FacPKZY/gD5/MHbn2MrQ==</latexit>
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LASSEN machine at LLNL

• 4 GPUs/node
• 256GB RAM 
• 756 Nodes total

Need different strategy for large calculations!
• Use multiple MPI tasks/GPU.
• One task fully utilizes the GPU and the rest 

work in pure CPU mode.
• Allows for better distribution of the matrix 

between RAM/GPU memory.
• Implement MPI window object for sharing 

memory within a single node, further 
reducing memory footprint. 
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Example of an application of the GPU accelerated code:
p+11C scattering and 11C(p,γ)12N capture

§ 11C(p,γ)12N capture relevant in hot p-p chain: Link between pp chain and the CNO 
cycle - bypass of slow triple alpha capture 4He(αα,γ)12C

TRIUMF EEC New Letter of Intent Detailed Statement of Proposed Research for Experiment #: 1691

Study of the 11C+p compound system via resonant elastic scattering in inverse kinematics

The scientific motivation behind this measurement is twofold. Firstly, the 11C(p,�)12N reaction has been considered
for decades as a potentially important reaction in astrophysics, as linking reaction between the hot-pp chain and the
CNO cycles. Considerable uncertainty exists in the properties of the low energy cross section of that reaction in the
energy region of interest for astrophysics. Secondly, this system has currently become within reach of ab-initio theory
calculations, some of which are pioneered here at TRIUMF. Having precise scattering and reaction data to compare
the theoretical calculations to over as wide a variety of light systems as possible is imperative to constrain and develop
the theory, in the hope that one day a consistent ab-initio theory will be able to make accurate predictions of cross
sections over a wide range of astrophysically important reactions at energies inaccessible to experiments.

(a) Scientific value of the experiment
Astrophysical importance: The formation of very massive, low-metallicity stars occurred in early stages of
the Universe (Population III stars) when the only existing seed material consisted of hydrogen and helium.
Initially, those stars existed in a quasi-static stage in an equilibrium between thermal expansion and gravita-
tional contraction. Fuller et. al. [1] investigated the evolution of super-massive stars under consideration of the
pp-chains, the triple-↵ process, the CNO cycles and the rp-process. The question whether the early, massive
stars contributed substantial amounts of material to later generations of stars, however, is still open. Fryer et.
al. [2] suggested that massive, non-rotating stars (�260 M�) with zero metallicity would undergo direct gravi-
tational collapse into black holes without losing mass after burning their pp-chain fuel, as the triple-↵ process
would be initiated too late to prevent the collapse. But Fuller et. al. [1] found that the presence of only a small
amount (fraction of 10�8) of CNO seed nuclei prior to helium burning would slow down the collapse process
and the energy release of the hot CNO cycle could change the density of the star, thus permitting it to explode.
Therefore, the presence of CNO seed material might turn the scale to whether a very massive, low-metallicity
star will turn into a core collapse super nova or not.

Traditionally, the triple-↵ ! 12C reaction is the main link between the pp-chains and the CNO cycle. However,
there may be an alternative way. The astrophysical 11C(p,�)12N reaction could be one of the key reactions in
the hot pp-chain since the relatively long half life of 11C allows for further proton capture, and thus this capture
reaction could re-link the pp-V branch with the breakout processes [3]. Evidently, this reaction is thought to be
an important branch point as it bypasses the slow triple-↵ process by producing CNO seed nuclei in supermassive
low-metallicity stars. In particular, the following reaction sequences in the hot pp-chain [3] called rap-II and
rap-III are of relevance for the path from helium to carbon isotopes:

3He(↵, �)7Be(↵, �)11C(p, �)12N(p, �)13O(�+, ⌫)13N(p, �)14O (1)

3He(↵, �)7Be(↵, �)11C(p, �)12N(�+, ⌫)12C(p, �)13N(p, �)14O (2)

The rap-II as well as the rap-III reaction sequences include the 11C(p,�)12N reaction responsible for bypassing
the competing �-decay of 11C and the decay back to 4He (11C(�+ ⌫)11B(p,↵)8Be(4He,4He)) via proton capture
into the A�12 mass region at T9 >0.2 (compare Fig. 1). This means that the speed at which 3He is transformed
into CNO material largely depends on the 11C(p,�)12N reaction rate. The high influence of this reaction on the
evolution of metal-deficient massive stars is why substantial e↵ort, both experimentally and theoretically, has
been put into determining the energy dependence of the stellar reaction cross section for this linking reaction.
Due to the low reaction Q-value, the cross section at astrophysically relevant energies for the 11C(p,�)12N re-
action is mainly governed by direct capture into the 12N ground state as well as by resonant capture into the
low-lying excited states of 12N. In addition, interference between direct and resonant processes is present and
must be considered in any derivation of the cross section from indirectly determined nuclear structure parame-
ters. While the contribution of the narrow first excited state to the overall (p,�) capture rate may be minor, the
large width of the second excited state has significant impact on the rate. Since the 11C(p,�)12N reaction may
play an important role in the synthesis of elements with masses of A�12 and the evolution of metal-deficient
stars, the nuclear astrophysics interest in 12N around the 11C+p threshold at Sp=0.6012(14) MeV [5] is driven
by the necessity to gain detailed insight into the low-lying level structure of 12N (T1/2=11.0 ms [5]) in order to
determine the 11C(p,�)12N reaction rate.
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Example of an application of the GPU accelerated 
code: p+11C scattering and 11C(p,γ)12N capture

• NCSM with continuum calculations of 11C(p,p) with chiral NN+3N under way
§ 11C and 12N NCSM eigenstates calculated with NCSD on Summit using GPU acceleration
§ 1024 nodes, 6144 MPI tasks with 1 GPU/task and 7 OpenMP threads/task 
§ Largest matrix dimensions: 131 million for 11C and 167 million for 12N (~7 hours to get 9 eigenstates)
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NCSMC calculations to be validated by 
measured cross sections and applied to 

calculate the 11C(p,γ)12N capture 
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• NCSM with continuum calculations of 11C(p,p) with chiral NN+3N under way
§ 11C and 12N NCSM eigenstates calculated with NCSD on Summit using GPU acceleration
§ 1024 nodes, 6144 MPI tasks with 1 GPU/task and 7 OpenMP threads/task 
§ Largest matrix dimensions: 131 million for 11C and 167 million for 12N (~7 hours to get 9 eigenstates)

Example of an application of the GPU accelerated 
code: p+11C scattering and 11C(p,γ)12N capture
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§ Ab initio calculations of nuclear structure and reactions becoming feasible beyond the lightest nuclei
§ Make connections between the low-energy QCD, many-body systems, and nuclear astrophysics

§ Large-scale computational problems
§ Codes running on massively parallel supercomputers

§ Taking advantage of GPU acceleration with a significant speedup demonstrated on ORNL Summit and 
LLNL Lassen

§ Enables nuclear physics applications such as calculations of nuclear reactions relevant for astrophysics
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Thank you!
Merci!
Danke!


