Nuclear rotation and shape coexistence
from first principles

Mark A. Caprio

Department of Physics and Astronomy
University of Notre Dame

Nuclear Theory in the Supercomputing Era
Lanzhou, China
June 5, 2023

UN IV E RISTT*LEYEGRE

NOTRE DAME




Physics Letters B 719 (2013) 179-184

Contents lists available at SciVerse ScienceDirect

Physics Letters B

www.elsevier.com/locate/physletb

Emergence of rotational bands in ab initio no-core configuration interaction
calculations of light nuclei

M.A. Caprio®*, P. Maris", J.P. Vary"

4 Department of Physics, University of Notre Dame, Notre Dame, IN 46556-5670, USA
" Department of Physics and Astronomy, lowa State University, Ames, IA 50011-3160, USA

ARTICLE INFO ABSTRACT

Article history: The emergence of rotational bands is observed in no-core configuration interaction (NCCI) calculations

Received 1 November 2012 for the odd-mass Be isotopes (7 < A < 13) with the JISP16 nucleon-nucleon interaction, as evidenced by

Accepted 28 December 2012 rotational patterns for excitation energies, quadrupole moments, and E2 transitions. Yrast and low-lying

’E‘;:‘l'l“r"'&,"all’:faf\ January 2013 excited bands are found. The results demonstrate the possibility of well-developed rotational structure in
: NCCI calculations using a realistic nucleon-nucleon interaction.

Ko © 2013 Elsevier B. All rights reserved.

No-core configuration interaction

Nuclear rotation

JisP16

M. A. Caprio, University of Notre Dame



Outline

— Nuclear rotation
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Rotation in a quantum system: Molecules

Adiabatic separation of motion (different energy scales)
— Low-energy rotational excitations =~ 0.001eV

— Intermediate-energy vibrational excitations =~ 0.1eV

— High-energy electronic excitations > 1eV
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Figure from D. J. Rowe and J. L. Wood, Fundamentals of Nuclear Models: Foundational Models
(World Scientific, Singapore, 2010).
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Figure from D. J. Rowe and J. L. Wood, Fundamentals of Nuclear Models: Foundational
Models (World Scientific, Singapore, 2010).
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Cluster molecular structure in light nuclei
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Yoshiko Kanada-En’yo, Masaaki Kimura, and Akira Ono, PTEP 2012, 01A202 (2012).
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Separation of rotational degree of freedom

Factorization of wave function | k) J=K,K+1,...
19 Intrinsic structure (K = a.m. projection on symmetry axis)
DIJWK(ﬁ) Rotational motion in Euler angles 9

Coriolis (K =1/2)

Rotational energy

2
E()=Eg+AJU + Dra(-)" P+ 1)) A=17

Rotational relations (Alaga rules) on electromagnetic transitions
B(E2;J; — Jp) o< (JiK20l/;K)*(eQ0)* Qo o< (p1Q20ldk)
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e.g., D.J. Rowe, Nuclear Collective Motion: Models and Theory (World Scientific, Singapore, 20?0):
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Figure from D. J. Rowe and J. L. Wood, Fundamentals of Nuclear Models: Foundational Models
(World Scientific, Singapore, 2010).
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Yrast and excited bands in 1°Be
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From D. Suzuki et al., Phys. Rev. C 87, 054301 (2013). Orbital schematics from
Y. Kanada-En’yo, H. Horiuchi, and A. Doté, Phys. Rev. C 60, 064304 (1999).
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Goal of ab initio nuclear structure
First-principles understanding of nature = Nuclei from QCD

Can we understand the origin of “simple patterns in complex nuclei”?

i.e., emergent collective correlations @/

Lattice?

EFT? Nucleon-nucleon
interactions

Quantum many-
body problem

— @

Reaction
dynamics

Nuclear Nuclear reactions
structure

Proton number (2)

Neutron number (N)

Adapted from B. Schwarzschild, Physics Today 63(8), 16 (2010).
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Nucleon interactions Shell structure Collective deformation

Cluster correlations Pair condensation

Many-particle Schrodinger equation
A 2
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i=1 mi ij=1

¥Y(ry,ra,r3,...,r4) = ?
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Solution of Schrodinger equation in a basis

Hamiltonian | One particle in one dimension

Eigenproblem .
Hy(x) = E¢(x)
Expand wave function in basis (unknown coefficients ay)

(e8]

Y = awpr()

k=1

Matrix elements of Hamiltonian
Hy = {¢ilHlgj) = f dx ¢} (x)Hpj(x)

Reduces to matrix eigenproblem

Hyy Hpp -\ (a ap
Hy Hy -||la]|-fpla
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Many-body problem in an oscillator basis
No-core configuration interaction (NCCI) approach
a.k.a. no-core shell model (NCSM)

Harmonic oscillator orbitals

= “Slater determinant” product basis

Distribute nucleons over oscillator shells

Organize basis by # oscillator excitations Nex
relative to lowest Pauli-allowed filling
Nex =0,2,... (“0hw”, “2hw”, ...)
Basis must be truncated: Nex < Npax
Convergence towards exact result with increasing Nmax. - -

M. A. Caprio, University of Notre Dame

B. R. Barrett, P. Navritil, and J. P. Vary, Prog. Part. Nucl. Phys. 69, 131 (2013).



Convergence of NCCI calculations

Results for calculation in finite space depend upon:
— Many-body truncation N,
— Single-particle basis scale: oscillator length b (or 7iw)
B (hc)
[(mye?)(hw)]'2
Convergence of calculated results signaled by 1ndependence of Niax & hiw
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Dimension explosion for NCCI calculations

1012
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Dimension
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1006

Nmax

AN d d = number of single-particle states
Dimension o ( )( ) Z = number of protons
ZJ\N
N = number of neutrons
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Convergence of NCCI calculations
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Convergence of NCCI calculations
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Rotational bands in "'?Be from NCCI calculations
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M. A. Caprio, P. Maris, and J. P. Vary, Phys. Lett. B 719, 179 (2013).
P. Maris, M. A. Caprio, and J. P. Vary, Phys. Rev. C 91, 014310 (2015).
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JISP16 interaction (no Coulomb), NCCI (MFDn), Nmax = 10 or 11, fiw ~ 20MeV



Separation of rotational degree of freedom

Factorization of wave function | k) J=K,K+1,...
19 Intrinsic structure (K = a.m. projection on symmetry axis)
DIJWK(ﬁ) Rotational motion in Euler angles 9

Coriolis (K = 1/2)

Rotational energy

2
E(J)=Eg+AJ(J + D+a(=)"12g+ D] A= r

Rotational relations (Alaga rules) on electromagnetic transitions
B(E2;J; — Jp) o< (JiK20l/;K)*(eQ0)* Qo o< (p1Q20ldk)

P
—4&1a Coriolis decoupling
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e.g., D.J. Rowe, Nuclear Collective Motion: Models and Theory (World Scientific, Singapore, 20’{0):
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Figure from D. J. Rowe and J. L. Wood, Fundamentals of Nuclear Models: Foundational
Models (World Scientific, Singapore, 2010).
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9Be: NCCI calculated energies and E2 transitions
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Yrast and excited bands in 1°Be
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From D. Suzuki et al., Phys. Rev. C 87, 054301 (2013).

Extrapolation: Exponential in Npax (3-point); see
P. Maris, J. P. Vary, and A. M. Shirokov, Phys. Rev. C
79, 014308 (2009).
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Convergence of bands in '°Be with Daejeon16
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“Leading” U(3) irreps for 1°Be

Intrinsic deformation for irrep (4, )
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M. A. Caprio, A. E. McCoy, P. J. Fasano, and T. Dytrych, Bulg. J. Phys. 49, 57 (2022) (SDANCAZ21).
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Summary

Simple patterns in complex nuclei @ :@/

Lattice?
Can we predict nuclei ab initio? s EFT? Nicleon-nucleon

interactions

Schrodinger = Matrix eigenproblem OQuantum many-
body problem

Challenge: Computational scale explosion ‘
Reaction

Emergence of rotational patterns — %

M. A. Caprio, P. J. Fasano, P. Maris, A. E. McCoy, and J. P. Vary, dynamics

Eur. Phys. J. A 56, 120 (2020). I\:ucltear Nuclear reactions
structure

Coexistence of low-lying bands with different shape
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