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Atoms

Carbon atom

Clusters of levels = shell structure



Interacting SM



Nuclear shell model

Ingredients:
Mean-field potential. (conventional)
Residual interaction between (some of) the nucleons.
Difficulties:
Nucleonic interactions from QCD (EFT). (ab initio)
Large-matrix diagonalization.

Issues of current interest:

Changing shell structure and three-body forces in
exofic nuclei.

Continuum effects (nucleus = open quantum system).



Nuclear shell model (conventional)

Many -body quantum mechanical problem:
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@ A-nucleon Schrodinger equation

s,
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o Hamiltonian with NN(+NNN) interactions (ab initio)
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o Wave functions are expanded in basis states
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basis states ®; : Slater determinants of single particle states



@ single particle states ¢
for radial wave functions, harmonic oscillators are used
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from the talk by J. Vary @ RISP, Mar. 2013



Single particle orbitals from H.C

HF: single determinant, pre-calculated single particle basis vectors through
the variational principle
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Expand wave function in basis states |¥) = > a;|®;)
Express Hamiltonian in basis (®;|H|®;) = H;;
Diagonalize Hamiltonian matrix H;;

Complete basis — exact result

» caveat: complete basis is infinite dimensional

No-Core Configuration Interaction
» all A nucleons are treated the same

In practice
» truncate basis
» study behavior of observables as function of truncation

Computational challenge
s construct large (10'” x 10'") sparse symmetric real matrix H;,

# Uuse Lanczos algorithm
to obtain lowest eigenvalues & eigenvectors

RISP, Oct. 2013, Daejeon, South Korea — p. 5/43

Pieter Maris



ADb initio structure and NN interaction

Unfortunately, the NN interaction at low energies needed for
nuclear physics applications cannot be directly derived from QCD
at the moment

Ab Initio theory requires, of course, a realistic NN interaction
accurately describing NN scattering data and deuteron properties

Nice to avoid NNN forces? Yes

=30 times more
Hamiltonian matrix
elements when NNN
forces are involved:
hence much more
computer resources
are required for
calculations



Daejeon 16 NN interaction

N3LO interaction Ground state energies of Li isotopes

calculated w/ JISP16, NNLO,, and Daejeon16
compared to experimental data.

SRG

TR e -30 » Daejeonl6 shows more
(similarity renormalization group)

excellent description for
the binding energies of
Lithium isotopes than
NNLO, (from the first
principle) and JISP16
(phenomenological.)

JISP16 » For each result,

extrapolation is adopted.
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A.M. Shirokov, 1.J. Shin, Y. Kim, M. Sosonkina, P. Maris, J.P. Vary, PLB761 (2016) 87

PET preserves two nucleon observables such as N N phase shifts and deuteron properties



< PET (phase-equivalent transformation)

Hamiltonian can be expressed as an infinite dimensional matrix [H] in the
oscillator basis {|n)}.

matrix elements of [H| : H,,,, = (n|H|m)

PET is based on the unitary transformation as
[H| = [UT] [H] [U]

with the help of the unitary matrix [U] which is supposed to be of the form

vl = wol @ =" )

where [I] is the infinite dimensional unit matrix.



Clearly the spectra of Hamiltonians H and H are identical. Corresponding
eigenfunction can be written as

(%] = [UT] [¥]
in the oscillator basis {|n)}. Then the difference is

alw] = [#] - w1 = ([ut] =) vl = (1) 2w,

That is, the only difference is shown as a superposition of a finite number of
functions. If we consider a simple 2 X 2 matrix [U,] as

(U] = (cosﬁ sinﬁ) ,

—sinff cosp

then only two oscillator basis |0) and |1) are related.



The superposition of a finite number of £4 functions cannot affect the
asymptotics of scattering wave functions.
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Since the scattering phase shifts and the S - matrix are defined through the
asymptotic behavior of the wave functions, the phase shifts § associated with

the ¥ and ¥ are identical.

So the Hamiltonians H and H are phase-equivalent.



Practically,

V] = [V] + [AV]

= VI+([H| - [H])
= [H] - ([H] - [V])

= [UT| (vl +[T]) [U] - [T]

1. Add kinetic term to original potential in order to construct Hamiltonian

2. Take unitary transformation

3. Subtract kinetic term to obtain potential part
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Ab initio NCSM

- Ab initio: nuclei from first principles using fundamental interactions without
uncontrolled approximations.

- No core: all nucleons are active, no inert core.

- Shell model: harmonic oscillator basis

- Point nucleons
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Parity Inversion in "'Be

* Experimentally: 1/2* -65.483(6) MeV
1/2- -65.165(7) MeV, Exc. energy 0.318(7) MeV

* JISP16: 1/2* -63.3(8) MeV, N, =11
1/2° -64.0(6) MeV, N__ =10
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Effective shell-model interactions from Daejeon 16

A new (not fully though) microscopic effective shell-model interactions in the valence sd shell, obtained from the

modern Daejeon16 nucleon-nucleon potential
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A new microscopic effective shell-model interactions in the valence sd shell, obtained from the Daejeon16 nucleon-nucleon
potential using no-core shell-model (NCSM) wave functions of at Nnx=6
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AB INITIO NO CORE SHELL MODEL CALCULATIONS OF sd-SHELL NUCLEI -

I. A. Mazurl, I. J. Shin?, N. A. Smirnova?, A. M. Shirokov?, Y. Kim>*
nstitute for Nuclear Research of the Russian Academy of Sciences, Russia -

Hnstitute for Rare Isotope Science, Institute for Basic Science, Republic of Korea -
3Laboratory of Physics of the Two Infinities Bordeaux, CNRS — University of Bordeaux, France «
*Skobeltsyn Institute of Nuclear Physics, Lomonosov Moscow State University, Russia -
*Center for Exotic Nuclear Studies, Institute for Basic Science, Republic of Korea -

E-mail: mazur@jinr.ru «
+

We present the first ab initio no-core shell-model (NCSM) [1] calculations for the entire sd-shell using the Daejeonl6 [2] nucleon-nucleon (NVN) interaction, obtained in a model space
truncated with respect to Nmax = 4 excitation quanta. Energy levels, as well as M1 and E2 transitions, are computed. We demonstrate the relative convergence of the excitation spectrum—
dominated by 04 (valence-space) configurations—throughout the sd-shell. -

In recent years, significant progress has been achieved in the development of non-perturbative methods for constructing valence-space effective Hamiltonians based on realistic NV inter-
actions. One such method employs the unitary Okubo—L ee—Suzuki transformations applied to NCSM solutions. Using this method, an effective interaction for the sd-shell, denoted DJ164th [3],
has been derived from NCSM calculations of nuclei with 4 = 16 + 18 nucleons using the Daejeon16 interaction in the same Nyax = 4 model space. The corresponding effective electromagnetic
trans‘ition operators are presented in Ref. [4]. In the present work, we discuss the agreement between the NCSM results and calculations performed with the effective DJ164th interaction. -
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Plan

a Improvement of Daejeon16 for sd shell nuclei with preliminary results being under way

a Construction of charge-dependent versions of the Daejeon16 potential in order to get ab-
Initio iIsospin non-conserving interactions

a Construction of effective interactions in the 1hw-space shell-model space would allow the
description of unnatural parity states in psdpf shell-model space, crucial for astrophysics
applications



p-sd-pf shell model space

** Goal
= To construct valence-space effective interaction to describe positive/negative parity states

in sd-shell nuclei

% Op-1s0d-1p Of shell model space
: Effective interaction consists of 5 blocks as
e Op [easily done], 1s0d [published: PRC100, 054329] and 1p Of [straightforward] TBMEs
e cross-shell Op-1s0d and 1s0d-1p Of TBMEs
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- 160 unnatural parity states are investigated..
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- For analysis, TBMEs from 1®N has been considered
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p-sd-pf shell model space

+* Rough description of Strategy to obtain TBMEs in sd-shell (e.g. F)
1. To do NCSM calculation at N ,,=0
mm) Figenstates E; and corresponding eigenvectors |¥;) : H |¥;) = E;|¥;)

2. Eigenvectors could be expanded as |¥;) = X, u;;| L) where |l)=|np)® |core)~|np)

mm) 1;; could be also extracted from code

3. Then

(ab;J|H|cd;]) = (ab; J| { Z; W) (Wil Y H { X 1) (W1 }|cd; J) = Zumlab; J11) wy Eguim (mlcd; )

here, (l|ab;]) = (af|ab;]) is replaced by the combination of Clebsch-Gordan coefficients

4. The core energy and SPEs, which are obtained from 10, 170 and 1’F,

would be subtracted appropriately to obtain TBMEs {(ab; J|V|cd;])
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