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Nuclear many-body problem(s)

1. Introduction

mmm Edition

P. Schuck

The nuclear many-body problem is... a huge problem! P. Ring

- The nuclear interaction is problematic

- The quantum A-body system is problematic

We rely on models!

Product detalls
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Iltem Weight : 2.66 pounds
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1. Introduction

Amazing progress in ab initio methods in recent years
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Data taken from:
M. Wang et al., Chin. Phys. C 45, 030003 (2021)

S. Goriely et al., EPJA 52, 202 (2016)
H. Hergert (private communications)
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Nuclear many-body problem(s)

1. Introduction

Amazing progress in ab initio methods in recent years

- Nuclear interactions based on XEFT (QCD-inspired) fitted (supposedly) to NN+NNN data.

- Systematically improvable.

- Systematic error assessment.
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Results

- Plethora of nuclear interactions (including phenomenological adjustments).

- Similar or more limitations than the many-body methods that use phenomenological interactions.
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Nuclear many-body problem(s)

1. Introduction

Nuclear theory with phenomenological interactions is still in good shape

- Single-particle energies and interaction matrix elements with phenomenological adjustments.
- Parameters of the interaction fitted to experimental data.

- (Systematically) improvable.

- Large range of applicability and a wide catalog of observables and pseudo-observables.
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Nuclear many-body problem(s)

1. Introduction

Let us assume that we know the nuclear interaction. Exact nuclear wave
functions and energies cannot be obtained in general because of:

a) the exploding dimensionality of the many-body Hilbert space

b) the huge amount of two-, three- (eventually, N-) body matrix
elements that are impossible to store
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Let us assume that we know the nuclear interaction. Exact nuclear wave
functions and energies cannot be obtained in general because of:

a) the exploding dimensionality of the many-body Hilbert space

b) the huge amount of two-, three- (eventually, N-) body matrix H|\Ijn> — n | \Ijn>
elements that are impossible to store

Most widely used solutions to attack these problems:

® Valence-space (Shell Model) calculations with

phenomenological (or normal-ordered, SRG evolved) two-body
Hamiltonians

e Approximate methods (variational) with phenomenological
Interactions (or energy density functionals)

NUSTAR Annual Meeting 2024 | GSI-Darmstadt | Nuclear structure studies using beyond-mean-field approaches | Tomas R. Rodriguez



Nuclear many-body problem(s)

1. Introduction

Most widely used solutions to attack these problems:

e Approximate methods (variational) with phenomenological
Interactions (or energy density functionals)

NUSTAR Annual Meeting 2024 | GSI-Darmstadt | Nuclear structure studies using beyond-mean-field approaches | Tomas R. Rodriguez



Outline

1. Introduction

2. Projected Generator Coordinate Method

NUSTAR Annual Meeting 2024 | GSI-Darmstadt | Nuclear structure studies using beyond-mean-field approaches | Tomas R. Rodriguez



Theoretical framework

2. Projected Generator Coordinate Method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak TPy PN PYPT|®(q))

I'=(JMNZn) qK
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Theoretical framework

2. Projected Generator Coordinate Method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz
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variational! variational!
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Theoretical framework

2. Projected Generator Coordinate Method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T P PN P2 PT|®(q))

I'=(JMNZn) qK
“basis” states

Intrinsic (HFB-like, Bogoliubov quasiparticle vacuum) state:

D(q)) = Bo(@)|®(@) =0 ¥V b Bi(a) =Y Uasla)e] + Vas(a)ea
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We minimize the particle number projected energy functional

even-even

— (2(9)|\Q12(q))

| _ (®(q)|HPN PZ|®(q))
Epnvar [|P(9))] = (®(q)|PNPZ|®(q))

M. Anguiano, J. L. Egido, and L. M. Robledo, Nucl. Phys. A 696, 467 (2001).
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Constraints q — quadrupole deformations; octupole deformations; pairing content; intrinsic rotations
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Theoretical framework

2. Projected Generator Coordinate Method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

I MNZmy _ Z (;];]yKNZ

I'=(JMNZn) qK

“basis” states

Symmetry restoration
laboratory frame

J .
— angular momentum projector
P MK J brol fixed-body

frame

PN —> neutron number projector

PZ —> proton number projector

P i —> Spatial parity projector
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Theoretical framework

2. Projected Generator Coordinate Method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foai " P PN PYPT|®(q))

I'=(JMNZn) qK
coefficients of the
linear combination

The coefficients are obtained by minimizing the expectation value of the Hamiltonian
(energy) with those coefficients as the variational parameters:

I’ ' AT I L Hill-Wheeler-
Z (HqK,q’K’ o EaNqK,q’K’) fa;q’K’ =0 Griffin (HWG)
q' K’ equation
7'[gK,q/K/ — <(I’(CI)\ﬁPI%KfPNPZPﬂ(I’(CI/)%
NfK;qu/ — <(I’(Q)|PI%K/PNPZPW’(I)(QI)>

Hamiltonian and norm kernels
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Theoretical framework
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Nuclear wave functions: Generator Coordinate Method (GCM) ansatz
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3. Multiple shape-coexistence in 80Zr
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e Up to five minima in the
potential energy surface.

e Absolute minimum
corresponds to spherical
configuration (N=40 spherical
gap)

e Other minima related to the
filling in and emptying of go2,
P12, fs2 and dsj2 orbits.

0 0.2 0.4 0.6 0.8

[32 T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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e Five minima are closer in energy whenever the
rotational invariance is restored.

e Absolute minima corresponds to deformed
configuration 82~0.55

e Barriers between the minima are less than 1 MeV.
Mixing?

T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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3. Multiple shape-coexistence in 80Zr

Relevance of angular momentum projection

(Similar feature as in 32Mg, see R. Rodriguez-Guzman et al., Nucl. Phys. A 709, 201 (2002))

PNAMP 1=0
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4. Variational methods in valence spaces
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4. Variational methods in valence spaces

- Extend the range of applicability of shell model calculations

- Provide an interpretation of the SM states in terms of intrinsic collective shapes
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- Extend the range of applicability of shell model calculations

- Provide an interpretation of the SM states in terms of intrinsic collective shapes
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Monte Carlo Shell Model

0 200 200

2
o (fm’
150f(a) *Ni 0, 4 Hb) *Ni 0,
Y
< 100 S B S
= os0 i B 3
0

1501-(e) **Ni 2, 4 HO N0
< 100 1 N\
< 50 ) A o

j% \
i K %
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ISM with PGCM

4. Variational methods in valence spaces

Projected Generator Coordinate Method (EDFE

- Kind of nuclel
® even-even nuclei

e odd-odd nuclei (blocking mandatory)

- Observables and physical quantities
e Bulk properties: masses, radii, nuclear densities.

e EXcitation energies Q
e electromagnetic transition probabilities O

e Beta-decay rates VOO\QQ
P WU
4

<&
7

e Electromagnetic responses Pz<
C
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ISM with PGCM

4. Variational methods in valence spaces

Projected Generator Coordinate Method (Hamil)

- Kind of nuclel

® even-even nuclei

e Multi-quasiparticle excitations are included

e even-odd/odd-even nuclei (blocking mandatory)

TAURUS

e odd-odd nuclei (blocking mandatory)

- Observables and physical quantities

e Bulk properties: masses, radii, nuclear densities.

e EXxcitation energies

Theory for A Unified
descRiption of nUclear
Structure

e electromagnetic transition probabilities

B. Bally, T.R.R.
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Shape coexistence in 66Se

4. Variational methods in valence spaces

Shape coexistence in 66Se:

4r | We can interpret the exact SM results in
5 terms of collective coordinates
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PLB 844, 138072 (2023)
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4. Variational methods in valence spaces
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Beta-decay properties

4. Variational methods in valence spaces

Benchmark of the PGCM method against exact results.
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S. Bofos, J. Martinez-Larraz et
al., in preparation
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4. Variational methods in valence spaces
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5. Summary
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5. Summary

e PGCM methods provide a reliable description of nuclear structure
observables.

e |t is a very flexible method to approach exact solutions although the present
Implementation tends to favor correlations in the ground state (stretched
spectra).

e Shape coexistence can be visible in the TES (several minima) and/or in the
GCM calculation (bands with different collective wave functions).

e Multiple shape coexistence is predicted for 80Zr.
e |SM states can be studied in terms of intrinsic shapes in the valence space.

e PGCM is able to compute beta-decay transition probabilities and B(M1)
strength functions
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Thank you!
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