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Nuclear structure theory rationale
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1. Introduction

Nuclear methods must provide a wide catalog of physical quantities that can be reliably
compared with experimental data

Nuclear structure theory:
- Kind of nuclet

* even-evem nuclel

e even-odd/odd-even nuclet

* odd-odd nuclet

- Observables and physical quantities

Bulk properties: masses, radil, nuclear denstities.

Excltation energies

electromagnetic transition probabilities

Beta-decay rates

Double-beta decay matrix elements
Electromagnetic responses

Fission properties

Reactlon 'Proper’cies
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Nuclear many-body problem(s)

1. Introduction

et us assume that we know the nuclear interaction.
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Nuclear many-body problem(s)

1. Introduction

et us assume that we know the nuclear interaction.

Solving the quantum many-body exactly is (in general)
impossible

Most widely used solutions to attack this problem:

e Valence-space or no-core (Shell Model) calculations

e Variational approximate methods (mean-field and beyond-mean-field).

e Expansion techniques (e.g., many-body perturbation theory, Coupled-cluster)
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Interacting Shell Model (in a nutshell)

1. Introduction

Full diagonalization of an adapted Hamiltonian within a valence space

ﬁv.s.|qjg,s,> =k, |\Ij7fz}s>

H|VU,) = E,|¥,)
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Nuclear wave functions are linear combinations of Slater determinants written in terms of
occupations of spherical orbits
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Interacting Shell Model (in a nutshell)

1. Introduction

Full diagonalization of an adapted Hamiltonian within a valence space

I:Iv.s.|qjg,s,> =k, |\Ij7fz}s>

Nuclear wave functions are linear combinations of Slater determinants written in terms of
occupations of spherical orbits

y Wave functions are defined in
o ) = Z C|®*)  the LABORATORY SYSTEM

k€ wv.s. = SHAPES?!?!
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Interacting Shell Model (in a nutshell)

1. Introduction

Full diagonalization of an adapted Hamiltonian within a valence space

I:Iv.s.|qjg,s,> =k, |\Ij7fz}s>

Nuclear
occupai

Limited by the combinatorial increase
of the number of configurations =M

H|VU,) = E,|¥,)
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Variational methods in SM spaces

1. Introduction

- 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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1. Introduction

- Extend the range of applicability of shell model calculations

- Provide an interpretation of the SM states in terms of intrinsic collective shapes

00 & ¢
oe® O~

shapes / collective motion < — » shell structure / particle-hole excitations
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1. Introduction

- Extend the range of applicability of shell model calculations

- Provide an interpretation of the SM states in terms of intrinsic collective shapes

4 )
Monte Carlo Shell Model

Y. Tsunoda et al., PRC 89, 031301(R) (2014), Y. Utsuno et
al., PRL 114, 032501 (2015), ...

J
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Projected Generator Coordinate Method

PGCM
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other approaches: VAMPIR, PSM, ...
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2. Projected Generator Coordinate Method (PGCM)
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Projected GCM

2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak TPy PN PYPT|®(q))

I'=(JMNZn) qK
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Projected GCM

2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

W MNAT) = % foak TP PN PYPT|®(q))

I'=(JMNZn) qK
linear combination
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2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

W MNAT) = % foai " P PN PYPT|®(q))

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

linear combination
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Projected GCM

2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak (TP PN PYPT|®(q))

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

linear combination “basis” states
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2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) fgai " P PN P7PT|®(q))

I'=(JMNZn) qK
variational! variational!
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Projected GCM

2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T Py PN PYPT|®(q))

I'=(JMNZn) qK
“basis” states
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2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T Py PN PYPT|®(q))

I'=(JMNZn) qK

“basis” states
Intrinsic (HFB-like, Bogoliubov quasiparticle vacuum) state
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Projected GCM

2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T Py PN PYPT|®(q))

I'=(JMNZn) qK

“basis” states
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2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz
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I'=(JMNZn) qK

“basis” states
Intrinsic (HFB-like, Bogoliubov quasiparticle vacuum) state
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Projected GCM
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2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T Py PN PYPT|®(q))

I'=(JMNZn) qK
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Intrinsic (HFB-like, Bogoliubov quasiparticle vacuum) state
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2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak T Py PN PYPT|®(q))

I'=(JMNZn) qK

“basis” states
Intrinsic (HFB-like, Bogoliubov quasiparticle vacuum) state
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- First classification of the collective
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total energy surfaces (TESs)
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Projected GCM

2. PGCM method

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

I MNZmy _ Z C;];]yKNZ

I'=(JMNZn) qK

“basis” states

Symmetry restoration
laboratory frame

J .
P —> angular momentum projector
MK 9 Pro] fixed-body

frame

PN —> neutron number projector

PZ —> proton number projector

P i —> spatial parity projector
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Projected GCM

2. PGCM 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’ I' AL I’
> Myrgrr = EoNgg i) forgrmer =0

q ! K
Hill-Wheeler-Griffin
(HWG) equation

H(EK,q/K/ — @(Q)|ﬁPI%K/PNPZPW‘(I)(C]/)>7
NgK;qu/ — <@(Q)|PI%K/PNPZPW‘(I)(QI)>

Hamiltonian and norm kernels
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ISM / PGCM

3. Benchmarking PGCM against shell model with TAURUS

Comparison between Interacting Shell Model calculations and variational approaches

- Benchmark of the PGCM method against exact results.

- Same effective Hamiltonian defined in the same valence space
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3. Benchmarking PGCM against shell model with TAURUS

Comparison between Interacting Shell Model calculations and variational approaches

- Benchmark of the PGCM method against exact results.

- Same effective Hamiltonian defined in the same valence space

- Exact SM calculations performed with ANTOINE

- PGCM performed with TAURUS
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3. Benchmarking PGCM against shell model with TAURUS

TAURUS special features (with respect to traditional BMF solvers):

- even-even, even-odd/odd-even and odd-odd nuclei treated on the same footing
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- even-even, even-odd/odd-even and odd-odd nuclei treated on the same footing

- general HFB (real) transformation allows the inclusion of proton-neutron pairing
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3. Benchmarking PGCM against shell model with TAURUS

TAURUS special features (with respect to traditional BMF solvers): ( )
<(6 o)
- even-even, even-odd/odd-even and odd-odd nuclei treated on the same footing (°°)

- general HFB (real) transformation allows the inclusion of proton-neutron pairing

- particle-number (pairing), parity and rotational symmetries can be simultaneously broken (and restored
subsequently)
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- even-even, even-odd/odd-even and odd-odd nuclei treated on the same footing (°°)

- general HFB (real) transformation allows the inclusion of proton-neutron pairing
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ISM vs PGCM

3. Benchmarking PGCM against shell model with TAURUS

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

JMNZm\ JMNZm pHJ N pZ pr
|\Ija > _ E : o;qK PMKP PoP ‘(I)(Q)>
I'=(JMNZn) qK
- Ground and excited state energies

- Gamow-Teller distributions

- Magnetic dipole responses
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Nuclear wave functions: Generator Coordinate Method (GCM) ansatz
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3. Benchmarking PGCM against shell model with TAURUS

Nuclear wave functions: Generator Coordinate Method (GCM) ansatz

WM = ) foak TPy PN PYPT|®(q))

I'=(JMNZn) qK
USD interaction
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3. Benchmarking PGCM against shell model with TAURUS

Global performance of the PGCM method in the sd-shell
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Excited states e-0

3. Benchmarking PGCM against shell model with TAURUS

Global performance of the PGCM method in the sd-shell

Excited states in even-odd nuclei
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Beta-decay properties

3. Benchmarking PGCM against shell model with TAURUS

Transition matrix elements
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3. Benchmarking PGCM against shell model with TAURUS

Transition matrix elements
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Beta-decay properties

3. Benchmarking PGCM against shell model with TAURUS

- Oxygen isotopes: no protons in the sd-shell, only neutrons contribute (no pn channel)

PNVAP energy surfaces [MeV]
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3. Benchmarking PGCM against shell model with TAURUS

Benchmark of the PGCM method against exact results.
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Beta-decay properties

3. Benchmarking PGCM against shell model with TAURUS

Benchmark of the PGCM method against exact results.

*B. H. Wildenthal, M. S. Curtis, B. A. Brown, PRC 28, 1343 (1983) ) n A

B(GT)sm* | B(GT)pcem | B.R.

210 (5/2+) — 21F
(3/2+)1| 0.040 0.042 |34 %

(5/2+)2| 0.151 0151 |29 %

220 (0*) —» 22F
(1*)2 | 1.423 1417 |82 %

(1*)3 | 0.790 0.867 |15%

230 (1/2+) — 23F
(1/2+)1| 0.287 0.249 |55%

(3/2+)1| 0.267 0.250 |20 %

240 (0*) —» 24F
(1*y1 | 1.515 1517 |83 %

(1*)2 | 1.094 1.093 [10%

250 (3/2+) — 25F
(5/2+)1| 0.638 0.648 |75%

260 (0+) —» 26F
(1*y1 | 1.758 1.746 |83 %

(1%)2 | 0.822 0648 | 6%

V. Vijayan et al., in preparation
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B(M1) strength functions In e-e nuclei

3. Benchmarking PGCM against shell model with TAURUS

Magnetic transitions B(M1)

1
2J; + 1

ey =107) | Ji) = [13)

B(MA, Ji = Jyf) = (Tl M1 3) P

A L2 N
My, = <g83+ )\+1gll> VriYy,

5th GOGNY Conference | Paris December 2024 | The nuclear shell model in the intrinsic frame | Tomas R. Rodriguez



B(M1) strength functions In e-e nuclei

3. Benchmarking PGCM against shell model with TAURUS

Magnetic transitions B(M1)

1
2J; + 1

[Tg) = 100) | | 175) = 1)

B(MA, Ji = Jyf) = (Tl M1 3) P

ground state set of excited states
(level densities)

A L2 N
My, = <g83+ )\+1gll> VriYy,
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B(M1) strength functions In e-e nuclei

3. Benchmarking PGCM against shell model with TAURUS

Magnetic transitions B(M1)

1 [Tg) = 100) | | 175) = 1)

B(MA, Ji = Jyf) = (Tl M1 3) P

2J; + 1
ground state set of excited states
N (level densities)
M,\M = (g8§+ N 1glf> ﬁr’\Y,\M challenging!
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3. Benchmarking PGCM against shell model with TAURUS

Particle-number-projected energy surfaces

Exploring cranking, pn-pairing (isoscalar and isovector) {|(I> ( jx, 53;”: O, (5gn:1)>}

0002040608101214161.8 00020406081.01214161.8 0.0020406081.01.21.41.61.8

- Small pn-pairing configurations are favored in this case

- Pairing is less favored with increasing cranking
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3. Benchmarking PGCM against shell model with TAURUS

Exploring cranking, pn-pairing (isoscalar and isovector) { |(I) ( ]x : 53;”:0, (5}?”:1 ) > }
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- exact ground state energy - Excellent description of the lowest

excited 1+ states
- exact description of low-lying
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S. Bofos, J. Martinez-Larraz et
al., in preparation
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B(M1) strength functions In e-e nuclei

3. Benchmarking PGCM against shell model with TAURUS

Exploring cranking, pn-pairing (isoscalar and isovector) {|(I> ( jx, 5;;7 O, 5gn:1)>}
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Shape coexistence in 66Se

3. Benchmarking PGCM against shell model with TAURUS

Shape coexistence in ¢6Se:

4r | We can interpret the exact SM results in
| terms of collective coordinates
S 3F ; (deformations)
Q i i 43
= A+ K3 * 541——-{-- JUN45 interaction
> 2Pt e )
o) | go2
5 25 | 2
€ 1l v L/, PYSN AN B 03 1p172
© Ofs2
O _OIL EOIL 1p3/2
(a) SCCM-JUN45 (b) SM-JUN45

Z. Elekes et al., PLB 844, 138072 (2023)
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3. Benchmarking PGCM against shell model with TAURUS

Shape coexistence in ¢6Se:

4r | We can interpret the exact SM results in
| terms of collective coordinates
S 3¢F | (deformations)
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4. Summary and Outlook
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Summary and Outlook

4. Summary and Outlook

SUMMARY

* PGCM / ISM are complementary methods to provide a reliable description of nuclear
structure observables.

* PGCM is a very flexible method to approach exact solutions.

* |SM states can be studied in terms of intrinsic shapes in the valence space.

OUTLOOK
» Extend the calculations to many-shell (no-core) PGCM with realistic interactions.
* Interpret ISM states in terms of collective variables (shapes)

* Include explicitly quasiparticle excitations into the PGCM wave functions (single-particle
excitations).
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