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1. Introduction

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

mmm Edition

- The nuclear interaction is problematic

- The quantum A-body system is problematic

We rely on models!

personal note: even in the ab initio world
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Introduction

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

Most widely used solutions to attack these problems:

e 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)
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Introduction

@ Effective nucleon-nucleon tnteraction:
Gogny force (P1S/D1M)
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2.1. Axial deformation (quadrupole+octupole)
2.2. Triaxial deformation

2.3. Cranking

ISOL-France Workshop IV | March 2022 | Nuclear structure observables calculated with Gogny energy density functionals | Tomas R. Rodriguez



™ »
Outline UM

de Madrid

2. PGCM with Gogny EDF

2.1. Axial deformation (quadrupole+octupole)
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PGCM with axial quadrupole+octupole

o InLELAL Ltrinsle states: PN-VAP
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o Intermediate Parity, Particle Number and Angular Momentum Projected states
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HFB energy surface

2. Gogny EDFs 2.1. Axial

Example: 44Ba axial calculations

R. Bernard, L. M. Robledo, T. R. R., PRC (2016)
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HFB energy surface

2. Gogny EDFs 2.1. Axial

Example: 44Ba axial calculations

R. Bernard, L. M. Robledo, T. R. R., PRC (2016)
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P+PN+AM projected energy surfaces

2. Gogny EDFs 2.1. Axial

Example: 44Ba axial calculations

Particle number, angular momentum and parity projected PES
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R. Bernard, L. M. Robledo, T. R. R., PRC (2016)
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2. Gogny EDFs 2.1. Axial

Example: 44Ba axial calculations

(a) Theory , (b) Experiment
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R. Bernard, L. M. Robledo, T. R. R., PRC (2016)

ISOL-France Workshop IV | March 2022 | Nuclear structure observables calculated with Gogny energy density functionals | Tomas R. Rodriguez



UAM

PGCM with axial quadrupolet+octupole [

2. Gogny EDFs 2.1. Axial

Results: Transition probabilities.

1468 g
144 Ba TABLE 1. The experimental |<I”||M 2II7)| matrix elements
(e - b*'?) based on the GosIA fit along with new symmetry-
s ~ conserving configuration-mixing calculations (see text and
Ref. [23] for details).
J] — J; EX GCM B2 GCM B3] GCM B2 — 85  Exp
I7 - 17 EA Experimental SCCM
0t — 27 E2 1.148  1.121 1.023 1.042137 e = o A
2t 54t B2 1865  1.803 1.845  1.8607% - 0.000223( ¢ ) * |
4" 6T E2 2371  2.287 2.360 1.78%15 17— 3" E2 1.2(5) 1.6
n n 135 0+ - 2F E2 1.17(2) * 1.14
67 — 8" E2 2800 @ 2.696 2.793 2.04753 ot g P L97(14) 190
0f -1~ E1 0.007 0.006 0.008 4T > 6t E2 5 35(+20) 2.43
17— 27 E1  0.005 0.009 0.006 g . s 200
0t =3~ E3 0450  0.477 0.460 0.65717 212( ) '
1~ =47 E3 0.599  0.635 0.695 G+ -3 E3 0. 65(+14) 0.54
27 -5~ E3 0.708  0.745 0.810 <1.2 A 73 101<+61) 07
3= =67 E3 0.804  0.865 0.810
+ 57
4t =77 E3 0.887  0.945 1.031 < 1.6 4= E3 12s(72) L1
_/ 6+ — 9~ E3 +8
TABLE I. Absolute values of the transition mafrix elements 1-5(_12>

™ o . /2 .. .
‘<Jz HE)\HJf H (1n eb ) for several transitions of interest. *Primarily determined by previous lifetime and/or branching ratio
The experimental values are taken from [29]. data [10].

R. Bernard, L. M. Robledo, T. R. R., PRC 93, 054316 (2016) B. Bucher et al., PRL 118, 152504 (2017).
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2. Gogny EDFs 2.1. Axial
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Collective wave functions

2. Gogny EDFs 2.1. Axial

Collective wave functions 14284
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Collective wave functions

2. Gogny EDFs 2.1. Axial
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Collective wave functions

2. Gogny EDFs 2.1. Axial

Collective wave functions 14684
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Collective wave functions

2. Gogny EDFs 2.1. Axial

Collective wave functions 14884
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Collective wave functions

2. Gogny EDFs 2.1. Axial

Collective wave functions 150B g
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PGCM with axial quadrupole+octupole

2. Gogny EDFs 2.1. Axial
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2. PGCM with Gogny EDF

2.2. Triaxial deformation
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PGCM with triaxial quadrupole o

o lnltLal Lntrinsie states: PN-VAP M. Anguiano, J. L. Egido, and L. M. Robledo, Nucl. Phys. A 696, 467 (2001).

(D|Hy, PNPZ1D) N 4 . )
<q>|prZ|q)> T €pD (q)) » >\q20<<1>|Q20|<I>> — )\%2((1)\@22@}

EN2[®] =

e Intermediate Particle Number and Angular Momentum Projected states

IME;NZ; ) = 2 [ Dl (@ RE)PY BZ|8(5, 7))o

o FLnal qCM states IM;NZo) = Z INZ"|IMK NZ; 3y)
KBy

I;NZ I;NZ;o \rI;NZ I;NZ;o
> (Miaykrgry = BN N g gy ) gy =0
K//B/,y/

I;NZ . . . .
NENZ o, = (IMK;NZ; By IMK';NZ; 5

Hiin gy = (IMK;NZ; By Hap IMK'; NZ; B) + epgs 2 [8(8,7), @' (8,7)]

ISOL-France Workshop IV | March 2022 | Nuclear structure observables calculated with Gogny energy density functionals | Tomas R. Rodriguez


http://dx.doi.org/10.1016/S0375-9474(01)01219-2

PN-VAP energy surfaces

2. Gogny EDFs 2.2. Triaxial

Example: Multiple shape coexistence in 80/Zr

(®|Hop PN PZ|®)
(9| PN PZ|D)

SENZ[®(8,7)]] =0 BV D (B) = Agay (B Q20]®) — Mgy, (2]Q22])
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PN-VAP energy surfaces

2. Gogny EDFs 2.2. Triaxial
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PN-VAP energy surfaces
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2. Gogny EDFs

2.2. Triaxial

Example: Multiple shape coexistence in 80/Zr

N, Z [F . N.,Z o <<I)|ﬂ2bPNPZ\‘I’> N.Z
5E [(I)(ﬁ, "}/)] ) — O E [(I)] - <(I)]1f’N1f’Z’(I)> DD
d=>P
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S
2
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((I)) - )\QQO <(I)‘Q20’(I)> - >‘QQ2 <(I)|Q22‘(I)>

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 goo,
P1/2, fs12 and dsj2 orbits.

T.R.R., J. L. Egido, Phys. Lett. B 705, 255 (2011)
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PN-AM- projected energy surfaces

2. Gogny EDFs 2.2. Triaxial

Example: Multiple shape coexistence in 80/Zr

21 + 1 , AN NZ.
IMK;NZ; By) = = / DL (R PYPZ|@(,))d  [IM;NZ;By) =) g IMK;NZ: 3v)
K
MeV
01 2 3 45 6 7 8 9 10 Q860

* Five minima are closer in energy whenever the
rotational invariance is restored.

* 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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PN-AM- projected energy surfaces

2. Gogny EDFs 2.2. Triaxial

Example: Multiple shape coexistence in 80/Zr

Relevance of angular momentum projection

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

2. Gogny EDFs 2.2. Triaxial

Multiple shape coexistence in 80Zr \
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Configuration mixing within the framework of the 0.1

Generator Coordinate Method (GCM). K and
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- Two triaxial rotational bands.
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Spectrum

2. Gogny EDFs 2.2. Triaxial

Multiple shape coexistence in 80Zr
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2. Gogny EDFs 2.2. Triaxial

» Shape evolution in cadmium isotopes

= Slightly prolate deformed
minima are found along the
whole isotopic chain.

= Deformation is larger (and
almost constant) in the mid-shell
and smaller when approaching
to the magic neutron numbers
(N =50, 82).

= A depression at 32~0.35, y~20
is found in 110-118Cd.,

M. Siciliano et al., Physical Review C 104, 034320 (2021)
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2. Gogny EDFs 2.2. Triaxial

» Shape evolution in cadmium isotopes +

= Slightly prolate deformed
ground state collective wave
functions are found after
performing PGCM.

0 0.2 0.4B 0.6 0.2 0.4B 0.6 O 0.2 O.4B 06 0 02 O.4B 0.6

% = Deformation is larger (and
0/ | | almost constant) in the mid-shell
0 02 04306 0 02 04306 0 02 04306 0 02 04506 and smallelr when approaching
%6 g0 %6 g0 %6 g0 %6 g0 to the magic neutron numbers

(N = 50, 82).

0O 02 04p 06 O 02 04np 06 O 02 04n 06 02 04n 0.6
B B & B

0 02 0.4520.6 0 0.2 0.4520.6 0 0.2 0.4820.6 0 0.2 0.4620.6

M. Siciliano et al., Physical Review C 104, 034320 (2021)
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2. Gogny EDFs 2.2. Triaxial

» Shape evolution in cadmium isotopes +

= Slightly prolate deformed 24*
collective wave functions are
found after performing PGCM.

0.2 0.4B 06 0 02 | 0.4B 06 0 02 O.4B 06 0 02 O.4B 0.6

= Similar to the 01* collective
wave functions except for 114Cd.

O 02 04p 06 O 02 04p 06 0 0.2 0.4 06 0 02 04np 0.6
B B & B

O 02 04n06 O 02 04p06 0 02 04p 06 0 02 04np 06
B B & B

0 02 0.4520.6 0 0.2 0.4520.6 0 0.2 0.4820.6 0 0.2 0.4620.6

M. Siciliano et al., Physical Review C 104, 034320 (2021)
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2. Gogny EDFs 2.2. Triaxial

» Shape evolution in cadmium isotopes +

» Shape evolution in
cadmium isotopes

, = Slightly prolate deformed 41+
0 02 04306 0 02 04306 0 02 04306 0 02 04p06 collective wave functions are
found after performing PGCM

40) Y except for 112-116Cd.
30(deg) 30(deg)
05 0>
10
0 o o o o
0 0.2 O.4B 0.6 0 0.2 0.4B 0.6

O 02 04n06 O 02 04p06 0 02 04p 06 0 02 04np 06
B B & B

0 02 0.4520.6 0 0.2 0.4520.6 0 0.2 0.4820.6 0 0.2 0.4620.6

M. Siciliano et al., Physical Review C 104, 034320 (2021)
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PGCM with triaxial quadrupole

2. Gogny EDFs

UAM
Universidad Autonoma
de Madrid

2.2. Triaxial
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» Shape evolution in cadmium isotopes

= Qualitative good agreement between theory and experiment
for excitation energies and transition probabilities in the
whole isotopic chain.

= 2+ 4+excitation energies are stretched (lack of cranking
components) although some 2+ energies are on top of the
experimental data, meaning that the deformation could be
overestimated.

= B(E2) are systematically larger than the experimental data
(deformation overestimated).

= 126-128Cd lowering of the 2*is well-reproduced contrary to
most of the shell model calculations that predict a parabolic
trend.

= Poor reproduction of excitation energies at the magic

numbers (problems to describe pure spherical single-particle
excitations)

M. Siciliano et al., Physical Review C 104, 034320 (2021)
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PGCM with triaxial quadrupole s

2. Gogny EDFs 2.2. Triaxial
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P. Garrett et al., Physical Review Letters 123, 142502 (2019)
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Spherical HF occupation numbers

2. Gogny EDFs 2.2. Triaxial

—_
o

The spherical HFB wave function defines the
spherical (“shell model like”) orbits.

Energy (MeV)

A

_ T ,
No = Zanalajamja a'nalozjamja
Mo

We can compute the number of particles occupying
these spherical orbits in the full PGCM state

Esp. (MeV)

nlN4o — ([ NZ:o|no|l; NZ; o)

Esp. (MeV)
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Spherical HF occupation numbers s

2. Gogny EDFs 2.2. Triaxial
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PGCM with triaxial quadrupole

2. Gogny EDFs 2.2, Triaxial
» Even-even palladium isotopes 9-118P(d
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A. Ortiz-Cortes et al., in preparation
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Outline

2. PGCM with Gogny EDF

2.3. Cranking
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PGCM with triaxial quadrupole+cranking

2. Gogny EDFs 2.3. Cranking

o InLtLAL Ltrinsie states: PN-VAP
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o Intermediate Particle Number and Angular Momentum Projected states
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PGCM with triaxial quadrupole+cranking

2. Gogny EDFs 2.3. Cranking

Example: #4S isotope

= | arge transition probability from 2+ — 0* suggests the erosion of N=28 shell closure
(T. Glasmacher et al., Phys. Lett. B 395, 163 (1997)).

= | ow-lying 02+ state suggests shape coexistence in this nucleus
(S. Grévy et al., Eur. Phys. J. A25, 111 (2005), C. Force et al., Phys. Rev. Lett. 105, 102501 (2010)).

= \ery low 44* — 24* transition suggests a K=4 isomeric state in the low-lying spectrum
(D. Santiago-Gonzalez et al., Phys. Rev. C 83, 061305 (2011)).

= Shell Model calculations suggest that 41*is an isomeric state with K=4 dominance
(Y. Utsuno et al., Phys. Rev. Lett. 114, 032501 (2015)).

= |[someric character of the 41*is confirmed experimentally
(J.J. Parker IV et al., Phys. Rev. Lett. 118, 052501 (2017)).
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PN-VAP and PN-AM- projected energies

2. Gogny EDFs 2.3. Cranking

* For =0.00, we find the symmetry in
30 the three sextants.

* For =0.75, a neutron aligned two-
quasiparticle is obtained near =90°
(f7/2-p32 nature, Kx=4).

* Both collective and single-particle
degrees of freedom can be included
within this framework.

w=0.75, =2 | 0=0.75, =4 |

J.L. Egido, M. Borrajo, T.R.R., PRL 116, 052502 (2016)
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PGCM with triaxial quadrupole+cranking JEass

2. Gogny EDFs 2.3. Cranking
Spectrum
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J.L. Egido, M. Borrajo, T.R.R., PRL 116, 052502 (2016)
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2. Gogny EDFs 2.3. Cranking

Spectrum

I First Excited Band

_ Ground Band

E(MeV)
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FIG. 4: (Color online) Comparison of several theories: Tri-
angles, red lines, Tokyo group [22]|; diamonds, green lines,
Madrid-Strasbourg collaboration [31]; boxes, blue lines, this
work; circles, magenta lines, our former work without angular
frequency dependence [20].

* Very good agreement
(both quantitative and
qualitative) with state-of-
the-art shell model
calculations when
cranking is taken into
account.

* Quantitative agreement
if only static shapes are
considered.

J.L. Egido, M. Borrajo, T.R.R., PRL 116, 052502 (2016)
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PGCM with triaxial quadrupole+cranking

2. Gogny EDFs

2.3. Cranking

Compression of the spectrum |I: Magnesium isotopes
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M. Borrajo, TR.R, J.L. Egido, PLB 746, 341 (2015)
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PGCM with triaxial quadrupole+cranking JEass
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2. Gogny EDFs 2.3. Cranking

Compression of the spectrum Il: Calcium isotopes
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3. Summary and Outlook
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Summary and Outlook

3. Summary and Outlook

e PGCM methods provide a reliable description of nuclear structure
observables and they provide the perfect tools to study shape transitions/
mixing/coexistence in nuclei.

e |t is a very flexible method to approach exact solutions.

e Breaking of:

e parity allows for a good description of negative parity states.

e axial symmetry is needed to study properly shape evolution/shape
coexistence in many isotopic chains.

 time-reversal symmetry (cranking states) allows for a quantitative
agreement with the experimental energy spectra.
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Summary and Outlook

3. Summary and Outlook

e Quasiparticle states:

Odd-nuclei (Bally, Bender, Heenen, Borrajo, Egido).
Single-particle excitations.

* pn pairing.
e Angular momentum projection and mixing of quasiparticle excitations.

e Generic interactions beyond Gogny (more ab initio based interactions).

\YEIE

Sktodowska-Curie
Actions

TAURUS (1D:839847)

* B. Bally, A. Sanchez, T. R. R., EPJA 57, 69 (2021)
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