
The latest Brussels models

W. Ryssens, G. Scamps, M. Bender, & S. Goriely

16th of December 2021

W. Ryssens (ULB) 16th of December 2021 1 / 34



Table of contents

1 Introduction
Energy density functionals
Symmetry breaking
The Models
Tools

2 Results
Masses and mass differences
Radii
Deformations
Observables related to time-reversal breaking
Fission barriers

3 Conclusions and outlook

W. Ryssens (ULB) 16th of December 2021 2 / 34



Table of contents

1 Introduction
Energy density functionals
Symmetry breaking
The Models
Tools

2 Results
Masses and mass differences
Radii
Deformations
Observables related to time-reversal breaking
Fission barriers

3 Conclusions and outlook

W. Ryssens (ULB) 16th of December 2021 3 / 34



Nuclear data for astrophysics

M. Arnould & S. Goriely, Prog. Part. Nuc. Phys. 112, 103766 (2020).

W. Ryssens (ULB) 16th of December 2021 4 / 34



Energy density functionals (EDFs)

E ∼
∫
d3r

[
Cρ ρ(~r)ρ(~r) + Cτ ρ(~r) τ(~r) + . . . . . .

]
- Pheno. form and fit of C’s

- Simple |Ψ〉 = |0〉HFB

+ microscopic method

+ feasible for 1000s of nuclei

“Structure” models
• Study observables locally

• Fitted on . 10 nuclei

• Typically ∼ 15 parameters

• Advanced calculations

→ σrms(M) ∼ 2-10 MeV

“Astro” models
• Study global masses

! Fitted on 2408 masses

• More parameters (22/25)

• MF + pheno. calculations

→ σrms(M) ∼ 0.6 MeV

We are bringing the “structure” to the ”astro” scale!
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Symmetry breaking; nuclear shapes
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Symmetry breaking; time-reversal

E =

∫
Cρρρ(r)ρ(r) + . . .+

∫
Csss(r) · s(r) + . . .+

∫
Cjjj(r) · j(r) + . . .

Assumption of > 95% EDF calculations

Ť |HFB〉 = eiφ|HFB〉
→ massively simplifies calculations
→ implies 〈J〉 = 0

What is impacted by time-odd terms?

7 Even-even g.s.

X Odd-N and/or Z g.s.

X Even-even excited states

X Dynamics (QRPA, TDHF(B), . . . )

X . . .
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The models

BSkG = Brussels Skyrme on a Grid
= GSk from last year

All fitted on 2408 masses!

BSk31 (Old)

• 33 parameters

• 2D HO-basis

• Axial shapes

• 〈Ĵ〉 = 0

• Published

BSkG1 (New-ish)

• 22 parameters

• 3D ~r-space

• Triaxial shapes

• 〈Ĵ〉 = 0

• In press

BSkG2 (New!)

• 25 parameters

• 3D ~r-space

• Triaxial shapes

• 〈Ĵ〉 6= 0

• Preliminary

• Vibrational corr.
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Tools

How do we fit > 20 parameters on 2408 masses efficiently?

MOCCa

• 3D ~r-space solver

• Robust and quick

• Symmetry options

Machine learning

• 100s of Neural Networks

• Simulate MOCCa calculations

• Explore param space of Cρρ,. . .

MOCCa since 2020: new algorithms (almost) guarantee convergence for odd nuclei
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Clarification

All results shown were obtained with a full MOCCa calculation.

None of the results shown have been extra/interpolated with machine learning.
Machine learning is only used to perform the interaction fitting.
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Masses
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Time-odd contributions
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Mass differences
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Charge radii
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Deformations
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Triaxiality: where?

Energy gain due to triaxiality
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Triaxiality: comparison to experiment
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Data extracted by M. Zielińska
M. Rocchini et al., PRC 103, 014311 (2021).

M. Sugawara et al., EPJA, 16, 409 (2003).
A. D. Ayangeakaa et al., PLB 754, 254 (2016).
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L. E. Svensson et al., NPA 584, 547 (1995).
L. Morrison et al., PRC 102, 054304 (2020).

C. Y. Wu et al., NPA 607, 178 (1996).

Heavy-ion collissions at LHC
probe triaxiality of 129Xe!
B. Bally et al., arXiv 2108.09578[nucl-th] .
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Magnetic moments
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Superdeformed rotational band in 194Hg
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Triaxiality: fission
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BSkG2: improved fission barriers above Z > 90
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Vibrational corr. offers 3 parameters

• G.s. mostly unaffected

• Refit on 12 e-e Z > 90 barriers

• validated on 41 RIPL-3 barriers

(MeV) BSkG1 BSkG2
σ(M) 0.741 0.668
σ(EI) 0.853 0.447
σ(EII) 0.792 0.450
σ(Eiso) 0.620 0.465

HFB-14 FR(L)DM
σ(M) 0.729 0.560
σ(EI) 0.591 0.763
σ(EII) 0.717 n.a.
σ(Eiso) 0.730 n.a.

HFB-14 from S. Goriely et al., PRC 75, 064312 (2007).
FRLDM from P. Möller et al., PRC 79, 064304 (2009).
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Conclusions & Outlook

We are bringing nuclear-state-of-the-art to large-scale modelling.

Conclusion

• BSkG1: first global model with triaxial deformation

→ competitive on σ(M),σ(Rc)
→ excellent reproduction of COULEX data on triaxial deformation

• BSkG2: first global model with time-odd terms

→ competitive on σ(M),σ(Rc)
→ among the best for actinide fission barriers
→ Analysis ongoing: new observables, new coupling ctes, . . .

Outlook

• Groundstate octupole collectivity

• Complete the fission model (G. Scamps, J.-F. Lemâıtre)

→ thousands of nuclei (ML!), fission yields and half-lifes

• Move into extended Skyrme forms (L. Batail, G. Grams and IP2I Lyon)

→ t4/t5 terms for stiffer EOS (with )
→ N2LO for deformed shell gaps

W. Ryssens (ULB) 16th of December 2021 23 / 34



Conclusions & Outlook

We are bringing nuclear-state-of-the-art to large-scale modelling.

Conclusion

• BSkG1: first global model with triaxial deformation

→ competitive on σ(M),σ(Rc)
→ excellent reproduction of COULEX data on triaxial deformation

• BSkG2: first global model with time-odd terms

→ competitive on σ(M),σ(Rc)
→ among the best for actinide fission barriers
→ Analysis ongoing: new observables, new coupling ctes, . . .

Outlook

• Groundstate octupole collectivity

• Complete the fission model (G. Scamps, J.-F. Lemâıtre)
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Thanks!

Thanks for. . .

. . . the help:
BSkG1/2

• S. Goriely ULB, BE

• G. Scamps INT, US

• J.-F. Lemâıtre CEA, FR

MOCCa

• P.-H. Heenen ULB, BE

• M. Bender IP2I, FR

• B. Bally UAM, ES

. . . the CPU time:

• CÉCI network, Belgium

• The Zenobe cluster

. . . the support:

. . . your attention!
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A taste of things to come
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Bonus!
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More In isotopes
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Example of the collective correction: 240Pu
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Neutron matter
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Symmetric matter
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