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Image credit: S. Goriely, ULB



The challenge for nuclear theory: extrapolation!

Image credit: S. Goriely, ULB

Extrapolations in 
- nucleon number
- energy
- temperature
- density
- ……

and all of that for 
- ~6k nuclei
- many channels

what we need is theory
with predictive power!
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Large-scale, microscopic structure models 

MassesStructure details
- deformations
- level schemes
- optical potential

Nuclear EOS

NucleosynthesisReaction theory
- reaction rates
- reaction products

Neutron star structure

Low-energy experiments

Heavy ion 
collisions

Reaction 
experiments

Observation

Hydrodynamic simulations



S. Goriely,  EPJA  59, 16 (2023). 

Models can make all the difference…

Masses Level densities

Optical potential γ strength function



II. EDFs, deformation and the 
BSkG models
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Skyrme Energy Density Functionals (EDFs)

Local densities and currents of a wavefunction

Coupling constants (~ 25 parameters) fitted to dataEnergy 

● starts from effective interaction

● wave function with individual nucleons

● many observables accessible

● Feasible for 1000s of nuclei

1. Selection and weighting of fitting data

2. Functional form of the EDF

3. Complexity of the wave function 

Strong points How does experimental data enter this?



Nuclear deformation
● the many-body problem is complex
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⋍ mean-field states
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● Symmetry breaking
○ enlarges variational space
○ grasps sizeable part of correlations
○ still “in-class” wavefunctions
○ loses connection to quantum numbers

Symmetry broken leads to:

Rotational symmetry Multipole moments

Time-reversal Angular momentum

Particle number Pairing
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Nuclear deformation
● the many-body problem is complex
● look for solutions in a given variational space

⋍ independent-particle states
⋍ Hartree-Fock states
⋍ Hartree-Fock-Bogoliubov states
⋍ mean-field states
⋍ …..

Symmetry broken leads to:

Rotational symmetry Multipole moments

Time-reversal Angular momentum

Particle number Pairing

● Symmetry breaking
✅ enlarges variational space
✅ grasps sizeable part of correlations
✅ still “in-class” wavefunctions
❌ loses connection to quantum numbers
→ symmetry-restoration, but expensive!

All of these have experimental signatures!



Nuclear deformation

● Gaussians as trial wavefunctions
● Symmetric trial state does badly
● Symmetry-broken solution works!
● …. but misses quantum numbers
● symmetry restoration solves this issue

A toy problem
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We focus on the masses, 
                  but not at the cost of everything else!
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Brussels-Skyrme-on-a-Grid: tools

W. R. PhD Thesis, ULB (2016).

● shape-agnostic

● numerical accuracy

MOCCa3D coordinate space

● efficient and robust

● symmetry choices à volonté

G. Scamps et al., EPJA 57, 333 (2021).ML

● emulate MOCCa

● parameter space exploration

● No actual predictions!



The BSkG models: the raw numbers
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Interlude: why do we do these complex things?
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✅ competitive in rms
✅ multiple observables

Mic-mac approaches? Machine learning? Ab Initio? 

G. Grams, W.R. et al., in preparation

✅ absolute champion in rms
✅ ridiculously easy

❌ comparatively unstable
❌ no link mic. <-> mac.

❌ thousands (?) of parameters
❌ single observable

✅ error quantification
✅ “truly” microscopic
✅ multiple observables
❌ infeasible at scale (for now)
❌ not competitive on rms (for now)



IV. Observables



Observables: masses

G. Scamps et al.,  EPJA  57, 333 (2021). 

● most nuclei remain axial

● several regions of triaxiality

● large effects from 0.5-2 MeV.

Triaxial deformation

● reduces binding energy

● but small contribution…

● … and grows smaller with system size

Time-reversal symmetry breaking W.R. et al., EPJA 58, 246 (2022).

Z ~ 40-44
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Observables: deformations

● deduced from B(E2) transitions

● good global reproduction

● particularly for heavy nuclei

● ALL available COULEX data

● very good agreement 
(within model limitations)

Global systematics Triaxial deformation?S. Raman, At. Data 78(1), 1-128 (2001). Thanks to M. Zielinska!
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Observables: charge densities/radii

✅ rms (charge radii) ~ 0.027 fm

✅ complete charge densities

✅ dramatic evolution with particle number
….. linked to deformation!

Systematics and details of charge densities
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Observables: charge densities/radii

● radii are sensitive to ALL deformation

● not just β20 , but also β22 !

● …. and also β30! 

● predicted end of octupole region

● New experiment ongoing….

Pd radii Ac radii E. Verstraelen et al., PRC 100, 044321 (2019).S. Geldhof, PRL 128, 152501 (2022).



Observables: charge densities/radii

Staggering: 
● rapid shape change 
● multiple, competing minima

Kink at N=126

● no obvious interpretation
● also exists at N=20,50,82!
● my bet: single-particle structure

 Hg isotopes are hard! S. Sels et al., Phys. Rev. C 99 (2019).
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Observables: densities

● shape of the quark-gluon plasma
depends on nuclear density

● deformation imprints on the particles 
detected!

Heavy ion collisions W. R. et al., arXiv:2302.13617 (2023).Exciting times!

● a priori sensitive to ALL aspects
○ exotic multipole moments
○ matter (!) radii

● Au+Au collisions and U+U collisions can 
only be described by including β40

https://arxiv.org/abs/2302.13617
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● currents and spins contribute to MOI

✅ medium-heavy nuclei

❌ actinides

Rotational response of nuclei



Observables: rotational properties

● currents and spins contribute to MOI

✅ medium-heavy nuclei

❌ actinides

● top of the peak = “alignment”
● curve sensitive to currents and spins!

Rotational response of nuclei  MOI evolve along rotational bands



Observables: magnetic moments
Indium isotopes

A. R. Vernon et al., Nature 607, 260 (2022). 
J. Eberz et al., NPA 464, 9 (1987).



Observables: g.s. spins and parities

● g.s. spin and parities require symmetry 
restoration

● something “quick-n-dirty”
● Jπ  enters reaction rate calculations ….

Correct spin-parity? odd-Z odd-N odd-odd

Spherical 82% 68% 33%

Transitional 70% 63% 13%

Axial deformation 25% 40% 19%

Triaxial deformation 28% 27% 15%

● all other EDF approaches
● mic-mac approaches
● See:

Perhaps the most basic observable…. …… but this is “as good” as other models 

L. Bonneau et al., PRC 76, 024320 (2007)
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Conclusion 
We build large-scale, microscopic models of nuclear structure for applications.

Microscopic = with simple wave functions yet complex symmetry breaking.
Large-scale = predictions for thousands of nuclei and many observables.

BSkG2: W. Ryssens et al. EPJA 58, 246 (2022).  
BSkG1: G. Scamps et al., EPJA 57, 333 (2021). 

BSkG1 and BSkG2 are the latest models
● full three-dimensional representation of nuclei
● includes triaxial deformation! 
● and time-reversal symmetry breaking => new observables!
● data available to all!

 



Available: 
1. BSkG2, fission: W. Ryssens et al.,  arXiv:2302.03097 [nucl-th]. 
2. BSkG2, g.s. properties: W. Ryssens et al. EPJA 58, 246 (2022).  
3. BSkG1, g.s. properties: G. Scamps et al., EPJA 57, 333 (2021). 

Coming soon(-ish) on http://www.astro.ulb.ac.be/bruslib/



Conclusion 
We build large-scale, microscopic models of nuclear structure for applications.

Microscopic = with simple wave functions yet complex symmetry breaking.
Large-scale = predictions for thousands of nuclei and many observables.

In our project, I hope you want to help with:

1. providing data for our parameter fits

2. telling us where wave functions need refining

3. helping us refine the form of the EDF

BSkG2: W. Ryssens et al. EPJA 58, 246 (2022).  
BSkG1: G. Scamps et al., EPJA 57, 333 (2021). 

BSkG1 and BSkG2 are the latest state-of-the art models entries
● full three-dimensional representation of nuclei
● includes triaxial deformation !
● time-reversal symmetry breaking => new observables!
● data available to all!

 



Problems: what we cannot do (yet)!

1. “Single-particle” properties are deficient
a. g.s. spins
b. details of charge radii 
c. magnetic moments 

2. The EDF form is phenomenological: 
a. no systematic improvement possible
b. no connection to the nucleon-nucleon interaction
c. no way to provide systematic errors

3. We have no predictions for thousands of nuclei:
a. β-decay rates
b. level-schemes + transition rates 
c. magnetic moments
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Outlook

E. Fonseca et al., ApJL 915, L12 (2021) 
R. W. Roman et al., ApJL 934, L17 (2022).

BSkG3

● compatible with the existence of 
heavy pulsars

● without deteriorating structure 
properties of BSkG1/2

Databases based on BSkG2:

● nuclear level densities
● fission properties 
● details of (charge) densities
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Observables: fission
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Observables: fission
R. Capote et al.,Nuclear Data Sheets 110, 3107 (2009). 
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● Large effect on inner barrier

● No effect on isomers

● Modest effect on outer barrier

Triaxial deformation for 240Pu

● Larger effects with growing N

● reminder: σ(fission) < 0.5 MeV

● what other regions does it affect?

Triaxial deformation for actinides




