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Tackling the nuclear many body problem
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Interaction coming from (non-perturbative) QCD ! 

Quantum many body interacting problem !

Huge phenomenology ! 
Many emerging properties : deformation, 
radioactivity, halo, neutron skin, superfluidity, 
clustering, excitations, ...

Many (strongly) interacting 
particles but not enough for 
statistical approximation
TOOOOO hard to be solved 
exactly
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The different 
methods to deal 
with nuclear 
system 
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Nuclear landscape

Z
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Nuclear landscape

Z

N
Light nuclei

The different 
methods to deal 
with nuclear 
system 

● Ab Initio Starts from NN, 
NNN, ... interaction

Huge size of Hilbert 
space !
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Nuclear landscape

Z

N

Light to mid 
nuclei

The different 
methods to deal 
with nuclear 
system 

● Ab Initio

● Configuration interaction

Ansatz for the wave-
function
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Nuclear landscape

Z

N

Light to 
super-heavy

The different 
methods to deal 
with nuclear 
system 

● Ab Initio

● Configuration interaction

● Energy density functional

A single phenomenological 
Lagrangian as starting 
point
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Building an interaction : what is the idea ?
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Relevant degrees of freedom ?
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~1 GeV ~10 MeV

“See quarks” “See nucleons”

Effective field theory

Planck LHC

Nuclei

Atom

Cell

Human

Planet

Galaxy

Universe

Allows a scale by scale study in Science !

Zooming out (decreasing energy, increasing 
scale) leads to different theories !

Scale separation is the key ingredient
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Many body interacting problem

Strongly interacting many body
system

Mapping One-body problem involving independent 
quasi-particles
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Idea :

Such that

One body term

Find the “best”

As much physics 
as possible

Justify perturbative 
approach

VERY HARD Mean-field
Fermi liquid
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Hartree-Fock  theory
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For (quasi-) 
degenerate state

We are missing an essential ingredient in          !

Change to change the physical content

Degenerate

with a certain 

We know that the Hamiltonian H possesses 
some symmetries

Particle number conservation

Invariance under rotation

Let us choose the same 
symmetries for H0

Symmetries Problem

Perturbation theory

Improvement by 
going at higher order
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How to raise degeneracies ?
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The isotropic (symmetric) 
harmonic oscillator

1

The anisotropic (asymmetric) 
harmonic oscillator

...

3

6

10

...

Breaking symmetries seems to raise degeneracies !!CAT 2021 Florian Mercier



Hartree-Fock-Bogoliubov  theory
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with a certain 

We know that the Hamiltonian H possesses 
some symmetries

Particle number conservation

Invariance under rotation

Let us choose the same 
symmetries for H0

Symmetries Problem Solution

Assume

Particle number 
not conserved 
anymore !

Particles can create pairs which 
behave as single degree of freedom

Non 
degenerate 
anymore !

Δ
Δ

Δ

As for spin pairing, it leads to a splitting of the 
energy and a new minimum energy configuration !
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Impact of symmetry breaking : no breaking
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Z

N

Only the closed shell 
(doubly magic) nuclei 
and few others can be 
described

40Ca

16O

Spherical without pairing
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Impact of symmetry breaking : U(1) breaking
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Z

N

Line along closed shell and 
few others can be described

Spherical with pairing
What are we 

missing then ?

Let us break other 
symmetries !

Nuclei can now be 
deformed
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Impact of symmetry breaking : U(1) and SO(3)
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Z

N

The entire nuclear chart 
can be described !
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Deformations and Potential Energy Surface
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It will give  

?
?

0.0

1.0

2.0

3.0

Example of what could be a PES

GS

Impose the deformation in 
quadrupolar/octupolar
shapes and compute 

• Can shapes evolve from GS 

to α emission ?

• Is it possible to compute the  

associated probability ?

Quadrupolar β2 Octupolar β3
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Alpha decay chain
F. Mercier and al., Phys. Rev. C 102, 011301(R) (2020)
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Other results for heavier nuclei
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212𝑃𝑜 → 208𝑃𝑏 + 𝛼

224𝑅𝑎 → 220𝑅𝑛 + 𝛼
224𝑅𝑎 → 210𝑃𝑏 +14 𝐶

224𝑅𝑎 → 216𝑃𝑜 + 2𝛼

𝜏𝑡ℎ ≈ 1014𝑠
𝜏𝑒𝑥𝑝 =? ?

𝜏𝑡ℎ ≈ 3 × 1017𝑠
𝜏𝑒𝑥𝑝 ≈ 7 × 1015𝑠

𝜏𝑡ℎ ≈ 6 × 10−7𝑠

𝜏𝑒𝑥𝑝 ≈ 3 × 10−7𝑠
𝜏𝑡ℎ ≈ 8 × 105𝑠
𝜏𝑒𝑥𝑝 ≈ 3 × 105𝑠

F. Mercier and al., under review
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