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Introduction

Quantum dynamics of complex systems 
(nuclei, molecules, BEC, atomic clusters...)

Collectivity: from vibrations to collisions

Interplay with single-particle d.o.f. (Giant 
Resonance decay, Competition fusion/
transfer...)

Quantum many-body problem



Microscopic, up to which scale?
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Microscopic, up to which scale?

• nucleon-nucleon interaction

• approximations of the many-
body problem

Ingredients of the model:



terme cinétique et d’interaction à deux corps23

Ĥ = T̂ + V̂ (88)

T̂ =
N

∑

i=1

t̂(i) où t̂ =
p̂2

2m
(89)

V̂ =
1

2

N
∑

i!=j=1

v̂(i, j) (90)

Les valeurs moyennes de T̂ et V̂ sur l’état de particules indépendantes |Φ〉 s’écrivent, d’après
les équations (46) et (50)24

〈T̂ 〉Φ = Tr1{ ρ(1) t(1) }

=

∫

dξdξ′ ρ(ξξ′) t(ξ′ξ) (91)

〈V̂ 〉Φ =
1

2
Tr12{ ρ(1, 2) v(1, 2) }

=
1

2
Tr12{ ρ(1) ρ(2) (1− P12) v(1, 2) }

=
1

2
Tr12{ ρ(1) ρ(2) v̄(1, 2) }

=
1

2

∫

dξ1dξ2dξ3dξ4 ρ(ξ1ξ2) ρ(ξ3ξ4) v̄(ξ2ξ4ξ1ξ3) (92)

où on a défini les éléments de matrice de l’interaction antisymétrisés25 v̄(ξ1ξ2ξ3ξ4) = v(ξ1ξ2ξ3ξ4)−
v(ξ1ξ2ξ4ξ3). On a aussi utilisé la matrice densité à deux corps dans le cas particulier d’un état
de particules indépendantes ρ(2) ≡ ρ(1, 2) = ρ(1) ρ(2) (1−P12) (équation (62)) pour calculer la
valeur moyenne de V̂ (voir les chapitres 5.5 et 5.7).

Champ moyen

On a vu que la dérivée fonctionnelle de l’énergie donne le hamiltonien à une particule de
Hartree-Fock

h(ξ, ξ′) =
δE

δρ(ξ′ξ)
=

δ〈Ĥ〉Φ
δρ(ξ′ξ)

=
δ〈T̂ 〉Φ
δρ(ξ′ξ)

+
δ〈V̂ 〉Φ
δρ(ξ′ξ)

. (93)

En utilisant les valeurs moyennes de T̂ et de V̂ sur un état de particules indépendantes |Φ〉
(équations (91) et 92)), on obtient

δ〈T̂ 〉Φ
δρ(ξ′ξ)

= t(ξξ′) (94)

δ〈V̂ 〉Φ
δρ(ξ′ξ)

=
1

2

[
∫

dξ3dξ4 ρ(ξ3ξ4) v̄(ξξ4ξ
′ξ3) +

∫

dξ1dξ2 ρ(ξ1ξ2) v̄(ξ2ξξ1ξ
′)

]

=

∫

dξ1dξ2 ρ(ξ1ξ2) v̄(ξξ2ξ
′ξ1)

= U(ξξ′) (95)

23Pour simplifier, on néglige l’interaction à trois corps, même si celle-ci joue un rôle en physique nucléaire.
24On prendra garde au facteur 1/2 présent dans la définition (90) de V̂ et pas dans l’équation (48).
25On rappelle que v(ξ1ξ2ξ3ξ4) = 〈1 : ξ1, 2 : ξ2| v̂(1, 2) |1 : ξ3, 2 : ξ4〉.
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de particules indépendantes ρ(2) ≡ ρ(1, 2) = ρ(1) ρ(2) (1−P12) (équation (62)) pour calculer la
valeur moyenne de V̂ (voir les chapitres 5.5 et 5.7).

Champ moyen
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Hartree-Fock

h(ξ, ξ′) =
δE

δρ(ξ′ξ)
=

δ〈Ĥ〉Φ
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25On rappelle que v(ξ1ξ2ξ3ξ4) = 〈1 : ξ1, 2 : ξ2| v̂(1, 2) |1 : ξ3, 2 : ξ4〉.

38

terme cinétique et d’interaction à deux corps23
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où on a défini les éléments de matrice de l’interaction antisymétrisés25 v̄(ξ1ξ2ξ3ξ4) = v(ξ1ξ2ξ3ξ4)−
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Separation into a mean field U and a residual interaction

V̂ = Û + V̂res with Û = û(i)
i=1

N

∑
Mean-Field approximation: neglect Vres

Each nucleon is assumed to evolve independently in the MF generated by 
the other nucleons. The interactions are «averaged» into a MF. 
Justified by the mean free path of a nucleon in the nucleus of the order of the 
size of the nucleus, thanks to the Pauli principle:

All nucleon states with energy < EF are 
occupied

E2-dE<EF

E1<EF

E1+dE

E2<EF
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V̂ = Û + V̂res with Û = û(i)
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Hamiltonian

5

Separation into a mean field U and a residual interaction

V̂ = Û + V̂res with Û = û(i)
i=1

N

∑
Mean-Field approximation: neglect Vres

Each nucleon is assumed to evolve independently in the MF generated by 
the other nucleons. The interactions are «averaged» into a MF. 
Justified by the mean free path of a nucleon in the nucleus of the order of the 
size of the nucleus, thanks to the Pauli principle:

All nucleon states with energy < EF are 
occupied

E2-dE<EF

E1<EF

E1+dE

already occupied

E2<EF



Hartree-Fock
Mean-field determined from the interaction

Self-consistent mean-field

HF equation

û(i) =
N∑

j=1

〈ϕj|ˆ̄v(i, j)|ϕj〉

1

û(i) =
N∑

j=1

〈ϕj|ˆ̄v(i, j)|ϕj〉

û ≡ û[ϕ1, ϕ2, · · ·ϕN ] ≡ û[ρ]

1

û(i) =
N

∑

j=1

〈ϕj|ˆ̄v(i, j)|ϕj〉

û ≡ û[ϕ1, ϕ2, · · ·ϕN ] ≡ û[ρ]

(

p̂2

2m
+ û[ρ]

)

|ϕi〉 ≡ ĥ[ρ]|ϕi〉 = ei|ϕi〉 for i = 1, 2 · · ·N

1



Practical aspects of HF calculations

Imaginary time method

 for a ground state with no self-consistency (                    ):

€ 

ϕ init = Ci
i
∑ ϕ i

e−i ˆ h t → e−β ˆ h ϕ init = Ci
i
∑ e−βEi ϕ i β →∞

( → ( ( C0e
−βE0 ϕ0

€ 

ˆ h ≠ ˆ h [ρ]



HF calculations

Start with Nilsson or harmonic oscillator w.f.

Imaginary time method

 for a N lowest states of h[ρ]: iterative process (evolution with          )

(Graham-Schmidt orthonormalization)

€ 

Δβ

Practical aspects of HF calculations



1s1/2

1p3/2

1p1/2

1d5/2
2s1/2

1d3/2
HF calculations

Start with Nilsson w.f.

Imaginary time method

ev8, P. Bonche et al., Comp. Phys. Com. 171, 49 (2005)

16O

Practical aspects of HF calculations



HF calculations

Start with Nilsson w.f.

Imaginary time method

Occupied neutron w.f.

16O

ev8, P. Bonche et al., Comp. Phys. Com. 171, 49 (2005)

Practical aspects of HF calculations



16O

Ground-state density from HF calculations



Ground-state density from HF calculations



filling of 3s1/2 shell

Ground-state density from HF calculations



Excited states

single-particle excitations

Low-lying collective vibrations

Giant resonances



Interpretation of 130Sn 
(Z=50, N=80) spectrum
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Interpretation of 130Sn 
spectrum

2d3/2

3s1/2

1h11/2

neutrons
Ψ(2+ ) = aΨ(νh11/2 ⊕νh11/2 )

+bΨ(νd3/2 ⊕νd3/2 )
+cΨ(νd3/2 ⊕νs1/2 )

+...



Interpretation of 130Sn 
spectrum

2d3/2

3s1/2

1h11/2

neutrons
Ψ(2+ ) = aΨ(νh11/2 ⊕νh11/2 )

+bΨ(νd3/2 ⊕νd3/2 )
+cΨ(νd3/2 ⊕νs1/2 )

+... => low-lying 
collective vibration
≠ HF eigenstate


