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Motivation
Nuclear physics

• Deals with a system of non-relativistic fermions
Schrodinger Equation and symmetrization principle

• In typical processes the number of fermions is neither
small nor too large: Mesoscopic system

• The interaction is not well characterized/understood
• In medium effects are very important

Various approximate many body methods required to cover all
possible nuclear structure scenarios

Comparison with experiment cannot be used to tell the
goodness of the (variational) many body method used

It is important to quantify correlations at each level of
approximation



Approximations
There is a hierarchy (ladder) of approximations in nuclear
structure

• Mean field with symmetry breaking (HFB)
• Symmetry restoration
• Fluctuation in ”collective variables” (the canonical

conjugate of orientations)
One can add additional steps to the ladder by considering

• elementary two quasiparticle excitations β+
k β+

l |Φ⟩
• elementary four quasiparticle excitations β+

k1
β+

k2
β+

k3
β+

k4
|Φ⟩

• etc ...
to eventually reach (QC language) full CI.

Full CI impossible except in small configuration spaces

Tools beyond gs correlation energy required to quantify
correlations



Quantum information
By using quantum information tools we would like to quantify
how much correlations are incorporated into the different wf of
the different approaches considered. The non-correlated
symmetry restricted Hartree Fock (HF) is used as a baseline

• Spontaneous symmetry breaking
• Symmetry restoration
• GCM
• Restricted CI

Assumption: Correlations are connected with the degree of
entanglement in the system

Quantities like quantum discord or the von Neuman entropy
of the one body density matrix are explored.

Our focus it to understand also how the QI quantities evolve
across quantum phase transitions, typically as a function of
force strength parameters.



Quantum information tools

• Symmetrization principle for fermions poses a problem
• Instead of particles (Hilbert spaces) one uses orbitals

(algebras)
• Quantum discord

Measures quantum correlations between two partitions A
and B of the whole set of orbitals as the difference
between the quantum conditional entropy and its classical
counterpart

• Entropy one body density matrix
The relative entropy of each single orbital with respect to
the remaining ones is summed up to define the entropy.
Orbital dependent. Uses the natural orbital basis as a
reference.



Our work

We have studied several
variants of the Lipkin
model with various tools
of quantum information
• Entropies
• Discord

In those models parity
symmetry and particle
number symmetries
could be broken. Can be solved exactly

Breaks rotational invariance

Phys. Rev. A 104, 032428; Phys. Rev. A 103, 032426; Phys.
Rev. A 105, 062449



Quantum information tools: Entropy
• Symmetrization principle for fermions induces

correlations
• Slater determinant as the base line (uncorrelated) state
• Entropy one body density matrix

The relative entropy of each single orbital with respect to
the remaining ones is summed up to define the entropy.
Orbital dependent.
Uses the natural orbital basis of the one body density ρ

S = −
∑

k

nk log nk

nk eigenvalues of the density matrix

Slater: nk = 0 or 1 −→ S = 0



BCS and HFB
• Eigenvalues of the density ρ are the occupancies v2

k
• S ̸= 0 reflects the correlations gained by the BCS (HFB)

canonical transformation with respect to Slater
• S grows with ∆N2 as expected

238U β2 = 0.3 Proj means PNP



Collective fluctuation
Collective fluctuations in the GCM scheme

|Ψσ⟩ =
∫

dqfσ(q)|Φ(q)⟩

Generating wf |Φ(q)⟩ is in general of HFB type

To remove BCS (HFB) correlations use the generalized density
matrix

Rq = ⟨Φ(q)|R̂|Φ(q)⟩ =
(

ρ κ
−κ∗ 1 − ρ∗

)
Eigenvalues 0 or 1 −→ S(R) = 0

Consider now

Rσ =

∫
dqdq′f ∗σ (q)fσ(q

′)Rq q′

with Rq q′ = ⟨Φ(q)|R̂|Φ(q′)⟩

Entropy computed from the eigenvalues of Rσ



Correlated densities
As a side product one can compute the correlated density in
coordinate space

ρσ =

∫
dqdq′f ∗σ (q)fσ(q

′)ρq q′

with ρq q′ = ⟨Φ(q)|ρ̂|Φ(q′)⟩

ρσ (⃗r) =
∑

kl(ρq q′)klφ
∗
k (⃗r)φl (⃗r)

Look at ρσ (⃗r)− ρHFB (⃗r)



An example

GCM study of 154Sm with β2

Ground state and two excited
states shown
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An example

GCM study of 180Gd with β2

Ground state and two excited
states shown
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238U β2 − β4

GCM β2 − β4 in 238U
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Quantum information tools: Discord



Quantum information tools: Discord



Discord for fermions



Discord for fermions



Discord for fermions



Models: Lipkin



Models: Agassi



Models: Lipkin 3 levels



Results



Results



Results: ϵ vs S



Results: ϵ vs S



Results: Four orbital QD



Results: Four orbital QD



Results: Four orbital QD
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