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Energy Density Functional (EDF) approach

Energy Density Functional (EDF) approach:

a mapping between the original many-body problem of interacting
particles and a functional E that can be solved using an independent
particle method

E =
⟨Ψ|H|Ψ⟩
⟨Ψ|Ψ⟩ ⇐⇒ EEDF [ρ] ⇐ ρij = ⟨Φ|a†j ai |Φ⟩, where |Φ⟩ =

∏
a†i |−⟩

Effective interaction between nucleons is represented by a functional

All the information are encapsulated in the one-body densities and currents

Variatonally solved (and iteratively)
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Energy Density Functional (EDF) approach

Advantages and applicability

EDF can be applied through the entire nuclear chart

Consistent approach to nuclear structure and excitations in nuclei

Nuclear matter equation for astrophysically relevant processes

Deformed and superfluid nuclei can be described through symmetry
breaking approaches (rotational, particle number, ...)

Phenomenological or empirical EDF

Skyrme (zero-range)

Gogny (finte-range)

Covariant (meson couplings)

The parameters of the interaction are directly adjusted to reproduce properties
of finite and infinite nuclear systems
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Energy Density Functional (EDF) approach

Particle-hole (p-h) and particle-particle (p-p) channels of the interaction

Except the Gogny case, p-h and p-p channels are different

p-p strength tuned to reproduce some observables (Sn,∆, ...)

No clear way to fix the isoscalar channel strength

Gogny isoscalar channel not well constrained

Current challenges

Ab-initio inspired/constrained functionals providing all the channels
Quark-Meson Coupling Model see A. Thomas’s Talk: couplings

Restoring symmetries: N, T, J
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Pairing properties with the EDF approach

EDF for superfluid systems

Quasiparticle states via Bogoliubov transformation

Slater Determinant in terms of quasi-particle |Φ⟩ =
∏

α†
i |−⟩

BCS or HFB equations are solved

Very efficient in treating particle-like pairing, e.g. T=1 p-p or n-n
superfluid systems

BCS and HFB not suited to treat p-n pairing
(isospin and particle number violation)

Extensions to treat T=1 and T=0 pairing, beyond BCS/HFB

(1) Solution of the pairing Hamiltonian via full diagonalization,
(cumbersome and not easily intelligible)

(2) Quartet Condensation Model (QCM)

Goals

Full self-consistent frame based on EDF preserving N and T

Treatment of all the pairing channels (and their possible coexistence)

Deformation effects described microscopically

Interplay between pairing(s) and deformation
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Applications and Results

References:

D. Gambacurta, Denis Lacroix, and N. Sandulescu, Phys. Rev. C 88,
034324 (2013) and Phys. Rev. C 91, 014308 (2015): Skyrme-HF plus
Exact Pairing solution (Diagonalization) in deformed nuclei

Proton-neutron pairing in N = Z nuclei: Quartetting versus pair
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Pairing versus deformation, BCS versus diagonalization
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Combining mean field (MF) and shell-model (SM) techniques

MF calculations

Self-Consistent Skyrme-HF + BCS calculations
(ev8 codea: three-dimensional mesh, deformation accounted for)

SLy4 Interaction + Pairing contact interaction

V (r, r’) = −v0
(
1− η

ρ(r)
ρ0

)
δ(r− r’)b

MF calculations provide: s.p. basis and (T=1 and T=0) paring matrix elements
(consistently calculated)

aP.Bonche, H: Flocard, P.H. Heenen
bparameters from: F. Bertsch et al., Phys. Rev. C 79, 034306 (2009)

SM calculations, e.g. exact diagonalization

SM calculations in a pairing window (5 MeV) around the Fermi energy

n = z = 8 active neutrons and protons

Applications for Z=N nuclei in pf shellsa

Not self-consistent, e.g. SM results do not feed MF calculations

aD. Gambacurta and D. Lacroix, Phys. Rev. C 91, 014308 (2015)
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Matrix Elements

Matrix Elements (I)

|kτk⟩ =
∫

d3r
∑
σk

ϕk(σk , r)|rσkτk⟩

|kτk .k̄τk̄⟩ =
∫

d3r1d
3r2

∑
σk ,σk̄

ϕk(σk , r1)ϕk̄(σk̄ , r2)|r1σkτk , r2σk̄τk̄⟩

V T ,S
ij = ⟨iτi īτī |V

T ,S |jτj j̄τj̄⟩ = ⟨iτi īτī |VPSPT |jτj j̄τj̄⟩

where PS ,PT are the standard spin-isospin projection operators

Matrix Elements (II)

Matrix elements consistently calculated

No G constant approximation
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Pairing versus deformation, BCS versus diagonalization
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Pairing versus deformation, BCS versus diagonalization
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Pairing versus deformation, BCS versus diagonalization
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Schematic results

BCS vs SM
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Pairing versus deformation, BCS versus diagonalization
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Pairing versus deformation, BCS versus diagonalization
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Pairing versus deformation, BCS versus diagonalization
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Pairing versus deformation, BCS versus diagonalization

Take-Home messages

We investigated proton-neutron correlations and deformation effects
combining MF and SM approaches

Deformation not imposed, (e.g. energy minimum)

T=1 pairing correlations typically much stronger than T=0

Strong interplay between different ingredients:
Pairing T=1 and T=0 channels,
Deformation,
Spin-Orbit,
s.p. gaps and pairings strength
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QCM formalism
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QCM formalism
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QCM in N>Z nuclei
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QCM in N>Z nuclei
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QCM in N>Z nuclei
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QCM in N>Z nuclei

Isovector and isoscalar pn pairing in N > Z nuclei: results (II) 

Pairing energies (MeV): 

sd-shell nucleus 

pf-shell nucleus 

State-independent pairing force 

w=1.2 

w=0.8 

Pn pairing energies are decreasing, but remain 

significantly large even when 3 extra nn pairs are added. 

 

Isovector and isoscalar pn pairing correlations coexist in 

both N = Z and N > Z nuclei. 

0 nn 1 nn 2 nn 3 nn 

0 nn 1 nn 2 nn 3 nn 

2 q + 

2 q + 

D. N., P. Buganu, D. Gambacurta, and N. Sandulescu,  

Phys. Rev. C98, 064319 (2018)  
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations

Calculations taking into account dynamically the competition between pairing
and deformation conserving exactly both the particle number and the isospin.
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Full Self-consistent Skyrme-QCM calculations

Calculations taking into account dynamically the competition between pairing
and deformation conserving exactly both the particle number and the isospin.
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Full Self-consistent Skyrme-QCM calculations

Even-even N = Z nuclei as a function of A = N + Z.
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations

PBCS and the QCM results for w={0.0, 1.0, 1.5, 2.0} in 64Ge

⟨Hp⟩ − E Self , ⟨Hp⟩ ,E Self
n(p) =

∑
V T=1(i , i)v 4

i,n(p)
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations
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Full Self-consistent Skyrme-QCM calculations

From S. Baroni, A. Macchiavelli, and Achim Schwenk, PRC 81, 064308 (2010)
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Full Self-consistent Skyrme-QCM calculations

Take-Home messages

T=1 and T=0 pairing impact on binding energies (B.E). of N = Z, N = Z
+ 2 and N = Z + 4 nuclei

First ever self-consistent Skyrme-HF + QCM calculations

All pairing channels and deformation are described consistently

Main result: strong interdependence between all types of pairing correla-
tions (e.g. pairing correlations are redistributed among all the pairing
channels without changing significantly the total pairing energy)

B.E are not much affected by T=0 pairing, but two channels cohesistence
is always observed

Cohesistence survives also moving away from N=Z
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QCM formalism
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Outlook and Future Work

Outlook and Future Work

Only T=0 proton-neutron pairs in time-reversed states (common choice).
Effect of proton-neutron pairs with S = 1, Sz = ±1 should be investigated

Calculations are done in the intrinsic system, the ground states do not
have a well-defined angular momentum (e.g. Projection on good J)

Quark-Meson Coupling Model EDF calculations (p-h and p-p channels
consistently provided) plus QCM (in progress, T. Popa)
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Thanks For Your
Attention !!!
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QCM formalism
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QCM formalism
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QCM formalism
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QCM in N=Z nuclei
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QCM in N=Z nuclei
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QCM formalism
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QCM in odd-odd N=Z nuclei
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QCM in odd-odd N=Z nuclei
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QCM in odd-odd N=Z nuclei
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QCM in odd-odd N=Z nuclei
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QCM in odd-odd N=Z nuclei
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QCM in odd-odd N=Z nuclei

Exact 

The structure of the lowest T=0 and T=1 states of odd-odd nuclei 

Correlation energies (MeV): 

D.N., N. Sandulescu, D. Gambacurta, PTEP 2017, 073D05 

Exact 

T=0 ground state 

T=1 ground state 

Conclusions:  

QCM describes well the low-lying states of odd-odd nuclei. 

The pn pair condensates (isovector or isoscalar) are less accurate than the quartet condensates. 

Isovector and isoscalar pairing correlations coexist in the even-even core. 
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QCM in odd-odd N=Z nuclei

Exact 

Exact 
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QCM in N>Z nuclei
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QCM in N>Z nuclei
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QCM in N>Z nuclei
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QCM in N>Z nuclei
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QCM in N>Z nuclei
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QCM in N>Z nuclei

Isovector and isoscalar pn pairing in N > Z nuclei: results (II) 

Pairing energies (MeV): 

sd-shell nucleus 

pf-shell nucleus 

State-independent pairing force 

w=1.2 

w=0.8 

Pn pairing energies are decreasing, but remain 

significantly large even when 3 extra nn pairs are added. 

 

Isovector and isoscalar pn pairing correlations coexist in 

both N = Z and N > Z nuclei. 

0 nn 1 nn 2 nn 3 nn 

0 nn 1 nn 2 nn 3 nn 

2 q + 

2 q + 

D. N., P. Buganu, D. Gambacurta, and N. Sandulescu,  

Phys. Rev. C98, 064319 (2018)  
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