
A)  Isovector pairing with alpha-like quartets 

B) Isoscalar- isovector pairing with alpha-like quartets 

•  competition between  J=1  and J=0  pairing    

•    quartet  model  for N=Z and N>Z  systems 

•    isovector pairing and   Wigner energy  
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Outline 

 Main message: proton-neutron pairing  is properly described  by  alpha-like quartets, not by Cooper pairs  



    Isovector pairing of protons and neutrons 
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•  Exact solution: Richardson, 1966   J. Links et al, J.P(2002) J. Dukelsky et al, PRL(2006) 
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Δνπ ≠ 0,  Δν = Δπ = 0 or 

•  BCS  approximation:     two degenerate solutions (which do not coexist) 

typical errors in correlation energies 30-40% 
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g =V (i, j)
SO(5) 



      isovector pairing in the PBCS approximation 

collective pairs 
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+ )Z / 2 | − >
PBCS 

•  no mixing of pn with nn and pp pairing ! 

restoration of the isospin symmetry ? 



Isospin conservation and quarteting 

non-collective quartets  
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collective  quartet 

quartet condensate 
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|QCM >=Q+nq | − > (has  T=0, J=0)  



Quartet  condensation  and Cooper pairs 

ansatz: 

‘coherent’  mixing of  condenstates formed by  nn, pp and pn pairs € 
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|PBCS0 >∝ (Γνπ
+2)nq | − >
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|QCM >=Q+nq | − >

collective Cooper pairs 
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PBCS condensates are only two terms in QCM 



Quartet condensation: calculation scheme 

Method of recurrence relations 

with 

auxiliary states 
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< n1'n2 'n3 ' | ˆ H | n1,n2,n3 >

coupled, recursive relations for  
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Recursive relations: example 



Accuracy of quartet condensation model  

N. S, Daniel  Negrea,  J. Dukelsky, C.W. Johnson, PRC85, 061303(R) (2012) 

€ 

|QCM >≡ (Q+)nq | − >

 how important  is the  isospin restoration  ? 

pairing forces extracted from SM interactions 



Isospin restoration versus quartet correlations 

    QCM state describes additional quartet-type correlations !   

 (Chen et al , Nucl. Phys.A 1978) PBCS(N,T):  7.63 MeV (8%) 

Exact value:   8.29 MeV 

QCM:            8.25 MeV (0.5%) 

€ 

|QCM >≡ (Q+)nq | − >



Isospin pairing with  distinct quartets  

non-collective quartets  

€ 

Q+ = xij
ij
∑ Qij

+

collective  quartet 

quartet condensate 
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|QCM >=Q+nq | − >

collective  quartets 
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Qν
+ = qij

(ν )
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product of  distinct  quartets 
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|QM >=Q1
+Q2

+ ...Qnq
+ | − >

M. Sambataro and N.S, PRC88 (2013) 

analogy with Richardson solution for like-particle pairing ! 



Isovector pairing with distinct quartets: accuracy 

€ 

|QCM >=Q+nq | − >

€ 

|QM >=Q1
+Q2

+ ...Qnq
+ | − >

M. Sambataro and N.S., PRC88 (2013) 061303(R) 



Isovector pairing with distinct quartets: accuracy 

€ 

|QM >=Q1
+Q2

+ ...Qnq
+ | − >

€ 

|QCM >=Q+nq | − >

QM gives the exact solution for isovector pairing !? 



•    T=1 pairing is accurately described by  quartets, not by pairs 

Conclusions for isovector pairing in N=Z nuclei 

•   there is not a pure condensate of isovector pn pairs in N=Z nuclei   



Pairing and quarteting in N>Z systems   

N>Z Imbalanced fermionic systems 

gapless/breached pair superfludity 

LOFF phase ( non-zero CM momentum) 



Proton-neutron pairing and quartets for N>Z nuclei 

nuclei with N-Z=2nN 

•   all protons  are correlated in alpha-like quartets 

•  neutrons in excess form a pair condensate 
ansatz 
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|Ψ >= ( ˜ Γ νν
+ )nN (Q+)nq | − >

no quarteting: 

N>Z 



Alpha-like condensation for N>Z nuclei: results 

€ 

|QCM >= ( ˜ Γ νν
+ )nN (Q+)nq | 0 >

pairing forces extracted from SM interactions 

N. S, D. Negrea, C. W. Johnson, PRC86 (2012) 041302(R)  



Proton-neutron pairing  far from N=Z line 

 pn pairing and alpha-like quartets persist far from  N=Z line ! 

Ne isotopes 



Isovector pairing in Skyrme-HF+QCM 

 single-particle energies: from Skyrme-HF 

pairing is treated as a  residual interaction relative to a HF mean field  

€ 

|QCM >= ( ˜ Γ νν
+ )nN (Q+)nq | core >

densities  HF 

D. Negrea and N. S, Phys Rev C90,024322 (2014) 



Wigner energy from HF+QCM  

€ 

E(N,Z) = E(N = Z) +
Tz (Tz + X)
2Θ

T=1 pairing has a significant contribution to Wigner energy  ! 

D. Negrea and N. S, PRC90 (2014)   

BCS fails to describe the Wigner energy 
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E(N,Z) = E(N = Z) + as
(N − Z)2

A
+ aW

|N − Z |
A

+δEshell +δEP

€ 

Tz = 0,2,4

(no Coulomb) 



Symmetry energy from HF+QCM 

€ 

E(N,Z) = E(N = Z) +
Tz (Tz + X)
2Θ



Isovector and isoscalar (J=1) pairing: quartet model 

collective quartets 

generalised quartet 

……… 
superposition of  T=0 and T=1 quartets 

ground state 



Isovector and isoscalar (J=1)  pairing:  accuracy of QM 

€ 

|QM(l.o) >==Q+ |QCM(nq −1) >

€ 

|QM >==Q1
+Q2

+ ...Qnq
+ | − >

M. Sambataro, N.S. and C.W.Johnson, in preparation 



Isovector versus isoscalar pairing correlations  

€ 

|QM >==Q1
+Q2

+ ...QNq

+ | − >

isoscalar and isovector pairing always coexist together 

isoscalar pairing is suppresed by spin-orbit 



Summary and Conclusions 

•  isovector proton-neutron pairing and the quartet structure persist far from N=Z line 

•  isovector  pairing gives a significant contribution to Wigner energy    

Isovector pairing in the quartet formalism 

Isoscalar-isovector pairing in the quartet formalism 

•  isoscalar and isovector pairing always coexist  in the ground state of  N=Z nuclei    

Main message: isovector and isoscalar pairing  are accurately described  by  alpha-like quartets, not by Cooper pairs  

•  J=1 pairing has an important contribution in sd-shell nuclei and is strongly supressed in pf-shell nuclei  


