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• Quartetting in nuclei: historical perspective
• Proton-neutron (pn) pairing and quartet correlations 

competition between T=1 and T=0 pn pairing in N=Z nuclei
effect of pn pairing on Wigner energy (preliminary results)

Fingerprints of alpha-like quartet correlations in N=Z nuclei

• Quartet correlations and 4-body density matrix 



(alpha-like) quartet = a correlated structure of two neutrons 
and  two  protons                  

correlations in “configuration” space (e.g., spin & isospin)

quartets as “elementary” degrees of freedom  ? 

• the interaction between the quartets should be small 
• the quartets should  contain a “large”

correlation energy



“quadruple"= two interacting pn pairs





Phys. Lett. B130, 131 (1983) 





constant slope of T(A):  ground state  interpretation as an alpha condensate ?!  



proton-neutron (pn) pairing and quartetting 

• isovector pn pairing: S=0/J=0, T=1 

• isoscalar pn pairing: S=1/J=1, T=0 
together with nn, pp S=0 pairing 

“condensate” of pn pairs ?



“we must take into consideration the quadruple correlation of alpha-particle-
like nucleons [�]; 
these new correlations evidently play a very important role and somewhat mask the 

effect of pair correlations"

first BCS treatment  of isovector proton-neutron  pairing 



Theoretical studies on pn pairing & alpha correlations

B. Bremond and J. G. Valatin NP41(1963)B. H. Flowers and M. Vijicic,NPA49(1963) 

J. Eichler and M. Yamamura, NPA182(1972)

...................................................

J. Dobes and S. Pittel PRC57(1998) R. A. Senkov and V. Zelevinski (2011)

R. Chasman, PLB577(2003)

not actually solved ! not included all relevant configurations ! 

non-collective quartets

quartetting  for a degenerate state 

almost all studies on pn pairing: in BCS/HFB approximation
Goodman , 8, Bertsch & Gezerlis

drawbacks: particle-number and isospin are not conserved ! 
beyond BCS/HFB ? 



Isovector (T=1) pairing in terms of quartets



Isovector pairing in term of quartets
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Quartet condensation versus pair condensation
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N. S, D. Negrea,  J. Dukelsky, C.W. Johnson, PRC85, 061303(R) (2012)

|QCM >≡ (Q+)nq | − > >−ΓΓ>∝ ++ |)(1| qnPBCS ππνυ
>−Γ>∝ + |)(0| 2 qnPBCS νπ

pairing forces extracted from SM interactions

• T=1 pairing is accurately described by  quartets, not by pairs
• there is not a pure condensate of isovector pn pairs in N=Z nuclei  Conclusions



Quartet condensation versus isospin-projected BCS

QCM is not equivalent with PBCS (N,T)  !   

(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 | − >



Isoscalar and isovector pairing in N=Z nuclei



Quartetting for isovector (J=0) and isoscalar (J=1) pairing

collective quartets

generalised quartet

ground state
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isovector isoscalar

|QCM >=Q+nq | − >

M. Sambataro and N.S, Phys. Rev C93, 054320 (2016)



Quartet condensation versus pair condensation for isovector & isoscalar pairing  

• quartet condensation wins over Cooper pair condensates
• T=1 and T=0 pairing correlations always coexist in quartets

M. Sambataro and N.S, Phys. Rev C93, 054320 (2016)
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superposition of T=1 quartet condensates and T=0 pair condensates

Isoscalar and isovector proton-neutron pairing in time-reversed states

P+
i ,0 = (ν+i π+

‾i + π+
i ν+

‾i )/
√ 2.

|Ψ >= (QT=1
+ +∆0

+2 )nq |− >
ansatz for ground state

QT=1
+

= xixj
ij
∑ [Piτ+Pjτ '

+ ]T=0

isovector isoscalar

N.S, D.Negrea, D. Gambacurta, Phys. Lett. B751 (2015) 348 



Isovector-isoscalar pairing and quartetting 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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D. Negrea, P. Buganu, D. Gambacurta, N. S., PRC98 (2018)

pn pairing and quartet correlations survive in N > Z nuclei !



Proton-neutron pairing  &   Wigner energy



Reminder on Wigner energy 

E(N,Z) = E(N = Z) + Tz(Tz + X)
2Θ

E(N,Z) = E(N = Z) + as
(N − Z)2

A + aW
|N − Z |

A +δEshell +δEP

Tz = 0,2,4

(no Coulomb)

I. Bentley & S. Frauendorf, PRC(2013)



HFHF+BCSQCM(w=0)QCM(w)Exp

H = εiNi∑ +gT=1 Piτ+
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g1= -24/A g0= w g1

The effect of pn pairing on Wigner energy: example

Skyrme



Effect of proton-neutron  pairing on Wigner energy 

Skyrme g1= -24/A g0= w g1
preliminary Skyrme-HF+QCM results* 

* N. S et all, in preparation

• it is suggested the need of T=0 pairing;
• the effects of T=0 and T=1 pairing are difficult to 

disentangle

H = εiNi∑ +gT=1 Piτ+
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+

i j
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Odd-even mass difference along N=Z line

preliminary Skyrme-HF+QCM results

odd-odd nuclei: calculations with blocking !



Isovector and isoscalar pairing in odd-odd N=Z

T=1 state

T=0 state

D. Negrea, N.S. and D. Gambacurta, Prog. Theor. Exp. Phys. 073D05 (2017)
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Quartet correlations for general two-body forces  ? 
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Quartet correlations for general two-body forces 

|QCM >=Q+nq | − >

M. Sambataro and N. S., EPJ A53 (2017) 43

E(n) is specific to a  boson/quartet condensate



How to identify  the transition to  a  quartet condensate ? 



ρ(2) (r1, r 2; r1, r 2) = λ0φ�0(r 1, r 2)φ0(r 1, r 2) +
n> 0

λnφ�n (r 1, r 2)φn(r 1, r 2) (

Long-range correlations of superfluidity-type  and density matrix

long-range correlations: λ0 >> λn≠0

(“off-diagonal long-range order”)

Penrose (1951) , Penrose  and Onsager (1956),  C. N. Yang (1962) 

n-body long-range 
correlations   

a large eigenvalue of  n-body density

Example:  pair condensation

λ0  -  associated to the number of "condensed" pairs



M. Sambataro and N. S, in preparation



Eigenvalues of 2-body density matrix for isoscalar pairing



Eigenvalues of 2-body density matrix  for J=1 pairing



Eigenvalues of 2-body density matrix for J=0 & J=1 pairing











4-body density for general two-body forces: sd-shell nulcei
H = εi (Ni

(n) +Ni
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ρi, j
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Largest 5 eigenvalues for sd-shell nuclei
24Mg 1.18 0.15 0.03 0.29 0.01
28Si 1.19 0.47 0.27 0.20 0.12
32S 1.51 0.83 0.74 0.59 0.53

there is one eigenvalue larger than 1

fingerprints of long-range quartet correlations

M. Sambataro and N.S, in preparation



Summary and Conclusions

• T=1 and T=0  pn  pairing   always coexist  in quartet-type correlations   

Main message:  T=1 and T=0 pairing  forces are accurately described  by  alpha-like 
quartets, not by Cooper pairs 

• proton-neutron pairing has a significant effect on Wigner energy    

• T=0  pn  pairing  and quartetting persist in  N>Z  nuclei

• 4-body density matrix indicates  quartet correlations of “condensate" type     



Quartet condensation in the excited states  ?
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First excited 0+

Second excited 0+

superposition of many shell-model states: cluster- type excitations ?

SM is a QCM state !?

M. Sambataro and N. S., EPJ A53 (2017) 43
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Quartet correlations for general forces: even-even N=Z nuclei 

M. Sambataro and N.S, Phys. Rev. Lett. 115 (2015)

T=0,J=0 quartets give the dominant contribution in the ground state !

diagonalisation in a quartet basis

all low-lying states can be well described by T=0,J=0,2,4 quartets  !



Spin-aligned J=9 pairs in 92Pd ?

B. Cederwall et al, Nature 469 (2011)68



Role of spin-aligned pairs in  92Pd  

M. Sambataro and N. S, PRC91 (2015)

the structure of 92Pd is not dominated by J=9 pairs 
ground state is mainly built by J=0 and J=1 pairs



Wigner energy with T=1 pairing interaction
Bentley & Frauendorf PRC(2013)Negrea & Sandulescu PRC(2014)



Effect of T=1 pairing on symmetry energy 
Bentley & Frauendorf PRC(2013)Negrea & Sandulescu PRC(2014)



Isovector pairing with distinct quartets

|QM >=Q1
+Q2
+ ...Qnq

+ | − > |QCM >=Q+nq | − >

QM reproduces the exact results up to the 4th digit !!

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



Quartets in terms  of Cooper pairs
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Isovector-isoscalar pairing and quartetting for N>Z nuclei

pn pairing and quartet correlations survive in N > Z nuclei !

D. Negrea, P. Buganu, D. Gambacurta, N. S., PRC98 (2018)
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Isovector and isoscalar pairing in odd-odd N=Z

T=1 state

T=0 state

D. Negrea, N.S. and D. Gambacurta, Prog. Theor. Exp. Phys. 073D05 (2017)
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The structure of lowest T=0 and T=1 states
T=0  ground state

T=1 ground  state 
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isovector correlations are stronger in both T=0 and T=1 low-lying states 

Exact

Exact

conclusion

D. Negrea, N.S. and D. Gambacurta, Prog. Theor. Exp. Phys. 073D05 (2017)



Average value of pairing interactions

the extra T=0 pairing energy comes from the odd pn pair !


