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Tensor correlations in nuclear systems 

• Tensor force：main component of the nuclear force 
     → Important role for nuclear structures and reactions 

– Need wave function including explicit tensor correlations 
        → Ab initio method 
– Observable? 

 
• Contents 

– Correlated basis approach+ Complex scaling method 
Unifying bound- and unbound states in a single scheme 

– Tensor correlations in 4He: Strength functions 
• Photoabsorption reaction: E1 strength function  
• Spin-dipole (SD) strength functions 
• Sum rules ⇔ ground state correlations 

– Summary 



Electroweak excitations of 4He 
• Strength (response) function in nuclei 

– Resonant and continuum structures 

• Low-energy photoabsorption reaction of 4He 

– Electric dipole excitation 

– Recent measurements 

• Peak ～27MeV 

    S. Nakayama et al., PRC 76, 021305 (2007). 

• Peak ～30 MeV 

 T. Shima et al., PRC 72, 044004 (2005). 

• Excitation of light nuclei induced by the weak interaction 

– Neutrino-nucleus reaction (Gamow-Teller, Spin-dipole, etc.) 

 

Taken from S. Nakayama et al. 
PRC 76, 021305 (2007). 

Reliable model is needed → Ab initio study  



Electric dipole (E1) JπT=0+0 -> 1-1 

 

 

Spin-dipole (SD) JπT=0+0 -> λ-0, λ-1 

 
 

 

• 4He: seven negative parity states 

Jπ T= 0-1, 1-1, 2-1, 0-0, 1-0, 2-0 

• Degenerate levels only with 
central force 

 →Non-central force is necessary 

Electroweak operators and spectrum 



Variational calculation for many-body system 

Hamiltonian 

Basis function 

• Argonne v8 type interactions (AV8’ , G3RS); “bare” interaction 
            central, tensor, spin-orbit 
• Three-nucleon force (3NF) 
  → reproduce inelastic form factor of the first excited state of 4He. 

E. Hiyama et al. PRC70, 031001(R) (2002) 

: correlated Gaussian combined with two global vectors 

Y. Suzuki, W.H., M. Orabi, K. Arai, FBS42, 33-72 (2008) 



Some advantages 
Formulation for N particle system 
Analytical expression for matrix elements  
No change of the form under any 
coordinate transformations 

The ground state energy of 4He reproduces the benchmark cal.  

Correlated basis approach: global vector representation 

H. Kamada et al., PRC64, 044001 (2001) 

x: any relative coordinates (cf. Jacobi) 

Variational parameters A, u → Stochastic variational method 
K. Varga and Y. Suzuki, PRC52, 2885 (1995). 

“bare” interaction can be used 

Correlated gaussian combined with two global vectors Y. Suzuki, W.H., M. Orabi, K. Arai, FBS42, 33-72 (2008) 
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Photoabsorption cross section by the 
complex scaling method (CSM) 

Strength function 

Photoabsorption cross section 

Expanded in L2 basis 

Complex rotation Outgoing-wave B.C. 

Strength function 



Configuration for final state 

(ii) 
3N: three-body cal. 
3N-N: p-wave  

(iii) 
2N: two-body cal. 
2N-N: p-wave 
3N*-N: s-wave 

(i)  
•The ground state combined with Ｙ1(r1-x4) 
• Complete set of isospin wave function(T=1) 
• Basis and possible angular momentum couplings 
   are included independently.  
 
Note: The coherent E1 state 
exhausts 100% of the non-energy-weighted sum rule. 

Explicit correlation of 3+1 and 2+1+1 

99.6% 

Non energy weighted Sum rule 



Total photoabsorption cross section 

Interaction: AV8’+3NF, G3RS+3NF 
 3NF: E. Hiyama et al., PRC70, 031001(2004). 

 
 
 
Comparison with the measurements 
→ good agreement above 30 MeV 
Disagree at the low energy with the 
data by Shima et al. 
 

△  S. Nakayama et al., (2007) 
■  D.P. Wells et al. (1992) 
▼  Y. M. Arkatov et al.,(1974).  
○  T. Shima et al., (2005). 
●  T. Shima et al., new measurement 

Photoabsorption cross section 



3N+N cluster structure in the total 
photoabsorption cross section 

with CSM 

▼ Y. M. Arkatov et al., Yad. Fiz. 19, 1172 (1974).  

3N+N configurations are dominant in the low-
energy cross section 

E(θ) 



Photonuclear sum rule 

Pion exchange potential is essential to account for the TRK sum rule 

K: Enhancement factor 

κ=0; Thomas-Reiche-Kuhn (TRK) sum rule 

99.6% 

κ=-1; Bremstrahlungs (non-energy weighted) sum rule 



Spin-dipole strength function 

• Relatively small decay widths of 0-0, 2-0 (0.84, 2.01 MeV) 

• Resonant structure ⇔ Strength function 

Spin-dipole operator 

Isovector (IV0) Isoscalar (IS) 



Non energy weighted spin-dipole sum rule 

rij 

Rij 

κ=2: tensor operator  

Two nucleon relative 
coordinates 

j 

(0s)4   ：Ratio of SD SR 1 : 3 : 5 
Cal (IV0):1.47 : 3 : 5.89 (κ=2 contribution) 

Sum rule ～100% 

From measurement 

cf. 

Strong evidence of 
the tensor correlation 



Summary 

• Four-body calculation for  electroweak strength functions of 4He 
• Correlated Gaussian with double global vectors  
     + complex scaling method 
 
• Electroweak (E1, SD) strength function 

– Photoabsorption reaction 
– SD strength function and spectrum 
 Good agreement with experiments 
  Future: Neutrino-nucleus reaction 

• Sum rule 
– Photonuclear sum rules -> importance of the OPEP 
– SD sum rule -> tensor correlations in the ground state 


