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MICROSCOPIC NUCLEAR-STRUCTURE      
                       THEORY

1. Start with the bare interactions among the nucleons

2. Calculate nuclear properties using nuclear many-
    body theory
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I. Forces among nucleonsI. Forces among nucleons

1. QCD ---> EFT ---> CPT --> Self-consistent nucleon interactions

2. Need NN and NNN and perhaps NNNN interactions 

P. Navratil and E. Caurier, Phys. Rev. C 69, 014311 (2004)P. Navratil and E. Caurier, Phys. Rev. C 69, 014311 (2004)



BE    25.91 MeVth BE      28.296 MeVexp

H. Kamada, et al., Phys. Rev. C 64, 044001 (2001)
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Standard Shell Model
Maria Goeppert-Mayer     
J. Hans D. Jensen  (1949)

 Nobel Prize for Physics 1963 

         Mean Field
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No-Core Shell-Model Approach

 Start with the purely intrinsic HamiltonianStart with the purely intrinsic Hamiltonian

NoteNote: There are: There are  nono  phenomenological s.p. energiesphenomenological s.p. energies!!  

Can useCan use  anyany
NN potentialsNN potentials

CoordinateCoordinate  space:space:

MomentumMomentum space: space:

 Argonne V8’, AV18Argonne V8’, AV18
  Nijmegen I, IINijmegen I, II    

  CD Bonn, EFT IdahoCD Bonn, EFT Idaho



No-Core Shell-Model Approach

 Next, add CM harmonic-oscillator HamiltonianNext, add CM harmonic-oscillator Hamiltonian

To H  , yieldingTo H  , yieldingAA

Defines a basis (Defines a basis (i.e.i.e.  HOHO) ) for evaluatingfor evaluating              V         V          ijij





Effective Interaction

  Must truncate to aMust truncate to a finite  model space model space               VV    -->-->VV   
   

 ijij
 effective

ijij

  In general,In general,      V       is anis an  A-body interaction-body interaction eff
 ij

  We want to make anWe want to make an  aa-body cluster approximation-body cluster approximation



,
where







      P. Navratil, INT Seminar, November 13, 2007, online





P. Navrátil, J. P. Vary and B. R. B., Phys. Rev. C 62, 054311 (2000) 





P. Navrátil and W. E. Ormand, Phys. Rev. C 68, 034305 (2003)



                                 P. Navratil                                                               



H. Kamada, et al., Phys. Rev. C 64, 044011 (2001)





Towards  a unified description of the nucleusTowards  a unified description of the nucleus

  exact treatment of nuclei based on NN, NNN,... interactions exact treatment of nuclei based on NN, NNN,... interactions 

The goal of nuclear structure theory:

  need to build a bridge between::

  00ℏℏ Shell Model calculations: 16 < A < 120 Shell Model calculations: 16 < A < 120

  Density Functional TheoryDensity Functional Theory calculations: A calculations: A     100100

    ab initio ab initio few-body & light nuclei calculations: A  few-body & light nuclei calculations: A   2424
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         P. Navrátil and E. Caurier, Phys. Rev. C 69, 014311 (2004)    



NCSM results for 6Li with CD-Bonn NN potential 

Dimensions    p-space:  10;    N
max

=12:   48  887 665;  N
max

 = 14:   211 286 096 



,
where









                2-body Valence Cluster
                approximation for A=6  
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With effective interaction for A !!!

Core 2-body1-body
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 2-body Valence Cluster
 approximation for A=7  
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With effective interaction for A=7 !!!

SSM with A-dependent core

SSM with inert core 

Exact NCSM



 2-body Valence Cluster
 approximation for A=7  
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 3-body Valence Cluster 
approximation for A>6  
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With effective interaction for A !!!

 Construct 3-body interaction in terms of 3-body matrix elements: Yes



 3-body Valence Cluster 
approximation for A>6  
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Summary

3-step  technique to construct effective Hamiltonian for SSM with a core :

      #1  2-body UT of bare NN Hamiltonian  (2-body cluster approximation)

      #2  NCSM diagonalization in large N
max

 space for  A = 4,5,6,7

      #3   many-body UT of NCSM Hamiltonian (up to 3-body valence cluster  approximation)

Results:

 1)  strong mass dependence of core &  one-body  parts of  Heff

 2)  3-body effective interaction plays crucial role

 3) negligible role of 4-body and higher-order interactions for identical nucleons

 4) similar approach can be applied for calculating effective operators for other physical quantities 
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SOME REMAINING CHALLENGES

1. Understanding the fundamental interactions among the 
    nucleons in terms of QCD, e.g., NN, NNN, ....
2. Determination of the mean field (the monopole effect).
3. Microscopic calculations of medium- to heavy-mass      
    nuclei:
   a.) How to use the advances for light nuclei to develop 
        techniques for heavier nuclei.
   b.) Building in more correlations among the nucleons in
        small model spaces, e.g., effective interactions for
        heavier nuclei.
4. Extensions of these microscopic advances for nuclear
    structure to nuclear reactions.     







S. Quaglioni and P.   
Navratil, Phys. Rev. 
Lett. 101, 092501 
(2008) 07



I. Forces among nucleonsI. Forces among nucleons

1. QCD ---> EFT ---> CPT --> Self-consistent nucleon interactions

2. Need NN and NNN and perhaps NNNN interactions 

3. Which approach is best?
      a) Chiral Effective Field Theorya) Chiral Effective Field Theory
      b) Find NN interaction which minimizes the NNN interaction andb) Find NN interaction which minimizes the NNN interaction and
                then treat the NNN interaction perturbatively.then treat the NNN interaction perturbatively.
      c) Contract the NNN interaction into the nuclear medium as  c) Contract the NNN interaction into the nuclear medium as  
              0-, 1-, and 2-body density dependent parts + a small residual0-, 1-, and 2-body density dependent parts + a small residual
              NNN force.NNN force.
      d) Other approaches: V_low-k, Similarity Renormalization Group (SRG),d) Other approaches: V_low-k, Similarity Renormalization Group (SRG),          
             Unitary Correlation Operator Method (UCOM), INOY,... Unitary Correlation Operator Method (UCOM), INOY,...




