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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



           Strong-Interaction Theory

1. Strong Interaction ----> Standard Model

2. Standard Model -------> Quarks exchanging gluons 

   However, at the energy level of low-energy nuclear   
physics the quark degrees of freedom are frozen out in
favor of nucleon and meson degrees of freedom.



A. Schwenk



BE    25.91 MeVth BE      28.296 MeVexp

H. Kamada, et al., Phys. Rev. C 64, 044001 (2001)



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)



MICROSCOPIC NUCLEAR-STRUCTURE      
                       THEORY

1. Start with the bare interactions among the nucleons

2. Calculate nuclear properties using nuclear many-
    body theory



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  Shell Model calculations: 16 AA6060

  Density Functional TheoryDensity Functional Theory calculations:  calculations: AA6060

    ab initio ab initio few-body & light nuclei calculations: A few-body & light nuclei calculations: A 2424
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    Many-Body Techniques for Solving the A-Nucleon      
    Problem

1. Light Nuclei: ab initio approaches: s- and p-shell nuclei
 Green's Function Monte Carlo (GFMC) (J. Carlson, et al.),
 No-Core Shell Model (NCSM), Faddeev-Yakubovsky, 
 UCOM, V_low-k, SRG, Coupled Cluster (CC), ...

2. sd- and pf-shell nuclei:
 NCSM, extended NCSM, Standard Shell Model (SSM), Coupled Cluster,
 UCOM, Shell Model Monte Carlo (SMMC) (sign problem defeated?), 
Monte Carlo Shell Model (MCSM) (Otsuka, et al.) ...

3. Heavier Nuclei:
 Density Functional Theory (DFT) (SciDAC project: UNEDF); CC; Monte 
Carlo approaches, ...
 





                       Effective Interactions

Except for approaches, such as GFMC, one usually needs to renormalize
the NN interaction:

 1. for the strong short-range correlations in the NN interaction

and 

2. for the truncation of the Hilbert space.

There are two basic approaches to

There are two basic approaches to obtaining effective interactions:

1. Phenomenological

and 

2. Microscopic
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Standard Shell Model
Maria Goeppert-Mayer     
J. Hans D. Jensen  (1949)

 Nobel Prize for Physics 1963 

         Mean Field



Some current shell-model references
1.  E. Caurier, G. Martinez-Pinedo, F. Nowacki, A. Poves, and A. P. Zuker, “The Shell 

Model as a Unified View of Nuclear Structure,” Reviews of Modern Physics 77, 427 (2005)

2.  B. A. Brown, “The Nuclear Shell Model towards the Drip Lines,”  Progress in Particle 

and Nuclear Physics 47, 517 (2001)

3. I. Talmi, “Fifty Years of the Shell Model-The Quest for the Effective Interaction,” 

Advances in Nuclear Physics, Vol. 27, ed. J. W.  Negele and E. Vogt (Plenum, NY, 2003)

4. B. R. B., “Effective Operators in Shell-Model Calculations,” 10th Indian Summer School 

of Nuclear Physics:Theory of Many-Fermion Systems, Czechoslovak Journal of Physics 

49, 1 (1999)
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 No Core Shell Model (NCSM)
Selected References:

1. Topical Review: P. Navratil, S. Quaglioni, I. Stetcu, and BRB,
    J. Phys. G: Nucl. Part. Phys. 36, 083101 (2009)

2. P. Navratil, J.P. Vary and BRB, Phys. Rev. C 62, 054311 (2000)
    and Phys. Rev. Lett. 88, 152502 (2000)

3. P. Navratil and BRB, Phys. Rev. C 54, 2986 (1996) and 
    Phys. Rev. C 57, 562 (1998)

4. BRB, P. Navratil and J.P. Vary, Nuclear Physics News                 
    International, 21, No. 2, 5 (2011). Review article. 





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











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





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



   







                    No Core Shell Model (NCSM):
Advantages:
1. Applies to all nuclei using any NN (+NNN) potential

2. Obtain wave functions and all excited states/low-lying states are stable

3. Obtain detailed spectroscopic information 

4. Exact treatment of the spurious center of mass motion

Limitations: some fundamental/some computational
1. Difficult to go beyond A=20 due to rapid growth of computational space

2. Questions related to size extensivity if wave functions are truncated

3. Long range operators more difficult to handle than short range operators



    Some other methods for producing          
            effective NN interactions

1. Methods for making bare NN interactions “softer”:

a.) V_low-k NN interactions

b.) Similarity Renormalization Group (SRG)

2. NCSM in an Effective Field Theory Framework



A. Schwenk



SIMILARITY RENORMALIZATION GROUP (SRG)
The SRG is a nonperturbative approach that performs a continuous sequence 
of unitary transformations on a Hamiltonian H

yielding the generating class of equations, 



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.     



Theory roadmap
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