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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



A. Schwenk



I. Forces among nucleonsI. Forces among nucleons

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

2. Need NN and NNN and perhaps also NNNN interactions

        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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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



 2-body       3-body    
       effective V



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



P. Navrátil and W. E. Ormand, Phys. Rev. C 68, 034305 (2003)
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P. Navrátil, J. P. Vary and B. R. B., Phys. Rev. C 62, 054311 (2000) 





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







          Beyond the No Core Shell Model

1. The ab initio Shell Model with a Core

2. Importance Truncation

3. The NCSM in an Effective Field Theory
    (EFT) Framework



   







The idea of Importance Truncation

Small model space you can do a full 
NCSM calculation in

Truncated space-still accessible

Contains some basis states from 
6ħΩ space + all of 4ħΩ

Full large space – not accessible to NCSM

4ħΩ space

6ħΩ space







Why EFT + NCSM?

EFT: 
 1. Captures the relevant degrees of freedom/symmetries
 2. Builds in the correct long-range behavior
 3. Has a systematic way for including the short-range behavior/order by order
 4. Many-body and two-body interactions treated in the same framework
 5. Explains naturally the hierarchy of the (many-body) forces

NCSM:
 1. Flexible many-body method/easy to implement
 2. Equivalent SD and Jacobi formulations
 3. Can handle both NN and NNN interactions
 4. In principle applies to any nucleus/extensions to heavier nuclei 

C
S
M
:



Pionless EFT for nuclei within the NCSM: 
   Without pions--> Breakdown momentum roughly 100 MeV/c 



Difficulties:Difficulties:

Difficulties:



T. Busch, et al., Found. Phys. 28, 549 (1998)

J. Rotureau, ORNL, March 2011



I. Stetcu, TRIUMF, Feb. 2011 



I. Stetcu, TRIUMF, Feb. 2011



Energy of third 
excited state at 
unitarity



3 s=1/23 s= ½ fermions
Werner and Castin, PRL 97 (2006)

J.        J.Rotureau, et al.PRA 82 (2010)



Triplet S NN phase shift





J. Rotureau, ORNL,  
 March 2011



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.     
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Difficulties:Difficulties:Difficulties:

Answer: By trapping the nucleons within an HO trap.



           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.



II. Many-Body Techniques for Solving the A-Nucleon     
     Problem

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

2. sd- and pf-shell nuclei:
 NCSM, extended NCSM, Standard Shell Model (SSM), 
 Coupled Cluster (CC), 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, ...
 



III. New Methods/Transformative Ideas (???) 

 1. “soft” NN interactions plus weak NNN interactions

  2. Coupled Cluster calculations with NNN interactions

  3. Universal Nuclear Energy Density Functional

  4. Building more correlations into smaller model space: 
    a) Fermionic Molecular Dynamics Approach (T. Neff, et al.)
    b) Extensions of the NCSM: 
      i) Projected NCSM/SSM
     ii) Symplectic (3,R) NCSM (J. Draayer, et al.)
    iii) Importance Truncated NCSM (Navratil and Roth)
    iv) NCSM + Resonating Group Method (Navratil & Quaglioni)
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