
 
Beyond mean-field corrections and effective 

interactions in the nuclear many-body problem 
 
 

Marcella Grasso 
 
 

 

March 16-20, 2015 

    FUSTIPEN Topical Meeting 

New Directions for Nuclear Structure and Reaction 
Theories 



Quark-gluon dynamics 

Low-energy nuclear physics. 
Nucleus treated as a many-
body system composed by 

nucleons 

The nuclear many-body problem: 

By neglecting the internal 
degrees of freedom of nucleons 



A unified theory for nuclear structure, reactions and stars  

The Energy Density Functional (EDF) concept 

Beyond-mean -field 
models (correlations).    

 - Describing complex 
phenomena  

- Improving predictive 
power of models 

 

-  NUMERICAL 
COMPLEXITY 

-  DIVERGENCES 

-  INTERACTION ? 
Phenomenological 
density-dependent 
interactions adjusted 
at the mean-field 
level  



 

Beyond-mean-field models. Some examples 
 

- Single-particle and collective degrees of freedom are 
coupled (examples: particle-vibration coupling, generator coordinate 

method, …) 
 
 

- Single-particle and multi-particle degrees of freedom 
are coupled (examples: variational multiparticle-multihole 

configuration mixing, second RPA, …) 
 
 

- Correlations are explicitly included in the ground 
state (examples: extensions of RPA and SRPA, variational multiparticle-

multihole configuration mixing, …)  



One illustrative example: SRPA 

Excitation 
operators 

1 and 2 

short-hand notation for 1p1h 
and 2p2h 

Yannouleas, Phys. Rev. C 35, 1159 (1987)  
 



RPA with density-dependent forces (Skyrme or Gogny) 
Rearrangement terms in the residual interaction  

 
SRPA with Skyrme and Gogny forces: rearrangement 

terms have been derived (important for the 
fragmentation) 

Previously, two 
approximations: 

-  Neglecting the new 
rearrangement terms 

-  Treating them as in 
RPA 

Inspired by:  
da Providencia, Nucl. Phys. 61, 87 (1965) 
 
 
 Gambacurta, Grasso, Catara, J. Phys. G: Nucl. and Part. Phys. 38, 035103 (2011)  
 
 



Double counting (interaction adjusted at the 
mean-field level) and instabilities.  

Recent analyses:  

•  Papakonstantinou, Phys. Rev. C 90, 024305 (2014)* 

 
•  Tselyaev, Phys. Rev. C 88, 054301 (2013) (subtraction 

method) 

* Suggestion of using a correlated ground state. This has 
been implemented only in the case of metallic clusters: 
Gambacurta, Catara, Phys. Rev. B 81, 085418 (2010) 



With the Skyrme force (only contact terms) - 16O 

Isoscalar (top) and 
isovector (bottom) 
monopole 
response. The 
cutoff is in 2p2h 
configurations (in 
parentheses in 
MeV) 

Gambacurta, Grasso, Catara, Phys. Rev. C 81, 054312 (2010) 
 
Gambacurta, Grasso, Catara, Phys. Rev. C 84, 034301 (2011)  



With the Gogny force (density-dependent 
contact term in the construction of the residual 

interaction) - 16O 

Gambacurta, Grasso, De Donno, Co’, Catara, Phys. Rev. C 86, 021304 (R ) (2012)  

Isoscalar 
monopole 
response. The 
cutoff is in 2p2h 
configurations (in 
parentheses in 
MeV) 



Subtraction method 
 
-  Tselyaev, Phys. Rev. C 75, 024306 (2007).  
Applied first to models that include particle-vibration coupling. 
As an illustration, for applications to relativistic models, see:  
 
Litvinova, Ring, Tselyaev, PRC 75, 064308 (2007); PRC 78, 014312 
(2008), PRL 105, 022502 (2010).  

Main objective of the method: Eliminating double counting 
 
What is developed in Tselyaev 2013:  
-  stability of extended RPA results (real solutions) 

guaranteed 
-  ‘Though the problem of the convergence is not 

generally resolved…., one can see that its use at least 
improves the situation’  

- Tselyaev, Phys. Rev. C 88, 054301 (2013) (for extensions 
of the RPA model) 
 



Simplified case: SRPA in the diagonal approximation.  
The SRPA equations may be reduced to RPA-type equations with 
energy-dependent terms 



Subtraction condition 

A new quantity ‘O’ is introduced by subtracting W at zero 
energy W(0), 

This quantity allows one to satisfy the condition:  

O 

O 



Preliminary results in the diagonal 
approximation 

Gambacurta, Grasso, Engel, in progress 



Quark-gluon dynamics 

Beyond mean-field methods 

STRONGLY INTERACTING SYSTEMS 

Links through EFT (nuclear interaction, 
regularization techniques, power counting 
analysis, …) 



The mean-field approximation represents the leading order 
of the perturbative many-body problem.  

Total energy at first order 

For example: to 
calculate the 1st 
order equation of 

state of matter 



What happens if one goes beyond the mean-field level 
within the EDF framework?  

For example, the 2nd 
order for the equation 
of state of nuclear 
matter:  

Commonly used 
interactions 
(Skyrme) are 
adjusted at the 
mean-field level. 
Double counting 
problems when 
one uses them 
beyond 

Zero-range terms 
in conventional 
forces -> 
ultraviolet 
divergences when 
one goes beyond 
the mean field 

Is our problem 
really perturbative 
when 
conventional 
forces are used?  

1 2 3 

Regularization 
techniques 

Power counting 
analysis 

Effective field 
theories (chiral 
interactions) 



Equation of state of nuclear matter with a Skyrme-type 
interaction 

This second-order contribution diverges with a Skyrme-type 
interaction 



Asymptotic behavior: linear divergence (with respect to 
the cutoff). The second-order correction is proportional 

to: 

Coherent with the Lee-Yang expression (ground 
state energy of a low-density Fermi gas). 
Expansion as a power series in the scattering 
length a:  

Lee and Yang, Phys. Rev. 105, 1119 (1957)  



How the equation of state looks like: 

Two problems: divergence and double counting!!! 

 

First strategy: cutoff regularization 

(a) -> Second-order equation of state for different 
values of the cutoff. The SkP-mean field EoS is 
represented by a black line 
 
(b) -> Second-order correction 

FIT: for 
each cutoff 
value 



Recently done for the t0-t3 case 

Going from matter … 

… to finite nuclei with beyond-
mean-field models. First attempt:  

Brenna, Colo, Roca-Maza, PRC 
90, 044316 (2014) 



Commonly used 
interactions 
(Skyrme) are 
adjusted at the 
mean-field level. 
Double counting 
problems when 
one uses them 
beyond 

Zero-range terms 
in conventional 
forces -> 
ultraviolet 
divergences when 
one goes beyond 
the mean field 

1 2 

Regularization techniques. Dimensional 
regularization 

Effective field 
theories (chiral 
interactions) 

… towards an interface with EFT 



d -> continuous dimension 

µ -> auxiliary scale 

Dimensional Regularization. Replacing the dimension 
of the divergent integrals with a continuous variable d.  
t0-t3 case (coupling constant g), symmetric matter. The 
energy is proportional to  



Only the finite part remains:  

Moghrabi, Grasso, PRC 86, 044319 (2012)  



Only the finite part remains:  

Moghrabi, Grasso, PRC 86, 044319 (2012)  

First + second 
order 

Second order 



The whole finite part for the full Skyrme interaction and symmetric 
matter (without the spin-orbit term) 

Moghrabi, et al., PRC 85, 044323 (2012) 
Yang et al.in progress  



Asymptotic behavior: 

Moghrabi, et al., PRC 85, 044323 (2012) 
Yang et al., in progress  



… by keeping an EFT way of analyzing the 
problem… 

Is our problem renormalizable with the Skyrme 
force? 

Moghrabi, Grasso, van Kolck, arXiv:1312.5949 

 

Yang, Grasso, Moghrabi, van Kolck, in progress   

 

Renormalizability means that the theory is independent of the regularization 
(observables are independent of the cutoff) 

 

 



Implications of demanding renormalizability through a redefinition of the 
existing Skyrme parameters at each order 

Finite Absorbed 

Divergent 



To suppress the divergent part: 

Counter terms have to be added … 

Ensuring renormalizabilty is a step towards the more 
general objective: searching for the correct power 

counting that indicates the proper hierarchy of allowed 
interactions  



An EFT way of analyzing the problem… 

Is our problem renormalizable? 



- Several possibilities, for example C1=C2=0 and α=1/3  

-  Second possibility: 6 α = 2+3 α=4 -> α=2/3, with:  



An EFT way of analyzing the problem… 
Answer: the problem is not renormalizable in general 
(counter terms should be added in the interaction). 

However, some specific values of the density-dependent 
exponent may be found to have a renormalizable 

problem (for instance 1/3 and 2/3) 

Redefinition of the Skyrme parameters 

The ‘bare’ parameters depend on the cutoff so that the 
renormalized parameters do not depend on the cutoff 



Adding counter terms : analysis of perturbativity 
(hierarchy) 

Beyond mean field in the perturbative many-body problem 

Zero-range terms 
in conventional 
forces -> 
ultraviolet 
divergences when 
one goes beyond 
the mean field 

Is our problem 
really perturbative 
when 
conventional 
forces are used?  

2 3 

Regularization 
techniques 

Power counting 
analysis 

Effective field 
theories (chiral 
interactions) 



Quark-gluon dynamics 

EDF. Medium-mass/heavy 
nuclei and many-body physics. 
Mean-field methods and 
beyond 

Conclusions and Perspectives 

Links through EFT (nuclear interaction, 
regularization techniques, …) 

1.  From matter to 
nuclei 

2.  Study of the 
renormalizability 
of the problem 

3.  Study of the 
perturbativity of 
the probem  

4.  New effective 
interactions for 
beyond mean-
field theories 

APPLICATIONS. Some 
examples: 
 
Accurate spectroscopic 
studies for stable and 
exotic systems (particle-
vibration models) 
 
Accurate analysis of 
excited states (second 
RPA) 
… 


