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     A great  effort is being devoted to study the properties of asymmetric 
nuclear systems both from  experimental and theoretical points of view 
using both effective and realistic interactions.

   Large dispersion in the results  
      “ab initio” calculations could be a safe way to study these systems. 

However,  this procedure could mean different  things …
1. Choose degrees of freedom: nucleons
2. Choose interaction: Realistic phase-shift equivalent two-body potential 

(CDBONN, Av18, chiral forces (N3LO,…).
3. Select three-body force

    With these ingredients we build a non-relativistic Hamiltonian  ===> 
Many-body Schrodinger equation. To solve this equation (ground or 
excited states) one needs a sophisticated many-body machinery.

We need   as good as posible many-body theory to eliminate uncertainties!

Remember:

Nucleon-nucleon interaction is not uniquely defined.  
Complicated channel structure. Tensor component of the nuclear force.
Already the deuteron is complicated.



Perturbative methods: Due to the short-range structure of a realistic 
potential == > infinite partial summations. Diagrammatic  notation is 
useful.

Self- Consistent Green’s function  (SCGF)

Brueckner-Hartree-Fock.  G-matrix

Variational methods as FHNC or VMC 

Quantum Monte Carlo: GFMC and AFDMC.  Simulation box with a finite 
number of  particles. Special method for sampling the operatorial correlations. 





The microscopic study of nuclear systems requires a rigorous treatment 
of the nucleon-nucleon (NN) correlations.

 Strong short range repulsion and tensor components in realistic 
interactions, to fit NN scattering data,  produce important modifications 
of the nuclear wave function.

 Simple Hartree-Fock for nuclear matter at the empirical saturation 
density using such realistic NN interactions provides positive energies 
rather than the empirical -16 MeV per nucleon.

The effects of correlations appear also in the single-particle 
properties:Partial occupation of the single particle states which would 
be fully occupied in a mean field description and a wide distribution in 
energy of the single-particle strength.  The departure of n(k) from the 
step function gives a measure of the importance of correlations.



 NN-interactions  act differently  in symmetric nuclear matter than in 
neutron matter.  A “measure” of this isospin dependence is provided
by  the symmetry energy. 



The behavior of the symmetry energy around saturation can be also 
characterized in terms of a few bulk parameters.
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By construction, mean field calculations, with effective interactions,
do not give access to the high-momentum components. 
Their associated n(k) are just  uncorrelated step-functions.

BHF provides the energy correction to the non-interacting system
(free Fermi sea) but do not provide the separate contributions of
the kinetic energy and potential energy in the correlated many-body
state.

We have observed the isospin dependence, either of the effective
interactions or of the realistic interactions looking at the results
(mean field and BHF) for nuclear and neutron matter.

A new  insight of the importance of correlations can be provided by 
analyzing the kinetic and potential energy contributions to the symmetry
energy and the contribution of the different components of the potential



How high-momentum components produced
by NN-correlations affect the symmetry energy?

If correlations are measured by the departure of n(k) 
from the step function. Which system is more correlated
nuclear matter or neutron matter ? 

Which components of the interaction are responsible
for  the symmetry energy? 

We study the isospin dependence of the NN interactions
 by comparing  the results for nuclear and neutron matter.

A new  insight of the importance of correlations can be provided by 
analyzing the kinetic and potential energy contribution to the symmetry
energy and the contribution of the different components of the potential.

BHF provides the energy correction to the non-interacting system
(free Fermi sea) but do not provide the separate contributions of
the kinetic and potential energies in the correlated many-body
state.



The Hellmann-Feynman theorem in conjunction with BHF can be 
used to estimate the  “real”  kinetic energy.

Hellmann-Feynman theorem:
Consider a Hamiltonian depending on a paremeter 

The nuclear Hamiltonian can be decomposed 
in a kinetic and a potential Energy pieces:

Defining a  depending Hamiltonian: 

 The expectation value of the
potential energy 



For Av18+Urbana IX three-body force at 
saturation density

The main contribution to both

and L is due to the potential energy

The kinetic contribution to  is very small and negative

In contrast,  the FFG  approach to the symmetry energy is ~ 14.4 MeV.
The contribution to L is smaller than the FFG which amounts ~29.2 MeV

EFFG(SM) = 24.53 MeV,    T(SM) - EFFG(SM) =29.76  MeV

EFFG(NM) = 38.94 MeV,    T(NM) - EFFG(NM) =14.38  MeV

PRC84, 062801(R), 2011
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Separate contributions  from 
the various components of 
Av18 and the two-body reduced
Urbana force.  All energies in MeV

PRC84, 062801(R), 2011



First Summary 

 At the same density, neutron matter is less correlated than nuclear matter. 
The variation of kinetic energy respect to the FFG is smaller for neutron 
matter than for nuclear matter.

The  kinetic symmetry energy is very small (compared with the FFG) and 
could be even negative.  The potential part of the symmetry energy is very 
large. The main contribution coming from the tensor part of the NN 
interaction and the partial waves where the tensor is acting.  

The kinetic and the potential energy have  a quadratic dependence on the 
asymmetry paremeter.

The BHF values for the symmetry energy and L ( calculated with the Av18
and a Urbana IX three-body force are compatible with the experimental 
determinations. 

Three-body forces do not change the qualitative behavior.   



Polarized Neutron Matter

Energy expanded on the spin polarization

Spin symmetry energy directly 
related to the invers of the 
magnetic susceptibility 

Can be neglected. Also higher terms can 
be neglected!







Results of the underlying Fermi seas.

Kinetic <T>, and potential <V> contributions to the total energy 
per particle of totally polarized (TP) and non-polarized (NP) 
neutron matter at the empirical saturation density of symmetric 
nuclear matter.

<V> is small for TP due to the absence
of S=0 channels and to the cancellations
in the S=1 channel between different partial 
waves.



Slope of the spin symmetry energy

<V> for TP is small.
<V> for NP is attractive.
However, both  TP and 
NP are not bound.

Quite linear behavior of 
the spin symmetry energy 
in a wide range of 
densities. One can use L 
to parametrize the  
density dependence.



The S=0 channel is not active in TP

Phys. Rev. C94(2016)054006





Contributions of the various 
components of the Av18 potential, 
and the reduced Urbana 3body 
force to the total energy per 
particle of TP and NP neutron 
matter and to the spin symmetry 
energy and its slope paremeter. All 
results in MeV.

Relevant contribution to the spin 
symmetry energy from 

Many components of the interaction 
give similar results for 
TP and NP neutron  matter.

Three-body forces give small and 
similar contributions in both TP and NP 
neutrón matter and play a secondary 
role.



As a measure of the dregree of 
correlation we look at the 
increment of the kinetic energy 
per particle respect to the free 
Fermi sea.

According to this,  symmetric nuclear matter is more correlated than unpolarized 
neutron matter and this is more correlated than polarized neutron matter. Those 
differences in kinetic energies reflect the existence of larger depletion in n(k) and 
more high momentum components in  nuclear matter.



Second Summary

 No ferromagnetic transition in the wide range of densities explored.

 NP neutron matter is more correlated than TP neutron matter and both are 
less correlated than symmetric nuclear matter.  

The main contribution of the potential energy part to  the spin symmetry 
energy comes from  
 
Three-body forces  give small contributions and play a secondary role in  
TP and NP neutron matter.   

 Big cancellations in the different contributions of the potential energy in TP 
neutron matter, resulting in a very small potential energy. However the system 
is correlated as one can see by looking at the increment of kinetic energy 
respect to the Fermi sea.



Ferromagnetic transition of a two-component Fermi gas 
of hard spheres

In the context of cold fermi dilute gases with repulsive short range 
repulsion it has been experimentally explored and theoretically argued the 
existence of a ferromagnetic transition

Based on the fact that for very dilute systems only the s-wave is relevant 
and that for fully polarized Fermi system, the s-wave scattering is forbidden 
and therefore the total energy equals the corresponding kinetic energy of 
the underlying Fermi sea, the effective opposite-spin-channel (OSC) model 
has been proposed:



Hard-sphere potential

Low density expansion with s- and p-wave scattering 
lengths and the s-wave effective range





Jastrow wave function with optimized two-body correlations  and 
back-flow correlations. 

Back-flow correlations 
decrease the energy of both P 
and NP systems, but is more 
efficient for NP. Finally,
shifting the critical density up 
to x=1.8 which is close to the
freezing density of quantum 
hard-spheres : xf=1.95



Jastrow wave function with optimized two-body correlations  and 
back-flow correlations. 

Back-flow correlations 
decrease the energy of both P 
and NP systems, but is more 
efficient for NP. Finally,
Shifting the critical density up 
to x=1.8 which is close to the
Freezing density of quantum 
hard-spheres : xf=1.95



Third summary

We have shown that p-wave terms contribute significantly to the total energy of 
the polarized and unpolarized system at x around 1, and therefore the 
simplified Hamiltonian for a fully repulsive interaction can not be used in this 
range

Variational calculations in the framework of FHNC for a wave 
function including backflow correlations show that a ferromagnetic 
transition takes place at x around 1.8 close to the freezing density of 
quantum hard-spheres  estimated at x around 1.95.

Possibility: To calculate the Landau parameters and do the analysis in 
terms of the Landau parameters. Calculate also the response.



Taylor expansion of the energy per particle of symmetric nuclear matter
around the saturation density.

PRC80,045806 (2009)



Combining the precedent  expansions, one can predict the existence of a 
saturation  density, i.e., a zero pressure condition, for a given asymmetry and 
rewrite the  energy per particle of asymmetric matter around the new saturation 
density



Isospin asymmetry dependence of the saturation density, energy per
 particle and incompressibility coefficient at the saturation point of
 asymmetric nuclear matter.

Solid lines show the results of the exact BHF calculations whereas 
dashed lines indicate the results of  the  previous expansion.

PRC80,045806 (2009)



Spectral functions at zero tempearture

F

r

Free system     +   Interactions   =>   Correlated system         



PRC84, 062801(R), 2011

3S1   gives the larger contribution to the symmetry energy and L 

Large  cancellations between the other partial waves.



Effective interactions.  Skyrme type

Gogny type



Phys. Rev C74(2006),068801



Neutron and proton momentum distributions for different asymmetries

The less abundant component ( the protons) are very much affected by 
thermal effects.



Isospin asymmetry dependence
of the kinetic and potential energy 
contributions to the total energy.
For the CDBonn (circles) and
Av18 (squares) potentials.
The triangles of the upper panel
give the energy of the FFG in the
same conditions, rho= 0.16 fm-3 
and  T=5 MeV.

EPL, 97 (2012)22001 

Almost linear dependence  ===>
quadratic dependence on the 
asymmetry paremeter.
Different slopes. 
The variation of the kinetic energy is 
much smaller tan the variation of the 
potential energy.  



Argonne v18

 is the sum of 18   operators that respect some symmetries.  
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