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      Outline 

v Motivations and astrophysical interest 
 
 
 

v Electron captures and beta decays: 
      - introduction 
      - the microscopic model 
      - results on electron capture for astro applications 
      - some (preliminary) results on collective modes (GT, IAR) 
 

      - a (very brief) discussion on the PDR 
      
 
 

v Conclusions & Outlooks 
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      Motivation 

v Nuclear structure calculations 
 

Ø  HF + RPA at finite T à application to stellar 
environment (e.g. SN) 

 

Ø  HF BCS + QRPA at T=0 à prediction of β decay and 
half-lives (e.g. Sn isotopes) 

 
 
 

v Astrophysical application 
 

Ø  EC & β decay rates (e.g. in SN, nucleosynthesis) 
 

Ø  use experimental information on β decays (e.g. GT 
strengths) to constrain the functional to use 

     

3 A. F. Fantina 



Ø  Weak processes crucial all along the life of a star (burning chain) 
 

Ø  EC & β decays crucial in late-stage evolutions (massive stars) 
 

Ø  β decay rates crucial in nucleosynthesis (e.g. r process) 
 

Ø  β decays / EC also play a role in NS cooling 
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      Weak interactions in astrophysics 
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EC and β decays in stellar environment  
à  EC mainly dominated by GT 
à  β decays occur via Fermi and GT. Due to finite 

T, excited states in the decaying nucleus can 
be thermally populated. Some of these have 
strong GT transitions to low-lying states in 
daugther nucleus (backresonances). 

Langanke & Martínez-Pinedo, Rev. Mod. Phys. 75, 819 (2003) 



5 Credits: http://chandra.harvard.edu;  
             http://large.stanford.edu 

      Astrophysical framework: SN & NS 
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      Weak processes in SN 
 
Ø  Electron captures and beta decays crucial in pre-supernova phase 
            determines electron fraction Ye and entropy s in the core 
            formation of neutron-rich nuclei 
 
Ø  Electron capture governs the deleptonization phase 
             Ye at trapping 
             shock wave formation 
 

Janka et al., Phys. Rep. 442, 38 (2007) 
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      Electron capture in SN 

µn	


µp	


ΔN ≈ 3 MeV 

on free protons 
on nuclei 

Condition during supernova collapse: 

²  Electron capture on free protons: quite well known! 
 

²  Electron capture on nuclei: requires knowledge of nuclear structure à difficult! 

capture allowed! 
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      Electron-capture rates:  
      (some) existing calculations (1)  

for a review, e.g. Langanke & Martínez-Pinedo, Rev. Mod. Phys. 75, 819 (2003); Nucl. Phys. A928, 305 (2014) 
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  Up to now, in SN simulations, no self-consistent models: 
 

   - Fuller, Fowler & Newmann (1982, 1985): independent particle model 
     à 2 level-transitions, no configuration mixing and T effects 

        - Langanke & Martínez-Pinedo (2000, 2001): SMMC, SMMC + RPA 
 

Hix et al., Phys. Rev. Lett. 91 (2003) 
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Ø  Mean-field based models: 
      

•  Paar et al., Phys. Rev. C 80, 055801 (2009) : FTSHF + RPA  
   Skyrme Hartree-Fock + charge-exchange RPA 
 

•  Niu et al., Phys. Rev. C 83, 045807 (2011) : FTRRPA  
   Relativistic RPA 
 

•  Dzhioev et al., Phys. Rev. C 81, 015804 (2010) : TQRPA  
thermal quasi-particle RPA 
 

•  Sarriguren, Phys. Rev. C 87, 045801 (2013) : 
 deformed Skyrme Hartree-Fock + QRPA 

 
 
     à not yet implemented in astrophysical codes 
 

      Electron-capture rates:  
      (some) existing calculations (2) 
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      FTSHF+FTRPA model (sketch) 
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•  FTSHF à single-nucleon basis, occupation factors and wave function of initial state 
 

•  FTRPA (finite T, charge-exchange) à excitation energies, 
         transition energy and strengths (e.g. GT) 

 

 ( Paar et al., PRC 80, 055801 (2009) ) 
 

N.B.: The model is self-consistent: both HF eqs. and RPA matrix  
         based on the same Skyrme functional 

A. F. Fantina 10 Paar et al., PRC 80, 055801 (2009)  

74Ge 



      FTSHF+FTRPA model (sketch) 
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•  FTSHF à single-nucleon basis, occupation factors and wave function of initial state 
 

•  FTRPA (finite T, charge-exchange) à excitation energies, 
         transition energy and strengths (e.g. GT) 

 

 ( Paar et al., PRC 80, 055801 (2009) ) 
 

N.B.: The model is self-consistent: both HF eqs. and RPA matrix  
         based on the same Skyrme functional 

Ø  Cross-section for electron-capture in 0.5 < T < 2 MeV range 

A. F. Fantina 11 

Brink hp.! 



      FTSHF+FTRPA model (sketch) 
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•  FTSHF à single-nucleon basis, occupation factors and wave function of initial state 
 

•  FTRPA (finite T, charge-exchange) à excitation energies, 
         transition energy and strengths (e.g. GT) 

 

 ( Paar et al., PRC 80, 055801 (2009) ) 
 

N.B.: The model is self-consistent: both HF eqs. and RPA matrix  
         based on the same Skyrme functional 

Ø  Cross-section for electron-capture in 0.5 < T < 2 MeV range 

Ø  Electron-capture rates: 

A. F. Fantina 12 

N.B. : We have performed calculations for : 
          54-56Fe, 70-80Ge, 60-64Ni (even-even) 



      EC cross sections (Fe) 
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Fantina, Khan, Colò, Paar, Vretenar, Phys.Rev. C 86, 035805 (2012) 
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      EC rates (Fe) 
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Fantina, Khan, Colò, Paar, Vretenar, Phys.Rev. C 86, 035805 (2012) 
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      EC cross sections (Ge) 
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Fantina, Khan, Colò, Paar, Vretenar, Phys.Rev. C 86, 035805 (2012) 



      EC rates (Ge) 
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Fantina, Khan, Colò, Paar, Vretenar, Phys.Rev. C 86, 035805 (2012) 
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      EC rates (Ni) 
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Fantina, Khan, Colò, Paar, Vretenar, EPJ Web of Confer. 66, 02035 (2014) 
QRPA SLy4 from Sarriguren, PRC87, 045801 (2013) A. F. Fantina 17 



      How to compare with experiments? 
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Experimental study of beta-decays ! 
     
Ø  importance for β decay & EC process: 

 

v  constrain theoretical model 
           (reduce “error bars”) 

v  select best functional 
 

Ø  importance for r-process 
 

v  infer abundance of nuclei 
v  constrain duration of r-process 
    à site of r-process 

A. F. Fantina 18 
rather than directly compare the rates, we can look at the  
transitions that contributes to those rates and can be measured! 



      Properties of  collective modes: GT 
      with (FT)HF + RPA (e.g. 208Pb) 
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PRELIMINARY! 

exper: Akimune et al.,  
PRC 52, 604 (1995) 



      ... and what about pairing? 
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Work in progress with G. Colò, E. Khan, J. Margueron 

•  HF + BCS à single-nucleon basis, occupation factors and wave function of initial state 
 

•  QRPA (charge-exchange) à excitation energies, 
         transition energy and strengths (e.g. GT, IAR) 

 
 

 ( e.g. Fracasso & Colò, PRC 76, 044307 (2007) ) 
 
 

N.B.: 1) The model is self-consistent: both HF + BCS eqs. and QRPA matrix  
             based on the same Skyrme functional 
 

         2) The model is at T=0 à direct comparison with experimental strength! 

Pairing force : 



      Properties of  collective modes: GT 
      with HFBCS+QRPA, T=0 (e.g 120Sn) 

21 A. F. Fantina 21 
see also e.g. Fracasso & Colò, PRC 76, 044307 (2007) for the method 

PRELIMINARY! 

exper: Pham et al.,  
PRC 51, 526 (1995) 



      Properties of  collective modes: GT 
      with HFBCS+QRPA, T=0 (e.g 120Sn) 
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see also e.g. Fracasso & Colò, PRC 76, 044307 (2007) for the method 

PRELIMINARY! 

exper: Pham et al.,  
PRC 51, 526 (1995) 

Ref. for SAMi forces: X. Roca-Maza et al., Phys. Rev. C 86, 031306(R) (2012) 



      Properties of  collective modes: GT 
      with HFBCS+QRPA, T=0 (e.g 118Sn) 
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see also e.g. Fracasso & Colò, PRC 76, 044307 (2007) for the method 

PRELIMINARY! 

exper: Pham et al.,  
PRC 51, 526 (1995) 



      Properties of  collective modes: GT 
      with HFBCS+QRPA, T=0 (e.g 118Sn) 
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see also e.g. Fracasso & Colò, PRC 76, 044307 (2007) for the method 

PRELIMINARY! 

exper: Pham et al.,  
PRC 51, 526 (1995) 

Ref. for SAMi forces: X. Roca-Maza et al., Phys. Rev. C 86, 031306(R) (2012) 



     Pygmy resonance and beta decay ? 

25 A. F. Fantina 25 

Pygmy à low-energy peak in the dipole 
response of n-rich nuclei ( ΔL = 1) 
It can be important for : 
•  testing isospin-dependent components of effective 

nuclear interactions 
•  n-capture rates (e.g. r-process) 
•  if collective, it has been claimed to be correlated to L, 

slope of the symmetry energy (e.g. A. Carbone et al., 
PRC 81, 041301 (2010)) and to n skin (e.g. J. 
Piekarewicz, PRC83, 034319 (2011)) 

But: PDR seems to appear in some models and not in others!  
see e.g. Paar et al., Prog. Rep. (2007) 



     Pygmy resonance and beta decay ? 
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courtesy of G. Colò, see also A. Gottardo’s talk 

Question : beta decay could populate states which are pigmy resonance on the IAS ? 

To allow this the Qβ should be quite high ( > 10-12 MeV). 
A possible case is : 134In à 134Sn (Qβ ≈ 14 MeV) 

134Sn SkI3 

PDR Some fo rces (e .g . Sk I3 , wh ich 
reproduces pygmy in 132Sn and 68Ni) 
predicts a PDR around 10 MeV. 
 

(QRPA calculations by G. Colò) 

1g9/2 

2f7/2 
2f7/2 

π ν 
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      Conclusions & Outlooks 
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v  First calculation of electron-capture rates for stellar conditions 
    within fully self-consistent approach for some selected nuclei  
 
v  Preliminary calculations with HF BCS + QRPA 

Ø  Predict collective modes, half-lives in e.g. Sn isotopes 
 
Ø  From experimental results get constraints (from e.g. β-decay experiments) 
    à choose “best” functional(s) for astro applications  
 
Ø  More systematic EC calculations on an ensemble of nuclei à TABLES 
    for application to astrophysics (implementation in stellar codes) 
    (e.g. core-collapse SN à ANR SN2NS project with E. Khan, J. Margueron, J. Novak, M. Oertel) 

A. F. Fantina 
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