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Crab Nebula (SN1054) 



Scenario of Neutrino-Driven Supernovae 
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 2D &3D simulations 
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Challenges in Supernovae 



Challenges in Supernovae 

ChallengesChallenges  

in  Numerical Simulation in  Numerical Simulation     

  

・・  General relativity General relativity   

  

・・Neutrino transportNeutrino transport  

  

  ・・Long Term Simulation Long Term Simulation   

    

・・Equation of StateEquation of State  

・・Weak Interactions  Weak Interactions    

  

  

  



Composition of Supernova matter 

Supernova matter 
 
 

• neutrons and protons  

• light and heavy nuclei 
 

 

 

• electrons, positrons, (muons)  

• photons  
 

 

 

 

 

 

• neutrinos  
(not always thermalized, 

 Boltzmann Transport Part) 

 

 

     ⇒ Nuclear Equation of State  (EOS) A’,Z’ 

A,Z 
A,Z free 

p,n α 

Electron  
 photon 
(uniform) 

nuclei 

A’,Z’ 

trapped  

Free streaming 

     (Easy,  ideal Fermi or Bose gasses) 

Shock Revival  

@ in the inter-region  



We can obtain EOS 

by minimizing the free energy 

at given T, Ye,  ρ, but …   

 

the free energies are different in 

different models: 

・SMSM EOS 

(Botvina&Mishustin ‘04, ‘11   

Buyukcizmeci et al. ’13, ‘14) 

・HS EOS 

(Hempel  et  al. ‘10) 

・FYSS EOS 

(Furusawa et al.  ‘11,’13,’17) 

・RMF DD2 (Typel et al. ’16) 

How to calculate reliably the nuclear composition and EOS? 

Buyukcizmeci  (’13) 

Nuclear Composition 



 Physics in Supernova Simulations 

Equation of State Weak  

Interactions 

●individual rates 

   of nuclei 

   

Input :  𝑻, 𝝆,  Yp (=Np/(Np+Nn) = Ye )  
 

Output : 

●Thermodynamic 

 Quantities 

pressure, entropy 

 ●Nuclear Composition 

                   μ,  n (Z,N) 

    Hydrodynamics 
● Euler Eq. 

● Energy Eq. 

● Conservation  eq. of  mass & lepton 

● Poison  eq.   

Neutrino Transport  
●  Boltzmann Eq. 



Radial profiles of ρ, T, Ye  
in2d full-Boltzmann simulation (H. Nagakura et al.  APJS 2016) 
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Radial profiles of ρ, T, Ye  
in2d full-Boltzmann simulation (H. Nagakura et al.  APJS 2016) 
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・LS EOS (Lattimer  and Swesty ’91)  
・STOS EOS ( Shen et al. ’98, ‘11 )  
   Compressible Liquid Drop model (LDM) 
       or Thomas Fermi approximation 

 ● Multi-Nucleus  EOSs (optimize the nuclear ensemble) 
  

・SMSM EOS (Botvina & Mishustin ‘04,  Buyukcizmeci et al. ’10 ‘14) 

・HS EOS  (Hempel & Schaffner  ‘10, Steiner et al.  ‘13)  

・FYSS EOS  (Furusawa et al. ’11,’13, ‘17a, ’17d)  

   Incompressible LDM or nuclear mass data 

  ⇒Simple evaluation of nuclear binding  

  energies to solve full nuclear ensemble 

  (Multi Nucleus Approximation(MNA)) 

 

 ●  Single-Nucleus EOSs  (optimize the nuclear structure) 

      ⇒Only one representative  heavy nucleus   

                       (Single Nucleus Approximation(SNA)) 
        ⇒Only He4 of light nuclei        
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α 
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Single Nucleus VS Multi-nucleus 

Dripped Nucleons 
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Stellar Evolution 

Neutron Star matter 
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Single-Nucleus vs Multi-Nucleus 

Nucleosynthesis 

 (T<~ 0.5 MeV) 

n,p 
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Single-Nucleus vs Multi-Nucleus 

n,p 

ｄ,t,h,α 

Neutron Star matter 

SNA 

(LS, STOS  EOSs) 
Stellar Evolution 

Nucleosynthesis 

                  MNA 

(SMSM,HS,FYSS EOSs) 

No exact calculation for 

 hot and dense stellar matter 



Self-Consistent Calculation of 
nuclear ensemble and equilibrium 
density 

Ａ,Ｚ 

Ａ’,Ｚ’ 

Ａ’’,Ｚ’’ 

1, Solve the  structure of  all nuclei 

      (minimize the individual  binding energy) 

 

2, Solve the ensemble  

    (minimize the  total free energy) 

   

 

Information about 

binding energies  

of all nuclei 



Compressible Liquid Drop Model 
1, Solve the  equilibrium densities of  all nuclei 

      (minimize the individual  binding energy) 

 

Bulk:  Skrme Type Interaction 



Compressible Liquid Drop Model  
 1, Solve the  equilibrium densities of  all nuclei 

      (minimize the individual  binding energy) 

 

(                    ) 

Coulomb: Integration of Coulomb potential in Wigner-Seiz cell containing nucleus i 

  

Surface : Surface area times surface tension (Agwal’14) + in-medium effect  



Skrme Type Interactions (Oyamatsu & Iida ’03, ‘07) 
for bulk free energy (nuclei and  dripped nucleon) 
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Compressible Liquid Drop Model 
1, Solve the  equilibrium densities of  all nuclei 

      (minimize the individual  binding energy) 

 

Bulk:  Skrme Type Interaction 

Coulomb: Integration of Coulomb potential in Wigner-Seiz cell containing nucleus i 

  

Surface : Surface area times surface tension (Agwal’14) + in-medium effect  



Self-Consistent Calculation of nuclear 
ensemble and equilibrium density 
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Models 
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Compression or 

 decompression 



Results  Fi minimum  



Results  Fi minimum  



Mass Fraction  

Compression  or decompression  hardly affects the total Mass Fraction. 

    (Compressible  model agrees with  Incompressible model ) 

The dripped nucleons and  α particles are overestimated 

       in Single-Nucleus EOS 



Vaporization at high Temperatures  

Neutron-rich nuclei have smaller equilibrium density. 

Sequential vaporizations of neutron-rich nuclei take place 

 as temperature incerases. 

Ca50 
average 



Vaporization at high Temperatures  

Neutron-rich nuclei have smaller equilibrium density. 

Sequential vaporizations of neutron-rich nuclei take place 

 as temperature incerases. 

Mass fractions Equilibrium densities 

T=3 MeV 

T=10 MeV 



Mass Fraction  

 Incompressible model with an ordinary critical temperature T=18 MeV 

 considerably deviates from  Compressible  model 

due to the lack of decompression and vaporization 

Vaporization 

decompression  







Backup 



Parameter Sets for Bulk Energies 





Results 

At low T and high Yp conditions,  









Decompressed← 
→compressed 

Higher T, lower nB, lower Yp ⇒  more dripped nucleons ⇒decompression  

Ｃｒｉｔｉｃａｌ Ｌｉｎｅ between Compression or Decomprression  





Impact of EOS’s on dynamics of 1D GR supernova simulations 

  
Stiff SNA  

Soft SNA   

Soft  MNA 

Stiff MNA  

 

 Difference  between stiff  MNA and  EOS’s (the same bulk propety)  

 >Difference between Stiff and   MNA EOS’s (the same NSE model) 

(Steiner et al. 2013)  




