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We aim to construct a new SN-EOS with the variational method 
starting from bare nuclear forces. 

There is no SN-EOSs based on the microscopic many-body theory. 	

Skyrme-type effective interaction	

Relativistic Mean Field Theory	

(M. Oertel et al., Rev. Mod. Phys. 89 (2017) 015007) 

Supernova equation of state (SN-EOS)   	
1. Introduction	



1: Cluster variational method 
with AV18 + UIX potentials	

2: Thomas-Fermi calculation 
for non-uniform matter	

Uniform 

Non-uniform 

Our procedure to construct a new EOS table 

•  Temperature T : 0 ≤ T ≤ 100 MeV 

•  Density ρ : 105.1 ≤ ρB ≤ 1016.0g/cm3 

•  Proton fraction Yp : 0 ≤ Yp ≤ 0.65 



Nuclear Hamiltonian 

Jastrow wave function 
ΦF: Fermi-gas wave function 

 (Phys. Lett. 87B(1979) 11, PRC 75(2007) 035802)	

fij: Correlation function 

•  The prescription by Schmidt and Pandharipande is employed  
to obtain the free energy at finite temperature. 

•  The expectation value of the Hamiltonian  
is calculated in the two-body cluster approximation. 

2. Supernova EOS with realistic nuclear forces	

Argonne v18 (AV18) two-body potential	 Urbana IX (UIX) three-body potential	



n0[fm-3] 

0.16 

E0[MeV] Esym[MeV] K [MeV] 

-16.1 245 30.0 
APR : A. Akmal, V. R. Pandharipande, D. G. Ravenhall, 

PRC 58 (1998) 1804 

Our EOS : HT and M. Takano, NPA 902 (2013) 53 

FHNC : A. Mukherjee, PRC 79(2009) 045811 

Nuclear EOS for uniform matter	



We use the Thomas-Fermi method by Shen et al.  (PTP 100 (1998) 1013,  APJS 197(2011) 20) 	

Nuclear EOS for non-uniform matter	

HT et al., NPA 961 (2017) 78 



http://www.np.phys.waseda.ac.jp/EOS/!

Home Page of Variational EOS Table	

User’s Guide 

Numerical Data 



J1614-2230: Nature 467 (2010) 1081 
J0348+0432: Science 340 (2013) 1233232 

Mass-Radius relation of neutron stars	
Application to neutron star	



SN simulation numerical code: K. Sumiyoshi, et al., NPA 730 (2004) 227	

1D neutrino-radiation hydrodynamics simulations 
Progenitor: Woosley Weaver 1995, 15M◉	 Astrophys. J. Suppl. 101 (1995) 181 

Radial trajectories of mass elements 

Application to Core-Collapse Supernovae	



HN: Nuclear Hamiltonian (AV18+UIX)	

- Constructed so as to reproduce the experimental binding energies of 
light Λ hypernuclei with the Gaussian expansion method.  

(E. Hiyama et al., PRC 74 (2006) 054312) Vij    : Λ-Nucleon (N) potential	ΛN	

(E. Hiyama et al., PRC 66 (2002) 024007) Vij    : Λ-Λ potential	ΛΛ	

- the experimental double-Λ binding energy from   6He (NAGARA event) 
ΛΛ	

Two-Body Central Potentials 

3. Hyperon mixing in dense matter	

We calculate the thermodynamic quantities of hot dense matter 	
 under the equilibrium condition µn = µΛ 	

at fixed baryon number density nB, proton fraction Yp, and temperature T.  	

Using the variational method for hot hyperon matter,	



Supernova EOS with Λ hyperon	

Thermodynamic quantities of our EOS at smaller Yp are less affected 
by the Λ hyperon mixing than in the case of the Shen EOS. 	



Neutron star matter with Λ hyperon	

Variational	

Mass-radius relations of neutron stars	 Λ fractions in neutron star matter	

Shen EOS	

We consider an effective potential based on 	
Three-Baryon Force (TBF) for ΛNN, ΛΛN, ΛΛΛ systems. 	

(Y. Yamamoto et al., PRC 90 (2014) 04580, HT et al., PRC 93 (2016) 035808) 



XΛ in neutrino-trapped supernova matter	
(Yp ~ 0.25) 	

Supernova matter with Λ hyperon	

XΛ in neutrino-free supernova matter	
(Yp ~ 0.1)  	

-  Charge neutral and Isentropic matter (The entropy per baryon S ~ 1-2)	
-  Neutrino-free or neutrino-trapped (Yl = Ye + Yνe = 0.3)  β-stable matter	

Supernova matter	



Summary	
A new nuclear EOS for astrophysical simulations is 

constructed with realistic nuclear forces (AV18 + UIX). 

Variational EOS is being extended  
to consider Λ hyperon mixing in nuclear matter. 

Our SN-EOS is available at  
http://www.np.phys.waseda.ac.jp/EOS/!

•  uniform nuclear matter : the cluster variational method 
•  Non-uniform nuclear : the Thomas-Fermi calculation 

•  Hyperon three-body force shifts the onset density of Λ hyperon 
to higher density region. 	

•  Trapped neutrino reduces Λ mixing in supernova cores.  	

https://sites.google.com/site/furusawashun/eosdata!
NSE model based on the variational EOS for uniform matter 


