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Equation of State
(EOS) 

Introduction

binary neutron stars merger



Classification of EOS

EOS for supernovae EOS for neutron stars

temperature  (T):

0  ~  100  MeV

proton fraction  (Yp):

0  ~  0.6

construction:

nonuniform + uniform

temperature  (T):

T = 0

proton fraction  (Yp):

b equilibrium

construction:

crusts + core
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liquid-drop model with Skyrme force

EOS for neutron stars
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Models used for EOS

uniform matter

RMF (relativistic Mean Field)

at high density .
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Thomas-Fermi approximation

* body-centered cubic lattice

* parameterized nucleon distribution

* RMF input

assume states favorable state

bulk surface Coulomb Lattice electronE E E E E E    

minimize free energy



RMF model

* generated RMF models with different L by turning gρ and ΛV

all models have the same isoscalar saturation properties*

S. S. Bao, J. N. Hu, Z. W. Zhang, H. Shen, Phys. Rev. C 90 (2014) 045802



Symmetry energy effects

* energy per particle     as function of     andw = n pn n

n



n

symmetry energy slope



Nuclear pasta phases

crust-core transition

spinodal instability  (no surface and Coulomb) 
determined by the curvature of the free energy

bulk calculation  (no surface and Coulomb)
phase equilibrium  determined by the Gibbs conditions

coexisting phases (CP)  (surface and Coulomb perturbatively)
phase equilibrium  determined by the Gibbs conditions

compressible liquid-drop (CLD) (minimization of free energy)
phase equilibrium  determined by minimization

Thomas-Fermi (TF)  (realistic description)

*

*

*

*

*



Methods for pasta phases
Coexisting phases (CP) Thomas-Fermi (TF)

I IIP P
I II
i im m

Coulomb and surface energiesperturbatively self-consistently

Gibbs equilibrium

sharp 
interface

self-consistent
distribution

I

II



Symmetry energy    pasta phases, crust-core
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IUFSU set

 

V
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fix symmetry energy at 0.11 fm-3

different symmetry energy slope L

saturation property
neutron star mass ～2 M⊙

finite nuclei



Phase diagram of inner crust (TF) 

S. S. Bao, H. Shen, Phys. Rev. C 91, 015807 (2015)

smaller L corresponds to more pasta phases

smaller L corresponds to larger crust-core transition density



TF (solid lines) &  CP (dashed lines)      

size of Wigner-Seitz cell 
size of pasta structure                       

Pasta phase properties 

small L (solid lines)  

large L (dashed lines)



Distributions of neutrons and protons

L=110 MeV

L=47.2 MeVneutron
proton

neutron
proton

self-consistent Thomas-Fermi

with the IUFSU model

S. S. Bao, H. Shen, Phys. Rev. C 91, 015807 (2015)



Crust-core transition

transition density                     proton fraction



Neutron stars with unified EOS

smaller L corresponds to smaller R



symmetry energy and neutron stars

M. Oertel, M. Hempel, T. Klähn, S. Typel, Rev. Mod. Phys. 89, 015007 (2017)

smaller L corresponds to smaller R



Hadron-quark psata phases

W. M. Spinella, F. Weber, G. A. Contrera, M. G. Orsaria, EPJA 52 (2016) 61

hadronic phase + quark phase

Brueckner-Hartree-Fock

Relativistic mean-field

chiral effective field

:

MIT bag model

2-flavor NJL model

3-flavor NJL model

:



Hadron-quark psata phases

NJL model

Gap equation



Hadron-quark pasta phases

hadron-quark mixed phase 



Hadron-quark pasta phases

Gibbs construction  (no surface and Coulomb) 
surface tension:

Maxwell construction  (no surface and Coulomb) 
surface tension:

coexisting phases (CP)  (surface and Coulomb perturbatively)
phase equilibrium  determined by the Gibbs conditions

energy minimization (EM) (surface and Coulomb included in EM)
phase equilibrium  determined by energy minimization

*
surf Coul0      2 0     

HP QP
HP QP ,     2 ,     n u d e eP P m m m m m   

surf Coullarge local charge neutrality     2 0     

HP QP
HP QP ,     2 ,     n u d e eP P m m m m m   

*

*

*



Hadron-quark psata phases

energy densities for pasta phases
X. H. Wu, H. Shen, arXiv:1811.06843



Hadron-quark psata phases

Gv=0 Maxwell construction is favored for  > 75

Gv=0.4Gs Maxwell construction is favored for  > 200



Hadron-quark psata phases

density ranges of pasta phases depend on 



Hadron-quark psata phases

density ranges of pasta phases depend on L



EOS with quarks



Summary

 Unified EOS is important for neutron stars

 Pasta phases in the inner crust depends on L

 Neutron-star radius is sensitive to L 

 Hadron-quark pasta phases may exists 

 Surface tension plays a key role


