
Neutron star structure explored with 
a family of unified equations of state 

of neutron star matter
Kazuhiro Oyamatsu1), Hajime Sotani2) and Kei Iida3) 

1) Aichi Shukutoku University, 2) National Astronomical Observatory of Japan, 3) Kochi University

International Nuclear Physics Conference, Adelaide Convention Center, Australia, 11-16 September, 2016



Oyamatsu-Iida (OI) unified EOS family
• Unified EOS family which covers from laboratory nuclei to 
neutron star matter 

• Each EOS is labeled with the empirical uncertain saturation 
parameters: the incompressibility K0, and the density gradient 
of symmetry energy L 

• A simplified Thomas-Fermi model description of nuclei (the 
same method as popular Shen EOS (NPA1998,2011) for 
supernova matter)



Saturation parameters and auxiliary empirical constraint
Energy per nucleon of nearly symmetric nuclear matter

n0 : nuclear density, w0 :saturation energy, K0 : incompressibility

S0 : symmetry energy at n=n0, L: its density derivative coefficient
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(or Energy of a nucleus)



neutron (proton) density distribution nn (np)

Rn (Rp) : neutron (proton) radius parameter

tn (tp) : neutron (proton) surface thickness parameter

niin : central desnity

nnout : neutron gas density (npout=0)
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Simplified Thomas-Fermi calculation
energy minimization with respect to parameters of nn(r) and np(r) (and lattice constant)

The values of parameters a1〜b3(EOS) and F0 are determined
to fit masses and radii of stable nuclei.

=> about 200 sets of empirical EOS+F0

A good function form
The n and p distributions are independent.

=> neutron skin
The empirical information is limited: radius and thickness.
The gradient term in Euler Eq. is continuous.
The density is zero beyond the classical turning point.
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EOS parameters and liquid drop mass formula 

OI EOS saturation 
parameters liquid drop mass formula

symmetric matter a1, a2, a3 n0, w0, K0
av (volume) => w0 
ac (Coulomb) => n0

Symmetry energy  
neutron matter b1, b2, b3(=1.59)

S0, L 
wn0, L (, Kn0)

ai (symmetry)

surface F0 （F0） as (surafce)

K0 and L are not constrained well from nuclear masses. 
=> Each OI EOS is labeled with (K0, L).



Saturation parameters of OI EOS family
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(K0, L) values (crosses)
Values of n0, w0 and F0 are almost constant. 

They have slight K0 dependence 
and their L dependence is much smaller.

S0 has strong correlation with L.





neutron rich nuclei in laboratory



mass,  radius and neutron skin are sensitive to L but not to K0. 
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Oyamatsu and Iida, PRC81, 054302, 2010.

Larger L => smaller mass
not simple

(surface symmetry)

Larger L => larger neutron radius
and neutron skin
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EOS uncertainty:
comparable with 

shell and pairing effects

Oyamatsu, Iida and H. Koura, PRC 82, 027301, 2010.



neutron star crust



nuclei in neutron-star crusts

0.20

0.15

0.10

0.05

0.00

pr
ot

on
 fr

ac
tio

n

5 6 7
0.001

2 3 4 5 6 7
0.01

2 3 4 5 6 7
0.1

nb (fm
-3)

inner crust
average proton fraction

CF

B
E

A

D
I
H

G

100

80

60

40

20

0

pr
ot

on
 n

um
be

r

5 6
0.001

2 3 4 5 6
0.01

2 3 4 5 6
0.1

nb (fm
-3)

inner crust
proton number Z

I

H
G

F

E

D

C

A
B

For large L, S(n) at n<n0 is small
so that nuclei become more neutron-rich.
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Inner crust nuclei crust-core boundary density 
decrease with L.

Existence of pasta nuclei depends on the EOS.
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Neutron star mass



Neutron Star with typical EOS’s

The neutron star mass increases with L, and also with K0. 
EOS’s G and H (smallest L) can’t support a neutron star.
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Incompressibility of neutron matter Kn0 > 0,  
then L> 20 MeV.
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Mass and radius of max Mg neutron Star with OI EOS family
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L > 20 MeV from Kn0 > 0. 
EOS’s with L > 40 MeV can support 1.4 solar mass star.



Summary
• OI EOS family describes the structure of neutron rich nuclei and 
neutron stars as function of (K0, L) related to nuclear compressibility. 

• The structure of neutron rich nuclei and neutron star crusts are 
mainly dominated by L.  

• This is the result of nuclear saturation properties. 

• The neutron star mass and radius increase with L and also with K0.* 

• This depends on the behavior of high density EOS (b3=1.59).

* For low mass neutron stars,  
see Sotani, Iida, Oyamatsu and Ohnishi, Prog. Theor. Exp. Phys. (2014) 051E01.



NEXT : High Density => Oyamatsu-Sotani-Iida EOS family  
• Empirical description of high density EOS using different value for 3 body energy coefficient b3 in the 
potential energy density.  

• Each EOS is labeled with (K0, L, b3).  

• Values of saturation parameters are almost the same as OI EOS’s (b3=1.59).  

•  L > 20 MeV from Kn0>0 independently of b3. 

• The choice of b3 value does not affect nuclei and crusts very much but will alter core structure.

vn(n) = b1n
2 +

b2n3

1 + b3n
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