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We are focusing on the EOS
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Approaches to obtain the EOS 
of (uniform) nuclear matter

approach starts from ingredients Theory/Model

empirical the parametrized EOS nuclear mass, size, ...

Liquid-Drop Model
Droplet Model

Thomas-Fermi Theory
......

Phenomenological
effective NN int.

(Hamiltonian, 
Lagrangean)

nuclear mass, size, ...

Skyrme HF
RMF
AMD
.......

microscopic bare NN int.
(AV18, Bonn, Paris,...) NN scattering, ...

Variational Calc.
DBHF
........
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Outline
We focus on macroscopic nuclear properties and adopt a  macroscopic 
nuclear model.

1. From masses and radii of stable nuclei, we generate family of EOS and 
examine allowed regions of EOS parameter values.

2.We calculate neutron-rich nuclei in laboratories and identify key EOS 
parameter. 

*** mass (2p, 2n separation energies),  radius (matter, neutron skin) ***

*** neutron and proton drip line ***

3.We calculate nuclei in neutron-star crusts and identify key EOS parameter.

*** proton number and ratio ***
*** core-crust boundary density ***
*** existence of pasta nuclei ***
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Step 1

Generate all empirically allowed EOS's
systematically

K. Oyamatsu and K. Iida, Prog. Theor. Phys. 109, 631 (2003).
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(or Energy of a nucleus)
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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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exp.
calc.

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.

stable nucleusni r =
niin –niout 1 – r

Ri

t i
3

+ niout r < Ri

niout r < Ri

(The same method as Shen EOS)
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K. Oyamatsu and K. Iida, Prog. Theor. Phys. 109, 631 (2003).

Step 2

Calculate neutron-rich nuclei in labs
with the 200 EOS's
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The mass, radius and neutron skin are dependent on L but not on K0.
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Let’s examine the L dependence of mass.

To be studied 
by Kurotama
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L dependence comes from surface symmetry energy

(>_<) volume symmetry energy

        Larger L  => larger volume symmetry energy S0 => larger mass

(^_^) surface symmetry energy
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Larger L => smaller mass

Oyamatsu and Iida, PRC81, 054302, 2010.
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Surface energy comes from ...

in the cases of beta-stable nuclei
in neutron-star crusts and in laboratories

€ 

drε nn r( ),np r( )( )∫

1/2 from

the remaining
1/2 mainly from (EOS)

Anyway, L dependence emerge  through density distribution.

Oyamatsu and Iida, PTP109, 631-650, 2003.

€ 

F0 dr n r( )
2∫
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S2p, S2n : clear L dependence
better than mass
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scatterings due to numerical errors in optimizing n0, w0,  and K0

Oyamatsu and Iida, PRC81, 054302, 2010.
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How the drip line is affected
by the EOS uncertainties?

Question : 

Oyamatsu, Iida, Koura, arXiv:1005.3183 (PRC (2010), in press)
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neutron and proton drip lines
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Oyamatsu, Iida, Koura, arXiv:1005.3183 (PRC (2010), to be published)

(L=146 MeV)
(L=6 MeV)

EOS uncertainty:
comparable with 

shell and pairing effects
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Difference between C and G
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Large difference in light nuclei
while neutron number difference is large in heavy nuclei.

Oyamatsu, Iida, Koura, arXiv:1005.3183 (PRC (2010), to be published)
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K. Oyamatsu and K. Iida,Phys. Rev. C75 (2007) 015801.

Step 3

Calculate nuclei in neutron star crusts
with 200 EOS's

Density region of pasta nuclei
Proton number and fraction
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Existence of pasta nuclei depends on the EOS.

Dark domains means nuclei (proton clusters).
At low densities in neutron-star crusts, we have nuclei which are more or less spherical. 

In the core we have uniform matter. Pasta nuclei could exists in between.
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C.J. Pethick and D.G. Ravenhall, Annu. Rev. Nucl. Part. Sci.45, 429 (1995).
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The upper bound (core-crust boundary density) is clearly dependent
on L while the lower is almost constant.
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Oyamatsu and Iida, PRC75, 015801, 2007.
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If L < 100 MeV, 
gyroid could appear at finite temperarure.

(hole)

Nakazato, Oyamatsu and Yamada, PRL103, 132501, 2009.
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Summary
• The values of L and K0 cannot be determined from masses and radii 

of stable nuclei.

• Radii and masses of unstable nuclei have sensitivity to L.

• The neutron drip lines shows an appreciable L dependence. The 
uncertainty is comparable with the shell and pairing effects.

• The core-crust boundary density of neutron star is dependent on L. 
The existence of the pasta phase is dominated by L.
The pasta phase exists if L < 100 MeV.

• Systematic experimental study of nuclear mass and size of unstable 
nuclei in laboratories will help determine the L value, the neutron drip 
line and the existence of pasta nuclei in neutron stars.
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