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e Wolff-Hillebrandt
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e Relativistic EOS (Shen)
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e Non-relativistic EOS
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— RMF+A, 3, SHIFDRA - FAFIORVRID
e Quark-Hadron phase transition —> BREANZIANDFE

— RMF+Bag model



e Baron-Cooperstein-Kahana EOS [\
— Analytic formula

9 |\ Py
— Polytrope at high density: Pop’

. . 2 Incompressibility K
— Behavior at neutron-rich K(Y,)=K_, [1-a(l-2Y )] Adiabatic index

Po(Y,) = po" 1= B(1-2Y )] p_dlogP
e Takahara-Sato EOS dlogp

— Combination of polytrope p_ ~ o

K = 285 MeV N
L N

200 MeV

— 150 MeV
"N 100 MeV
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fer o B log (density gm/cc)

Takahara Sato, ApJ (1988) log P Glendenning, PRL (1986)
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Lattimer-Swesty equation of state
LS-EOS Lattimer & Swesty Nucl. Phys. A535 (1991) 331

e Extension of compressible liquid drop model

— Energy of uniform matter is given by a function of density
h't,
Ebulk(n,Yp J) = ZZ—T’ +[a+ 4bx(1-x)]n” + cn'™ — xnA X = n_np
m
* Based on Skyrme Hartree-Fock results

— Inputs: saturation properties
* B/A=16 MeV, A,,=29.3 MeV, K=180, 220, 375 MeV

— Two zone model (liquid+gas) nuclei
R n,, n,
— Minimize free energy gas
e Under phase equilibrium Ny, Ny, N
— Subroutine i

A\ 4




Relativistic equation of state for supernovae
Shen EOS Shen, Toki, Oyamatsu & Sumiyoshi, 1998, NPA, PTP

e Relativistic Mean Field + Local-Density Approx.
— Based on relativistic Brueckner Hartree-Fock (RBHF) theory
— Checked by exp. data of n-rich unstable nuclei

e Nuclear structure: mass, charge radius, neutron skin,...

e EOS data table (~60MB) covers

— Density: 105 ~ 10134 g/cm?
— Proton fraction: 0~0.56
— Temperature: 0~ 100 MeV

e Extended studies on EOS table

— With hyperons (Ishizuka-Tsubakihara-Ohnishi, 2006)
— With quarks (Nakazato)
— With mixed nuclei (Furusawa)



Relativistic Mean Field Theory - Effective Lagrangian

Serot, Walecka 1986

-7,

L = W)y, 0" = M - 8,0 - 8,7,0" - 8,7,T,0™ - ey, A" —=> ¥
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+—0 00"0-—m-0° - —g,0° ——g.0"
2 u 2 (o} 3 gz 4 g3
1 1 1
-—H, H" +—~m, a)’“‘+—6‘3<60 w“)z
4 2 v H 4 u
1 1 1 " Rel. Brueckner HF
—g GG+ omypup" = F F

Parameters determined by nuclear data (masses, radii)
TM1: Sugahara, Toki Nucl. Phys. A 579 (1994) 557

Nuclear structure calculations ——> EOQOS calculations



Relativistic Brueckner Hartree-Fock Theory
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RMF lagrangian (o, w, p) with non-linear o & w terms

Serot-Walecka, Boguda-Bodmer, Sugahara

Non-linear w term to reproduce behavior of rel. Brueckner HF (RBHF)
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Interaction determined by masses and radii: TM1

B/A [MeV]

Binding energy of isotopes Matter radius of isotopes
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’E —
Temperature 5] /I =]
T [MeV]
15

10

n+p Boltzmann gas

S&EYWEDHEE

e Mixture of n, p, o, nuclei
e Uniform & non-uniform matter

n+p uniform matter
“““““““““ ' hyperons
............................................. 7 ? rd+A gas ¢n0 E qua]"ks
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Local density approximation in cell

Wigner-Seitz Cell

Charge neutral
BCC lattice

Minimize
Free energy density
In cell
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Local density approximation in cell

Free energy density: f

f = Fcell/a3 = (Ecen — TSCCU)/a3a

Free energy per cell: F

Feet = (Evuik + Es + Ec) — TScen = Fouk + Es + Ec.

Bulk energy:

Fouk = f f(n,(r), n,(r), ng(r))dr.
cell

Surface energy:

E, = / Fo|V(n,(r)+n,(r)) |:Z d’r.
cell

Coulomb energy:

Epuk = f €(nn(r), np(r), no(r))dr,
cell

Scell=f s(na(r), np(r), na(r))d’r,
cell

Ec = 5/ eln, (r)+2ny(r) — n,) ¢(r)d’r + AEc,
cell



Local density approximation in cell
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Collapse P ~1010 g/cm3 V_ﬂ-apping 0. ~1012 g/CIIl3
T.~1 MeV T.~2 MeV
Y ~0.42 Y.~0.40
P P
Nuclei, Nuclei,
p, € p,n,e, Vv,
i p. ~3x10'* g/em’ Explosion p. ~5x10'* g/cm?
Core-Bounce T, ~10 MeV > pt t T ~15 MeV
Y ~0.30 curron Stars Y.<0.20
n
X P
A n A
________________ p A )
p p.n, |- p, 1, ( »
€, V, €,V V,;



Shen EOS table for supernovae

H. Shen, Toki, Oyamatsu & Sumiyoshi NPA, PTP(1998), ApJS (2012)

Covers wide range of
— Density:

— Proton fraction:

— Temperature:

10°>1 ~ 1016 g/cm?
0~0.65
0 ~400 MeV

Data table ~140 MB (110 x 66 x 92 points)

— Quantities: €, p, S, u., X,, m*
One of the standard EOS table
— over 660 citations (408+221+33)

Implementation to simulations

— Interpolation from EOS table

Shen-EOS

CCCCCCeceeeceecececececececececcecececcecceccececcecccceccce

Temperature= 1.000000E-01

5.100000E+00 7.581421E-11 -
5.200000E+00 9.544443E-11 -
5.300000E+00 1.201574E-10 -
5.400000E+00 1.512692E-10 -
5.500000E+00 1.904367E-10 -
5.600000E+00 2.397456E-10 -
5.700000E+00 3.018218E-10 -
5.800000E+00 3.799711E-10 -
5.900000E+00 4.783553E-10 -
6.000000E+00 6.022137E-10 -
6.100000E+00 7.581421E-10 -
6.200000E+00 9.544443E-10 -
6.300000E+00 1.201574E-09 -
6.400000E+00 1.512692E-09 -
6.500000E+00 1.904367E-09 -
6.600000E+00 2.397456E-09 -

2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00
2.000000E+00

1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02
1.000000E-02

-1.524779E+00
-1.502472E+00
-1.480166E+00
-1.457861E+00
-1.435557E+00
-1.413255E+00
-1.390953E+00
-1.368653E+00
-1.346354E+00
-1.324056E+00
-1.301759E+00
-1.279464E+00
-1.257169E+00
-1.234876E+00
-1.212584E+00
-1.190294E+00

http://user.numazu-ct.ac.jp/~sumi/eos



Comparison of EOSs (1)

LS-EOS Shen-EOS
Model Compressible Rel. Mean Field +
liquid drop model | Local-Density Approx.
Bulk EOS |“Skyrme”-like RMF (RBHF)
Interaction |Saturation Mass, R, R,
Nucl. Data |partly Yes (incl. unstable)
n-skin --- Yes
M* --- Yes
Info Subroutine Data table




Comparison of EOSs (2)

LS-EOS Shen-EOS
K [MeV] 180,220,375 |281
Agym [MeV] 29.3 36.9
Max. NS mass [M]|1.8,2.0,2.7 2.2




n, Shen-EOS vs LS-EOS
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