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Supernova EOS covering the wide range

* Parameterized EOS for systematic studies
* Baron-Cooperstein, Takahara-Sato, Bruenn, Swesty, ... (late 80’s)

* Supernova EOS for numerical simulations

— Lattimer-Swesty EOS (1991) LS-EOS
* Extension of liquid-drop models (Skyrme-like)
— Shen, Toki, Oyamatsu & Sumiyoshi EOS (1998) Shen-EOS
Relativistic Mean Field approach

* Recent developments of EOS tables

— Extensions with hyperons & quarks
* Ishizuka JPG (2006), Nakazato PRD (2008), Sagert PRD (2009)

— Mixture of nuclei
* Furusawa et al. ApJ (2011), Newton, Botvina, Blinnikoyv, ...

— G. Shen & Horowitz, Hempel & Schafiner, ...



Shen equation of state for supernovae

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

Relativistic mean field theory+ local-density approx.
— Based on relativistic Brueckner Hartree-Fock (RBHF) theory

— Checked by exp. data of n-rich unstable nuclei: TM 1

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

Covers wide range of
— Density: 10> ~ 10'% g/cm?
— Proton fraction: 0~0.65
— Temperature: 0 ~ 400 MeV

Data table ~140 MB (110 x 66 x 92 points)
— Quantities: €, p, S, u., X,, m*
>500 citations (332+169+15)

Shen-EOS

CCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCCe
Temperature= 1.000000E-01

5.100000E+00 7.581421E-11 -2.000000E+00 1.000000E-02 -
5.200000E+00 9.544443E-11 -2.000000E+00 1.000000E-02 -
5.300000E+00 1.201574E-10 -2.000000E+00 1.000000E-02 -
5.400000E+00 1.512692E-10 -2.000000E+00 1.000000E-02 -
5.500000E+00 1.904367E-10 -2.000000E+00 1.000000E-02 -
5.600000E+00 2.397456E-10 -2.000000E+00 1.000000E-02 -
5.700000E+00 3.018218E-10 -2.000000E+00 1.000000E-02 -
5.800000E+00 3.799711E-10 -2.000000E+00 1.000000E-02 -
5.900000E+00 4.783553E-10 -2.000000E+00 1.000000E-02 -
6.000000E+00 6.022137E-10 -2.000000E+00 1.000000E-02 -
6.100000E+00 7.581421E-10 -2.000000E+00 1.000000E-02 -
6.200000E+00 9.544443E-10 -2.000000E+00 1.000000E-02 -
6.300000E+00 1.201574E-09 -2.000000E+00 1.000000E-02 -
6.400000E+00 1.512692E-09 -2.000000E+00 1.000000E-02 -
6.500000E+00 1.904367E-09 -2.000000E+00 1.000000E-02 -
6.600000E+00 2.397456E-09 -2.000000E+00 1.000000E-02 -

http://user.numazu-ct.ac.jp/~sumi/eos
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Extensions of Shen EOS tables

* Appearance of hyperons & quarks
Ishizuka et al. JPG (2006), Nakazato et al. PRD (2008)

EOS table Framework | Nucleons Hyperons | Quarks | Max. NS
Shen EOS RMF n, p, o, nuclei | - -

1998, NPA 22M,,
Hyperon EOS | RMF in SUQ3) |n,p,a,nuclet | A, 3 = |-

2008, JPG 1.6M,
Quark EOS RMF + MIT |n,p, a,nuclel |- u,d,s

2008, PRD | bag model 1.8M,,,

 Mixture of nuclei in NSE

Furusawa et al. ApJ (2011)

NSE EOS
2011, (ApJ)

RMF + NSE

na pa aa
NSE of nuclei

22M

sun

« Updates of Shen EOS (range, grids, A)

Shen et al. ApJS (2012)
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Shen-EOS vs LS-EOS Shen-EOS vs Hyperon-EOS
« tHXTERHIEOSIZEZL Y cf. non-rel « NANAYHIRICKDERIL
« Shen-EOS: K=281 MeV  Mixture starts from ~2-3p,
« LS-EOS: K=180,220 MeV « Smaller maximum mass
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Sumiyoshi et al. NPA730 (2004) Ishizuka, et al. 2008, J. Phys. G 11
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Neutrino burst from failed supernovae

* Probe EOS soft/stiff, hyperon-mixture 40M

Nakazato et al ApJ (201 2)
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Extensions of Shen EOS table

Furusawa-EOS Furusawa, Yamada, Sumiyoshi & Suzuki ApJ (2011)

« Relativistic Mean Field with Mixture of nuclei in NSE
- Interaction: TM1 for uniform matter
- Nuclear mass data & Compressible liquid drop model
- Smooth connection from NSE to uniform matter
- Provide <A>, <A2> for neutrino-reactions
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BIARMNKEICEHE NS (‘HelZ [T TIEZLY)
p, 1, d’ 3H9 3H6, 4H€, nuclei Sumiyoshi & Ropke
Proto-neutron star ‘Heating region PRC (2008)
Att,,=150ms 100? e e S R S

10" E
102
Mass fraction 107
.

107 £ E

105 L 1

10° E — X4He e 1
E —= X, shockl \ 3

o’ e A
10 100 radius [km]

r [km] _ _
« 4He abundant at r > 100km — heating/cooling rates

 d, t, 3He abundant at r < 50km — v-emission, absorption
See also. Arcones et al. PRC (2008) 17



v-heating through nuclei

Haxton PRL (1988), Nakamura (2009)
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* NS mass, 1.97M_, * New EOS tables, small R
Demorest , Nature (2010) 2184v1

MS0

25 . s MPA1
0 PAL1

AP4 MSs2

0.0 L L 1 L 1 1 1
7 8 9 10 1 12 13 14 15 10 12 14
Radius (km) R (km)

* Large R>14km

??
No EOS table left?: Suleimanov et al. ApJ (2011)
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