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1,Introduction

Nuclear Abundances in the core
=>weak interaction rates

Electron Captures N(A4,Z) +e " —N(A,Z—-1) +v,

* Neutrino Coherent Scatterings N(4,Z) + v,—N(4,Z) + v,
\\ =>|epton fraction of the core

~ =mass of the core at bounce = The Explosion energy

central densi
,0;“" 109—10g/cm3
T~1MeV

1

. Neutrino Sphere
The core of massive stars (M>10M:solar)

collapse

Bounce ( p = py)

=Shock Wave
» Supernovae



Previous works and Motivation
@sStandard EOSs

1,Lattimer et al.(1991)
SKyerm Type Interaction & Compressible Liquid Drop model

2,Shen et al.(1998)

* Relativistic Mean Field(RMF) & Thomas Fermi approximation

Only one heavy nucleus (Single Nucleus Approximation(SNA))
For actual calculations of weak interaction rates,
we need the EOS with multi species of nuclei.(Motivation)

@ Multi-Nucleus EOS
3,Hempel et al. (2009)

Nuclear Statistical Equilibrium(NSE) & RMF

*Nuclear proton numbers Z <100
(EOSs of SNA predict more heavy nuclei is formed at high densities.)
*Only Coulomb correction on nuclear masses in Vacuum.
( Bulk & Surface energies are adapted from values in vacuum even at highp & T. )



2, EOS model
Baryonic EOS with Multi Species of Nuclei (Z<1000)
EOS table

Density p :10°~101® g/cm3 220 Mesh in log10
Temperature T :10"1~10%2 MeV 128 Mesh in log10
Proton fraction Yp :0.01 ~0.65 130 Mesh

* Formulations

NSE (Nuclear Statistical equilibrium)

T >~5x10° [K] (A,Z)o (A-1,Z)+n

(AAZ)oA-1,Z-1)+p
[time scale of all nuclear interactions]
< [dynamical time scale]

We solved the minimized Free Energy F (Xp, Xn, {Xi})
for Abundances Xp, Xn, {Xi}on givenp, T& Yp .
= Thermodynamics Quantities & Abundances Xp, Xn, {Xi}




The Free Energy density

f fp n T Z TZE{Eh“”“ + Ebu!k 4 ESHT f 1 Emu }

Translational
free nucleons Nuclear Mass

_ Energy
nuclei

Free Nucleons: RMF theory (TM1 parameter set)
Nuclei: A Mass Formula based on Liquid Drop Model
(including Nuclear Shell term
& approximate nuclear pasta phase)

The points of the free energy
@Low densities : Boltzmann gasses
with experimental mass data (ordinary NSE)
@ Saturation density : a continuous transition
to the EOS for supra-nuclear density (RMF)




f fp o Z nE{Eh‘anq 4 Elmfk 4 ESHTf 4+ Ecmd}

=>RMF theory = Boltzmann gas

Nuclear Mass
= Modified Liquid Drop Model

+ excluded volume effect  + approximate exclude volume

Modified Liquid Drop Model for Nuclei( 1<Z< 1000)

*Bulk Energy: RMF and Mass data (at low densities)| g7 — prda [E.C]Vacuum - [E-S]vacuum

*Surface: Surface tensions o (Lattimer 1991)

2 1

+high density correction

Ei = 0; X (surface area) X (1 — Nyycieon/Msi)>

nsi: nuclear saturation density

* Coulomb :Integration of Coulomb force in WS cell
The cell volume V;of each nucleus < the charge neutrality (e, p&Z;)

0.3<u<0.7 : other Pasta (interpolation)
u>0.7 :Bubble(B)

A.
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The Limits of Free Energy Density

@Low densities nuclear mass

tra bulk SUT ol Y

f=fpn+ D mdBrems Bk 4 prrt g peouty
= Boltzmann v =>Boltzmann = ~Mass data

@nuclear saturation density

f fp . 1 Z nE{Efranq _I_ E bul _I_ ESIH 4 Ecaui}s

=RMF ' =0 =RMF =0
(exclude volume) (bubble volumes = 0)

The Comparison with other EOS

f fp n T+ Z'HE{EQ{Z&{Q Ehufk ESL-:T f S+ Ecmf,ﬂ}

(E\‘ I DN I N N D N -

Shen EOS : Single nucleus
X nuclear translation

Hempel: only z<100 ( our EOS Z<1000)
A Nuclear Mass :only coulomb corrections



Free energy per baryon[MeV]

3,Results

Thermodynamical quantities
are not very different from other EOSs.

@Free Energy/baryon

(@baryon pressure
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@ Mass fractions of nuclei in the (N, Z) plane
along with adiabaticline (Sp4,y0n = 1 [kB])

Adiabaticline _ 10 . 3
Yp=0.3 Mass fraction Yp=0.3 T=0.5MeV  pg=10 g/cm
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Proton Number

Proton Number

Mass fractions of nuclei (log10) in the (N, Z) plane

Mass fraction Yp=0.3 T=1.0MeV pp= 1018 l_:p'cm3

60 T T T T 0
w0 | | {H Nuclei are abundant
ol Magic:Numbers |Es in Vicinities of Magic Numbers.
-4 .
20 - 1B Abundance peakis
2 48> different from Shen EOS .
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@ Nuclear average mass number

N(A4,Z)+v——>N(A4,Z) +v depend on A?

We need average of squared mass number A2
Shen EOS (SNA) = square of average mass number A,

We investigated F + A?

104 1 I:I
400 i i
- T=1MeV  Yp=0.3 ] 8000 |
L Our Model Shen o i
300 |- B |
- Hem T 6000 i
[ 1 A% i
<00 = 7 4000 i
A | i i i
100 :— —: 2000 =
i | | O'...!...’.|...|...|i.
- 5 6 8 10 12 14
log,, plg/cm?]
*Shell Term (our model,Hemple) A2~A2 (Dispersion is small)

*Nuclei can’tgrow @p~1013 (Hempel) => Calculation from A% is no problem



4, Summary
Model: NSE
Free Nucleons: RMF
Nuclei: a mass formula based on Liquid Drop Model
(including Nuclear Pasta Phase, Shell Term)

Result

@ Thermodynamical quantities are not very different from
the Shen EOS.

@ Average mass number is different. (*." Shell term)
= It affects neutrino interactions in collapsing cores.

Next Steps
* Binding Energies of Light Nuclei (deuterons, triton, Helium 3)
*Theoretical mass data for shell energy of heavier nuclei (KTUY 05)
*We replace the RMF theory by other uniform matter EOS
(Takano & Togashi )



Model Skyrme+ RMF + RMF + RMF+
Compressi  Thomas NSE+ NSE+
ble Fermi mass +LDM
LDM data(+RMF) +mass data
Component Single Single multi multi
heavy nuc. (Z<100) (Z<1000)
Shell term X X @) O
Nuclear Droplet Droplet Droplet only Droplet +bubble
Shape +bubble only (+other)
Esurface O O X O

Correction
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