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• In full GR simulation,

– implicit full neutrino transfer is much harder

– instead, explicit approximate solver may be good approach

• targeting mainly GRB, BNS, and BH formation

– (For example, our GR-leakage scheme gives good results)



Why GR with microphysics ?

• GR is essential for

– BH formation

• GRB, HNe

– Accurate GWs 

• Compact-star merger

solartot
0.3 MM

ee

Hot disk

• Microphysics

– SNe, GRB

• EOS, weak rates, neutrinos

– Realistic GWs

– Time variability

• e.g. convection



GR and EOS
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GR and weak rates
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Summary of microphysics

• EOS:   Tabulated EOS can be used

– Currently      Shen EOS + electrons + radiation

• Weak rates

– Electron capture: FFN1985,                            rate on NSE back ground 

– e±annihilation:  Cooperstein et al. 1985,       Itoh et al. 1996

– plasmon decay:      Ruffert et al. 1996,              Itoh et al. 1996

– Bremsstrahlung:    Burrows et al. 2006,            Itoh et al. 1996

• Neutrino leakage

– Opacity based on Burrows et al. 2006

• (n, p, A) scattering

– Including correction such as ion-ion correlation 

• (n, p, A) absorption



Spherical collapse to NS (S15)

• Results consistent with Liebendorfer et al. 2004



Convective activities
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PopIII core collapse

• BH formation with microphysics

– black hole excision technique for hydrodynamics & microphysics

– puncture evolution for geometry

• Initial condition

– Simplified model (S = Ye = const core)

– S=7kB,  8kB;  Ye=0.5

density log( g/cm3 ) Ye entropy per baryon ( kB )



Weak bounce

• Do not directly 
collapse to BH

– Weak bounce

• At bounce

– ρ ~ 1013 g/cm3

• subnuclear ! 

– T  ~  18 MeV

– Ye ~ 0.2



Bounce due to gas pressure

• He → 2p + 2n

– Gas pressure (Γ=5/3) 
increase

• Indeed  Γth >4/3
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• Gas pressure dominates 

at ρ~1013g/cm3, T~18 MeV

• EOS becomes stiffer         

⇒ weak bounce



~300km



• Implicit solver is required in general (very hard in GR)

• Problem of phase space

– Fluid rest ⇔ Tetrad ⇔ computing.

• Space time curvature

Nonlinear eq. with 
EOS table search

Why leakage scheme?
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GR leakage scheme

• Basic equation :

• Energy momentum tensor of neutrinos :

– „Trapped neutrino‟  and                                                               

„Streaming neutrino‟ parts 

• Trapped neutrino part is included into Fluid part

• The equation to be solved
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• Trapped neutrinos ⇒ Yν⇒ μν⇒ blocking

e-cap ep-cap
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• Neutrino Leakage rate

– “Cross sections” :

– “Opacities”         :

– “Optical depth”  :

– Diffusion time    : 

– Neutrino energy and number leakage rate :
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• We solve all equations explicitly

– Special treatment near β-equilibrium required

• Check if β-equilibrium is achieved or not

• In β-equilibrium, evolve the total lepton fraction

–

– EOS table with argument variables (ρ,Yl, T) is used

– ⇒ One dimensional table search

• Otherwise two dimensional search (Yl, e) ⇒ (Ye, T) required
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Summary, Future work

• In full GR, approximate explicit treatment of 
neutrinos will be a good approach

• Our GR-leakage scheme provides reasonable 
results for SNe, and first results for BH formation 
in PopIII core collapse

• On going work

– Binary neutron star merger (stable evolution of single 
NS is OK)

– Approximate treatment of neutrino heating

– Beyond-leakage, more sophisticated approximation



• Gas pressure dominates at 

ρ ~ 1013 g/cm3, T~18 MeV

• EOS becomes stiffer ⇒ weak bounce
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