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 |n 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  Microphysics
— BH formation — SNe, GRB |
. GRB. HNe - EOS, weak rates, neutrinos
_ Accurat’e GWs — Realistic GWs
» Compact-star merger — Time variability

* e.g.convection

1e-21
o)
S te22}
o
o
N
Q
- 1e23}
_CIZIJ

1e-24 .
1000 10000

400 -50 0 50 100 km
log(g/cm”™3) f [HZ]




GR and EQOS

Van Riper (1988) ApJ 326, 235

P, = Kpol(p/po)’ — 11/9y MeV fm~°

Kolehmainen, K., Prakash, M., Lattimer, J., and Treiner, J. 1985

Shock velocity @ 300 km (1000km/s)
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GR and weak rates

Takahara & Sato (1984) PTP 72, 978
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Shock energy @ bounce (1032 erg)
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Summary of microphysics

« EOS: Tabulated EOS can be used
— Currently  Shen EOS + electrons + radiation

e \Weak rates

— Electron capture: FFN1985, rate on NSE back ground
— e*annihilation:  Coopersteinet al. 1985,  Itoh etal. 1996

— plasmon decay:  Ruffertet 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)

e Results consistent with Liebendorfer et al. 2004
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PopllII core collag
pre\\m‘

« BH formation with microphysics
— Dblack hole excisiontechnique for hydrodynamics & microphysics
— puncture evolution for geometry

* [nitial condition
— Simplified model (S = Ye = const core)
— S=7kB, 8kB; Ye=0.5

density log( g/cm?) Ye entropy per baryon (kg )




Weak bounce

« Do not directly
collapse to BH

— Weak bounce

« At bounce
— p~ 108 g/cm?
e subnuclear !
— T ~ 18 MeV
- Ye~0.2



Bounce due to gas pressure

H-,,ﬁ\.:
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He — 2p +2n

— Gas pressure (I'=5/3)
Increase

Indeed I'y,>4/3

4/3

P, ~1%10% P

P, ~1%107' T,

18 MeV

P ~2xX10%p,T

g 18 MeV

Gas pressure dominates
at p~1013g/cms, T~18 MeV

EOS becomes stiffer
= weak bounce
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Why leakage scheme?

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

60 t

=0 [p.=ae®u'p, u'=ul(u,P,Y,,T)]

Evolved Argument
quantities quantities

» Problem of phase space

— Fluid rest & Tetrad < computing.

« Space time curvature

\ uaua:_lj Ut

Nonlinear eq. with
EQOS table search

e depends on ut

Nonlinear eq. with
EQOS table search




« Basic equation :

GR leakage scheme

Va(TTOtaI)Z:O :

a (fluid) — _
VaTb Qb

VaTba "= Qb

Cooling-term like inclusion of neutrino emission |4

- o - o b
violates constraint equations in full GR =

neutrino emission in terms of energy momentum

tensor is required

" ab

" ab

ab

« Trapped neutrino part is included into Fluid part

T

a

— (fluid ) (V,trap )
b Tab + Tab

T, = Phu_u, *Pg_

» The equation to be solved

(V,stream ) —
Tab Enanb + I:anb + ana + I:)ab

1

VaTba -

ab _ ab
(leak) P™ =—E7Y

b

a (v ,stream) _ (leak)
V aTb Q

3

b




Lepton conservation

 Trapped neutrinos = Y = u,= blocking

dy, N
dt N 7/e-cap yep-cap
d(yv,) _ O -

dt N e-cap ypair yplasmon yveleak
d(Yv)) _ e B

dt N ep-cap )/pair yplasmon Q/V_eleak
d(YVv

(dt X) - pair T yplasmon B yvxleak




Leakage rate

Based upon Rosswog & Liebendoerfer (2004)
* Neutrino Leakage rate

— “Cross sections” : |0,(E,) =0 E;

— “Opacities” L [F(E)= 2K (E) = FE

— “Optical depth” : |*(E.) = [rds = 7E!

— Diffusion time : |ra (g )= AX(Ev)r(Ev):%EVZ
C C

— Neutrino energy and number leakage rate :

- _ A diff
Q) = IE;.:(E‘”) dE, *T*F(7,) Qy, =Q Uy
TVI (EV) di.ﬂ'. :
diff \ — n(E,) R }/Ieak
<Rv ) .[ diff dg, T I:0(77v)
T, (E,) n, = [A(E,)dE,




Treatment of Bequilibrium

» We solve all equations explicitly
— Special treatment near B-equilibrium required

e Check if B-equilibrium is achieved or not
* In B-equilibrium, evolve the total lepton fraction

— (ddY,)) _
dt

/4

lleak

— EOS table with argument variables (p,Y), T) Is used

— = One dimensional table search
» Otherwisetwo dimensional search (Y}, e) = (Y, T) required



Summary, Future work

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

e Our GR-leakage scheme provides reasonable

results for SNe, and first results for BH formation
in PoplIII core collapse

e On going work

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

— Approximate treatment of neutrino heating
— Beyond-leakage, more sophisticated approximation
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18 MeV

P ~5%X107p,T

s (He case)

18 MeV

~2%X10* PsT,, .., (p,n case)

 (Gas pressure dominates at
p ~ 103 g/cm3, T~18 MeV

« EOS becomes stiffer = weak bounce



