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BH formation and Long GRBs

» Collapse of massive stellar core to BH + Disk

» Promising theoretical candidate of central engine of
Long Gamma-ray Bursts (LGRBs)
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To produce LGRB

» If the LGRB jet is produced by neutrino pair annihilation
» Huge amount of neutrinos should be emitted
» in_a highly time-variable manner
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quations and Physics

» Solve Einstein's equation with egs. for source fields
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» All four known interactions play important roles
» Gravity : GR, BH formation, ISCO, etc
» Strong: EOS (equation of state ) of dense nuclear/hadronic matter
» EM : MHD phenomena, EOS of dense matter
» Weak : Electron capture, Neutrino production

99% gravitational binding energy released is carried away by
neutrinos in SNe




Previous full GR numerical studies

» RFHFRYIal—2avlEfThnTLVEN
» BkxtFR w. Boltzmann transfer & microphysics
» Sumiyoshi et al. 2006,2007,2008,2009,2010

» Nakazato et al. 2006,2007,2010,2011
» Fisher et al. 2009 BH k2 DBFZE (F1E R ZRLD
» Bl R w.o. microphysics

» Shibata & Shapiro 2002
» Sekiguchi & Shibata 2005, 2007

» Liu et al. 2007 BH fZ il 1& D HFZEZ % )16 Bl
» Long term EiXJ 8 w. GR neutrino leakage & microphysics
» Sekiguchi & Shibata 2011, in prep.

» 3D w.o. microphyics
» Ottetal. 2011 BH % Futk D EZE % % /06 B




Remark

» —REAEXIERAVIRE NDERE

GENERAL RELATIVISTIC HYDRODYNAMICS AND THE
ADIABATIC COLLAPSE OF STELLAR CORES!

KENNETH A. VAN RIPER

Department of Physics, University of Illinois at Urbana-Champaign
Received 1978 September 18; accepted 1979 March 7

It is incorrect to conclude that GR corrections to the
evolution will always be as small as R,/R; because of
the more restrictive dynamic stability criteria in GR the
evolution can be substantially altered, even though
the GR terms appear small. The critical adiabatic index
in GR is greater than 4/3 by an amount that depends
on how relativistic the star is.? For cores bouncing at
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Chandrasekhar 1964, 1965




________________________________________________________________________ Dimmelmeier et al (2002) A&A 393, 523
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» Rotational frequency increases during collapse

y-2/3

] L1 ]
p VP ~p 1E(/oy)wo pp" ~p

RQ*~R(RH~R>~p

j=R’Q~const = Q~R"

)/rot,eff ~ 5/3

Stable in Newtonian if the
centrifugal term is dominant

>| Qualitative difference in collapse dynamics and thus in waveforms
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Results




BH formation 2005

» Initial condition : rotating polytrope
» Microphysics was not included

» The simulation was terminated shortly after the BH
formation




BH formation 2005




BH formation 2010-2011: Setting

» (Very) Brief summary of simulation code

» Initial conditions



Summary of Code

» Einstein’s equations: Puncture-BSSN formalism

Sekiguchi (2010) Progress of Theoretical Physics 124, 331

» 4t order finite difference in space, 4t order Runge-Kutta time evolution

>

Gauge conditions : 1+log slicing, dynamical shift

» GR Hydrodynamics with GR Leakage Scheme (Sekiguchi 2010)
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e* captures (Fuller et al 1985),

e* pair annihilation (Cooperstein et al. 1986)
plasmon decay (Ruffert et al. 1996)
Bremsstrahlung (Burrows et al. 2006)

Neutrino opacities (Burrows et al. 2006)

(n,p,A)-scattering and absorption
lon-ion screening, nucleon recoil

High-resolution-shock-capturing scheme

» BH excision technique

EOM of Neutrinos and Lepton Conservations
Nuclear-theory-based EOS (Shen et al. 1998)
Weak Interactions

Va (TFluid )Z = _Qb
Va (TNeutrino )Z = Qb

dYe
dr
dYv,
dt
dYv,
dt
dYv,
dt

_ye—cap + J/e+ cap
= )/e—cap + )/pair + yplasmon + yBrems - )/veleak
= }/e+ cap + )/pair + )/plasmon + )/Brems - yVeleak

= Ypair + yplasmon + )/Brems - )/vxleak
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Three Initial Models

» Evolution path is characterized by central entropy (mass)
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Three Initial Models

Pe Pgas -
Pph Pgas -

10 F
i 500 Msolar Model :

> Ohkubo et al. (2006)
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Comments on progenitor model of GRB

y FUDE

NE: T2y IR—IL+T1RY

» IR

73
» B E

EFEZRIF U DD ONBZ < THRFRGH

ol

B9 SHREI 7 HWNE
» & Type-Ic SN DfFHE: H, He Z5& S ICf# L\ (C[D

inhVE < R

HeZ2 ST Tl (Fryer & Heger 2005)
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Chemically homogeneous evolution (Woosley & Heger 2006, Yoon et al. 2006)
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BH formation 2010-2011: Results

o Sekiguchi & Shibata , ApJ 737, 6 (2011)
o Sekiguchi & Shibata, 1n preparation

o Without Magnetic fields

o Please see how NR simulations have been developed since 2005.




Collapse of 100Msolar presupernova model

» Two rotation models (Moderate and Rapid rotation)
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Collapse of 100Msolar presupernova model

» ‘Moderately’ rotating model (©2.=1.2 rad/s, Qr.=0.6 rad/s)
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Collapse of 100Msolar presupernova model

» ‘Moderately’ rotating model (2.=1.2 rad/s, Qz.=0.6 rad/s)




Collapse of 100Msolar presupernova model

» ‘Rapidly’ rotating model (2.=1.2 rad/s, Qr.=1.2 rad/s)
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Collapse of 100Msolar presupernova model

» ‘Rapidly’ rotating model (QQ.=1.2 rad/s, Qp.=1.2 rad/s)




Rotational Profile of PNS

» Rotational profiles of Proto-Neutron Star are similar
» Small difference in rotational profile of outer region results

in large difference in dynamics
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Oblique Shock

Rapid rotation:

Torus-structured shock

Infalling materials are
accumulated into the PNS
due to the obligue shock

Thermal energy is
efficiently stored near the
pole of PNS

Ram pressure is decreasing
=Qutflow




Luminosity [1 03 erg/s]

Neutrino Luminosity (PNS Phase)

» Moderate rotation
» Higher luminosity

» Time variability due to
convective activity

8 r . . i
Neutrino e antineutrino
WL, Theutrino
burst
6 L

T T
e neutrino

800

Core bounce Time [ms]

Luminosity [1 0> erg/s]

» Rapid rotation

» Lower luminosity

» Neutrino pair production
processes are dominant

T T T T
e neutrino
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Neutrino Luminosity (BH Phase)

» Moderate rotation
» Ltot ~ 10°1°2 erg/s

» No time variability
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Rapid rotation

» Ltot ~ 102192 erg/s

» Violent time variability

» Preferable feature for GRB
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Collapse of 500Mg,.r Poplll stellar core

» Rapidly rotating model (Q2,=0.5 rad/s) : Direct BH formation
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Collapse of 500Mg,.r Poplll stellar core

» Rapidly rotating model (Q2,=0.5 rad/s) : Direct BH formation




Outtlow appears even when BH is formed

» Infalling materials are

accumulated into the
central region due to

the oblique shock
» At alater phase BH is

surrounded by shock

waves

» Advection of energy
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Moderately High entropy core

» Moderate rotation (2.=0.5 rad/s)
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Moderately High entropy core

» Moderate rotation (€2.=0.5 rad/s)




Neutrino luminosity
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KH instability

Infalling matter
v ~0.3c

Convective eddy
~0.1c
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» The first full GR simulations, incorporating microphysics, of

stellar core collapse are performed, adopting various initial
models

» BH formation process is quite dynamical, accompanying
oblique shock, convection, KH instability and outflows

» The dynamics is very sensitive to the initial rotational profile
which is poorly known

» Accumulation of material (energy) into the pole region of the
central object is a key feature for driving an outflow

Outflows can be driven even when BH is directly formed

» The resulting system has preferable features for LGRBs
» Connection between variation in LGRB and variation in

> dynamics ?



4D

» GR leakage scheme MM PR E], Thorne’s moment formalism
[Z& D<GR-Radiation-Hydrodynamics ~
» FEILAE : Shibata et al. 2011
» BH -Disk ) GR-Rad-MHD (simplified) : Shibata & Sekiguchi 2012
» Detailed microphysics ver. [ZIE5ERLDDH S
1BFEETE = SN groups D2l —23>a—FDOEIZS A
» 3D simulation

» BH EY D massive disk @ Papaloizou-Pringle s % 7€ 14
Kiuchi et al. 2011

» Torus-Shaped shock @ SASI [FFREZ5HH ?

» Convection & MHD processes (e.g. MRI) D E{%
» BiE 9 HAEEMED (c.f. CDAF)
» GR-Rad/v-MHD
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Collapse of 500Mg,.r Poplll stellar core

» Slowly rotating model (€2.=0.3 rad/s)




Geometrically-thin disk phase

» Heating source : Shocks at the surface of disk

» Cooling source : neutrinos

» Advection vs neutrinos
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Disk expansion

As a result of subsequent accretion of high-
angular-momentum matter...

) DenSiTy T 150

—50

» optical depth 1 o -
» thermal energy 1 40 =
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When 1i¢¢ = toay E 0 S
neutrinos are ‘trapped’ N §
Ram pressure | 0 S
Disk expand to be 100 5
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Convective activities

- Accretion disk in collapsar is convectively unstable !

- Point: the disk is, effectively, “heated from below"

- In inner region... Pl P — —30
. Shock heating is 150

stronger 100 -125

- Neutrino cooling is .

less efficient

- Negative entropy
gradient

- SN component ?

- Convective luminosity is

sufficient BN TR TR RE RN R R R R
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Importance of BH spin

» Efficiency of exchange of gravitational binding energy : ~

0.01 (a=0) = ~ 0.4 (a=1)

» Disk properties : no neutrino trapping for a=0

» Efficient cooling = no/very-weak negative entropy gradient

» No convective activities, no time variability
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Rapidly rotating model

» Centrifugally supported, geometrically thick torus is
immediately formed because of rapid rotation

» Copious neutrino emissions (~ 10°% erg/s ) from the torus
» Convection is suppressed due to stabilizing epicyclic mode
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