Stellar core collapse in general relativ

National Astronomical Observatory of Japan (NAOJ)
Yuichiro Sekiguchi

07/12/2009 Numerical Relativity and Gravitation@Korea

)



Contents

1: Introduction

2. Supernova Mechanism (lecture 1)

3: Gravitational Waves from core collapse (lecture 2)
4. Gammaray Bursts progenitor (lecture 3)

5: GR simulation with microphysics (lecture 3)



‘ S 1: Introduction




Introduction

Stellar core collapse is interesting astrophysical event
¢ Association with supernova (SN) explosion

¢ Emission of wide variety of signalggravitational waves(GW),
neutrinos, electromagnetic radiatipns

Observation of GW and neutrinos can reveal the innermost pé
¢ Main pass of stellamass black hole (BH) formation

Criterion of BH formation ?
¢ Association with (long) gammay bursts (GRBS)

Highly dynamical and nonlinear phenomena
¢ Numerical relativity is the unique approach



Introduction

All known four forces in nature play important roles
¢ Theoretically, very challenging problem
¢ Full GR simulation with microphysics should be performed !

A Microphysics A Macro Physics
Aweak interactions Ahydrodynamics
0 electron capture 0 rotation, convection
d neutrino emission Ageneral relativity
Astrong interactions (nuclear physics) Amagnetic field

d equation of state (EOS) of dense matter 5 magnetohydrodynamics

¢ How does the microphysics play roles in core collapse ?

¢ To perform simulations, one must know the physics contain
In the system



Why are GWSs form core collapse so interesting

Observations of supernovae

¢ Optical observations

several hours after the bounce
No information of central part

¢ Neutrinos:(SN1987A ~10 neutrinos)
Central part can be probed
flux decays 1/r?
depends on complicated microphysics

The Crab Nebula in Taurus (VLT KUEYEN + FORS2)

Gravitational waves:

¢ Innermost part can be probed|ux decays 1/r
¢ depends only on bulk massergymotion



§ 2: Supernova Mechanism

2.1: supernova scenario
¢ Spherical contexts

2.2: multtdimensional effects
c convection

¢ Instabilities of accretion shock
¢ recent simulations



2.1: Supernova Scenario

Massive star wititM >10M .. iron core is formed

The iron core becomes unstable dueléztron capturandphotodisintegration
and core collapse sets in

As the collapse proceedi/namical timescale becomes shorter than the
diffusion timescale of neutrinddleutrino trapping)

When the density exceeds the nuclear density, EOS stiffens due to the nucle
repulsive force  core bounce

Shock wave is formed at the inner core, and propagate outward
¢ If the shock wave can blow off the outer enveldpempt explosionoccurs

e +p
Fe+ v




2.1: Supernova Scenario
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Photodisintegration
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'Electron capture

m>m- m ~4- 8MeV

m=11r,Y°*MeV Y r >~10°gcm’




2.1: Supernova Scenario

Massive star withmv >10M solah iron core is formed

The iron core becomes unstable duel&ztron captureandphotodisintegration
and core collapse sets in

As the collapse proceedasynamical timescale becomes shorter than the diffusior
timescale of neutrinodNeutrino trapping)

When the density exceeds the nuclear density, EOS stiffens due to the nuclear
repulsive force  core bounce

Shock wave is formed at the inner core, and propagate outward
¢ If the shock wave can blow off the outer enveldpempt explosionoccurs
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'Neutrino Trapping

¢

Dynamical timescale| ty,, ~1//Gr ~4ms
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/. meanfree passof neutrinos

Inside the neutrino sphere, neutrinos are

trapped

Pauli blocking by neutrino
Electron capture is prevented
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Neutrino Trapping

dyn ~1/Gr ~ 4/’1_21/2 mS M =14M,,. Fe case

s, =176310* cn?

2/3 ,.-2/3
tir ~ foNgary [ M777 77 25r,, ms
C c/,
/Al Nggae = R~ MYEr
1 (o] XAr Sscatto r Sscatto 4310 5,,5/ ?bm
/, Am " Am, t2
° 2 2 ° 2 o 2
scatto So & E, Q .8 Z - o aE Q ab o akE Q
s 1_:397§ AZEL- Srlasn’q, -0 —g 7§ AA-2) s 1.450%(:2@
E ~m=516(Y,r.,)"° MeV

Layn © L Y r°31 dgem’

dyn




:

di agr am

Unstable due to
electron capture an
photodisintegration

]

Neutrino
trapping

Core bounce dus

\V

to nuclear force




Shock evolution

The shock wave loses its energy and eventually stalls

no prompt explosion occurs

Eshock: Eshocki,nit t ri—hydrodt - ﬁLphoto-l- Ln)dt

o

AM__0&R. _§°
. ~33 1051€r core F ore o
Eshockl,nlt %\Asowg glOkm—

Initial energy of the
shock wave

Kinetic energy
dissipation

Photodisintegration of heavy
elements in infall matter

Cooling due to neutrino
emission



‘Neutrino Heating mechanism

A Outside region of neutrino sphere : radiated by neutrinos from below

¢ Neutrino heating (neutrino capture) raté Lr? “r ?

¢ Neutrino cooling (electron capture) raté T° 7 r°

i? oCMI 3 proT
(;T ' I ' hock front
ar 'r—z YT 14 gain radius

¢ T her egaimradiusd av lcaling= heating

¢ Net heating between gain radius and shock fr¢
(Neutrino heating)

2. -
& L, & e, @ r b

~ 3B 1051 erg/S?éMn-heated - il 5
giﬁ” erg/sg 15MeV ¢~ 200km=

¢ 0.IM,
¢ shock revival due to the neutrino heating
C Delayed explosion

L

7,heat

cooling 1/r6§
heating” 17° :

Wil son (1985) in ANumeri cal Ast'l—u-sp-h-yvi*cs




Wil sonos del ayed
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Neutrino heating mechanism

For successful del ayed
¢ heating timescale

GM, nepree O & 6 @AM
t eating o T 2oms - TV
heating Q/;rr %O’ﬂerg/s_ 94I\/IeV éﬁ\ﬂsolarg (;10(km Z

¢ advection timescale from shock front to gain radius :
t_,, - advectiontimescaleform shockfront to gain radius

theaing< tagv IS NECESSArY

¢ Eilther shorten the heating timescale (enhance

neutrino luminosity) or slow the advection of the
matter



Current status : spherical simulation

Stateof-the-art simulations
¢ Realistic EOS

(Lattimer & Swesty (1991) Nucl. Phys. A 535, 331; Shen et al. (1998) Nucl. Phys. A 637, 435)

¢ Boltzmann transport of neutrinos

Both Newtonian and General relativistic framework

Still no supernova explosion

¢
C

Advection timescale is too short for neutrino heating

Rampp & Janka (2000) ApJL. 539, 33; A&A 369, 361 (2002);
Mezzacappa et al. (2001) PRL. 86, 1953;

Thompson et al. (2003) ApJ. 592, 434;

Liebendorfer et al. (2001) PRD 63, 103004; (2004) ApJS. 150, 263;
Sumiyoshi et al. (2005) ApJ. 629, 922.



‘Current status : spherical simulations

Ramppd  Sumiyoshi et al. (2005) ApJ. 629, 922 al. (2001) PRD 63, 10301)4
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2.2: Mult-dimensional effects

Suggestion from observation  Filippenko et al. asteph/0312500
¢ Core mixing :

SN 1998S: Large Implied Asphericity

Unexpected early appearance TR R T
lines (a) =zof {20
(e.g., Nomoto et P (e

. . B 1.DF a0t
In spherical symmetry Co lines can | = oel M £
observed only after one year when thi < |2
envelope becomes optically thin sl I

. ; -EEIDCI EDII‘_‘I{} EE:D-D EI:'JIDD EEIEICI o

¢ Core rotation : _ Rest Wovslength (A)

Deformation of SN remnant - |
(Wang et al. (2002) ApJ. 579, 671) i
Linear polarization of about 1% e

axial ratio of 2
(Wang et al. (2001) ApJ. 550, 1030;
Leonard et al. (2001) ApJ. 553, 86)




| edoux convection

o dp dInYy, dp dIns 0
Ledoux criterion dnYy Jop  Or - d1n .5')1_,”, or
Negative gradients of lepton fracti ( dp ) o unstable
Y| andentropy(per baryon) IS/y,p
convectively unstable (,}{f;,) S0 (EOS® p 8. Plck?)
¢ L/sp
0'5_ ! ! rrrTTTT ! ! T TTT
Ledoux 04l
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Sumiyoshi et al. (2004) Nucl. Phys. A 730, 22
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Convectively unstable regions

A v around the neutrino spher¢PNS
convection

¢ behind the shock: high
temperature due to shock heati

¢ heutrinos are produced copious
but trapped due to high density

¢ when shock front passes the
neutrino spherajeutrino burst

¢ negativey, gradient (lepton
driven)

stalled shock

gain radius

v -sphere

above the gain radius(neutrino-

driven convection)

¢ heating is strongest slightly
beyond the gain radius ( 1/r?)
cooling (  1/r) is negligible
¢ hegatives gradient (entropy
driven)




Luminosity [1053 erg/s]

Neutrino burst emission

¢ behind the shock: high temperature due to shock heating

¢ heutrinos are produced copiously but trapped due to high density
¢ when shock front passes the neutrino sphezetrino burst

Sekiguchi (2009) full GR with Liebendoerfer et al. (2004) statéthe-
microphysics o art 1D GR
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Negative gradient of lepton fraction

Sekiguchi (2009) full GR with microphysics
Shock stalls, neutrino burst, and negative gradients
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Liebendoerfer et al. (2004) stadé-the-art 1D GR

10ms after bounce
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Neutrino driven convection

Liebendoerfer et al. (2004) ApJS. 150, 263 stdtthe-art 1D GR
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'How convection aids explosion

A PNS convection

¢ Neutrinos: diffuse out from (lepton
rich) PNS (diffusion timescale)

¢ Convection more efficiently dig up
neutrinos from PNS (dyn. timescale)

¢ Shorter neutrindheating timescale

A Neutrino-driven convection
¢ Cooler matter down gain radius

¢ Hotter matter rises up to shock front to
push the shock

¢ Matters stay in a gain region longer
(Longer advection timescale)

1D

P N S convection

gain
radius




Energy released in convective overturn

Interchange of small fluid elements for a small distanice

dr)ye = a9 6 (dP)iop
8?} sY (dP)bIob = (dF)amb

(dr)amb zw 8 (dP) amb % @js amb \g ( dX) am

sY, C
Free energy available per unit mass

W= geffrr;uib[(d Mo (€ )’émt]
&uinP & & InP 6 a"l“PO T
= Qe S5 0 & 5 (A9 ﬁ &X)am uf
ﬁé; MS r%e(; inr s,gYe ’ U sve™ b

For convective overturn of mag with negativez s orz Ye , the
energy available Is  [qunp/ jnr ) (mPEIsp, (N AN, @)

DM & b DY, || & 0658km NS
M, g_Okng s TQF -

WO 1051erg%mD



‘ PNS convection

Mueller and Janka (1997) A&A 317, 140
Newtonian simulation without neutrino transfer

« 95 Km R

temperature density entropy



PNSconvection
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‘ CO nVeCtlve aCt|V|t|eS Full GR simulation with microphysics

Y. Sekiguchi (2009)
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‘ Neutrino driven convection

Buras et al (2006) A&A 447, 1049 staiktheart simulation

2D hydro with radiaray (1D+U )
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Current statuscpnvectior)

Enhancement of neutrino luminosity due to convection, longer
advection timescale, but convective activities do not sustain longer
time because the convective activities themselves flatten the
negative gradients.

¢ All of simulations are in Newtonian framework

¢ Herantetal. (1992) ApJ. 395, 642; (1994) ApJ. 435, 399;
Burrows & Fryxell. (1992) ApJ. Science 258, 430; (1993) ApJ. 418, 33;
Burrows et al. (1995) ApJ. ApJ. 450, 830;

Yamada et al. (1993) PTP 89, 1175;

Shimizu et al. (1994) ApJL. 432, 119;

Janka & Mueller (1996) A&A 306, 167,

Keil et al. (1996) ApJL. 473, 111;

Mezzacappa et al. (1998) ApJ. 493, 848; (1998) ApJ. 495, 911;
Fryer &Warren (2002) ApJ. 574, 65; (2004) ApJ. 601, 391,
Buras et al. (2003) PRL 90, 241101; (2006) A&A 447, 1049;
Dessart et al. (2006) ApJ. 645, 534



‘ Effect of Rotation

Yamasaki & Yamada (2005) ApJ. 623, 10(

>

A Rotation reduces theritical luminosity

¢ For a given mass accretion rate, theredstacal neutrino luminosity
above whichho steady accretion floexists

A Anisotropic neutrino heating also redutles critical luminosityYamada
@ YKIS 2005)
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‘ Instabilities of accretion shock

A Standing accretion shock instability
FOU T i o R 21(2003) ApJ.

¢

a (2006)




'SASlaided SN explosion

Marek & Janka (2009)

A SASI

¢ Can be activated even if convection is stable

¢ hegative entropy region convection

longer tav

¢ shock wave is pushed outward longer tay
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\Acoustic SN mechanism

SASI/AAC turbulence excites fundamentatil) g-mode of PNS
g-mode damps by emission @afoustic wavedepositing engrgy
A the energy deposition dominates the neutrino heating
¢ conversion more efficient than neutrino heating

¢ Shopck revival by acoustic power
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