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Plan of my talk and timetable
Section Introduction 3 Min

Section 2 Standard Supernova Physics 7 min

Section 3 Explosion Mechanism of Core-Collapse
Supernovae 25min

Asymmetry & Explosion Mechanism

Section 4 Gravitational Waves
from anisotropic neutrino emissions
In the supernova core
(~10 min)
Prospects




What are core-collapse supernovae




Meigetuki ( by Sadaie Fujiwara
at the end of Heian epoch
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Several historical supernovaej
are known.




Zwicky & Baarde categorized supernovae into two types

Without H Line / with
v \,
Type Type

Core-collapse supernovae
| (Collapse-driven supernovae)

l n

il Triggered by the gravitational
Collapse of massive stars

n Il
N RS 17 988 111 A T (PR AT

1934 1944 1954 1964 1974 1984 1994




Importance of Core-collapse SNe

Core-collapse supernovae

Not yet %\Q \

Not yet

GW astronomy

Gamma-Ray Bursts




Stellar radius
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Rotation and Magnetic field
It’s.because rotation, andmagnetic fied are supported|by

Observations,
Massive stars in main sequence
rotate very fast ( ~ 200km/s) .
. Ring like circumstellar matter
in SN 1987A (Plait et al. ‘95)
. Polarization observations show that

core collapse supernovae are generally 3 ’-'(H ST Image)

asymmetric. (Wang et a. ‘02)

. Neutron star, produced after explosion, are strongly magnetized.

We should investigate the effects of rotation
and magnetic fields on the neutrino heating mechanism.







Standard scenario of core-collapse supernovae

cor e collapse M2 e v trapping cor e bounce

e +p —» vetn
Fetq = pn

SN explosion shock in envelope




How massive stars end their life ?
Heger et al. 03

Solar metalicity
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Stellar structure just before gravitational collapse

Riar ~ 10° km




Standard scenario of core-collapse supernovae

cor e collapse

Reore ~ 1000km
Meore ~ 1.4M

in envelope shock propagation in core J/

Pcenter ™ 3 X 109g/cm3




standard scenario

cor e collapse R v trapping [TV core bounce

SN explosion shock in envelope




Step 2 Neutrino Trapping
K.Sato,1975)

j> Weak interacting particle

o ~ 10_38(31"112 (at 1G6V) oT ~ 10_25CH12

coherent scattering

Ve +(Z,A) =5 v, +(Z,A)

Neutrino
timescale

VAN

Coherent diffusion timescale
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Standard scenario of core-collapse SNe

cor e collapse Moz e v trapping core bounce ST

e +p = vetm
Fe4+vy —= p+n

SN explosion shock in envelope shock propagation in core '




(Adiabatic Index (Bruenn, 1985) Core bounce
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Standard scenario of core-collapse SNe

cor e collapse Moz e v trapping core bounce ST

e +p = vetm
Fe4+vy —= p+n

SN explosion shock in envelope




Supernova Explosion Prompt explosion

Model SL ——

5e+06 1e+07 1.5e+07
R (cm)

Prompt explosion fails!
mainly due to photodissociation of Fe nuclei.




Heating Processes

o 0ol 02 03 04 0.5 06 07 08

TIME

. .1—-————’H|'|m:|~; Wave

Ropoce =~ 200km

Gain Radius

Rygin ~ 100km



Order Estimation
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Summary of Standard Supernova Scenarios.

Explosion Mechanism of Collapse-Driven Supernovae

N

Delayed Explosion

DIFFICULT




(Wllson 1982)
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Status of Spherical Models

Comparison of different groups,

AGILE-BOLTZMANN (Oak —Ridge)

Hydro: implicit GR

Neutrino transport; 1D, Sn method
(Mezzacappa & Bruenn 1993)

R, [kmBhock Radius

Shock stalls.

(MPA)

Hydro; explicit Newtonian
Neutrino transport. VEF method

(Rampp & Janka 2002) (Liebendoefer et al. 2003)




Step beyond Spherical Models

For realistic supernovae simulations, many physical ingredients
had better be taken into account.

$

Macro Physics: Micro Physics:
Convection

Rotation Equation of state
Magnetic fields

General Relativity Neutrino transport

MultiD simulations are urgent.




What causes “Asymmetry” ?

How “Asymmetry” affects
the neutrino heating ?




Stalled shock

Heating rate
cooling rate

» Stellar radius




t = 0.002 sec

Scheck
et al. 2004

- =

The convective unstable region ?
Answer above gain radius below stalled shock

— , Entropy




Convections rise the efficient of neutrino heating
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Janka et al. 96



tanding Accretion-Shock Instability

Standing shock and non-radial perturbation Blondin et al. 2002

Pressure-wave and fluid element Growth of the non-radial perturbation

ta

L = 1 mode prevails!

e mm i Smesie o w




Short summary
Effect of convection

Convection enhances the neutrino heating

SASI may be able to produce the large
asymmetry

(Incoherent scattering and SASI,
Ohnishi, Kotake, Yamada in prep)




Another passible cause of

"Asymmetry”
‘Rotation

i?.
I
KK et al. 2003




Observed Asymmetry in Supernovae

Polarization Ol
All cc )S pernovae sho Icant polarization,
~ 1 %, ree gistortion axis rations of ~21t0 1. ( g et al. '96)

)lar nature,
ang et al. 01,
ang et al. 03)

coot g New techniques
to determine
interstellar
polarization and
nature of dust
' (Wang et al.(2001),
and to analyze
polarization in
terms of principle
axes in Q,U plane
(Wang et al. 2003a)

Single dominant
axis in Q,U plane

Bipolar explosion

® 1959 Nov. & W 2000 Jan @
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) 'SN 1999em




Is rotation good for the prompt explosions ?

Yamada and Sato. ‘94 simplified EOS 2D hydro
+ adiabatic calculations
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released gravitational energy at bounce
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Unknown and Known things about rotation

Rotation

e

|s rotation good for prompt
Explosion ? No!
(Yamada & Sato, ‘94)

e

Next to be investigated is whether
rotation does good or not to the
neutrino heating mechanism.

LeBlanc & Wilson ‘70, Mueller & Hillebrandt ‘81, Bodenheimer & Woosley ‘83,
Symbalisty ‘84, Moenchemeyer & Mueller ‘89, Janka & Moenchmeyer ‘89
Yamada & Sato ‘94, Fryer & Heger 2000, Bueas et al. 03, Fryer & Warren 2003,

etc...




2D rotati
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The shapes Temperatures on neutrino spheres

rmaﬂhg model ) R rmét_ing' maodel
... Spherical model spherical model

S

The shape of the neutrino sphere is deformed to be oblate
by rotation.
As a result, the temperature near the rotational axis
becomes higher than that near the equatorial plane.
(These features are common to the other models)




Reaction:; [l Al ol

3a? +1 ogen;
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Heating Rate (Sl

(Janka. ‘01)

+O(

Ray from neutrino
sphere




Heating rates outside the neutrinosphere

Spherical model

L.Se-+07
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Moderate, weak diff rot (Heger’s)
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anisotropy — 1.0

Stalled
.~ Shock
. wave

Surface
of neutrino
sphere

Moderate, strong diff rot.

Je+07

Rapid, weak diff rot

25107

Ze+07
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Convective stability analysis
Solberg & Heiland instability condition,

g%ﬂ (g_g)pmgrad S + (;{;} )P Sgrad Yl]

Hegiland condition Ledoux condition
( ; specific ang. momentum, X:distance from the rotational axis, ais effective gravity)

1e107 [

Seiif Tl 1.5 17
R [cm]

Convection are likely to occur near the rotational axis (~10 ms).




Detalled estimation of neutrino emissivity

Multigroup Flux Limited Diffusion Scheme (MGFLD) KK et al in prep

Neutrino interactions Bruenn (1985) ld;T“—V [AlVig— Ay —CL)| + Vv w _;l!.'l. L —g) — % + Agthg + By - 4Py + Cy.
[ ow Al

e +n2e+p Absorption and emission on nucleons
Vet p=e’+n Absorption and emission on nucleons oy
g

T . - : : m, 4mc = o Yg(w)
v.+AZ2e+ A Absorption and emission on nuclei = — “7/ w3d { M1 = Wnl(w)] — }
: ] a! p (Qﬁ'ﬁfj'; 0 el J( j_ U(W)] /\”(u})

Fe2v+te Neutrino electron scattering

FNESv+N [soenergetic scattering (recoils are neglected) 5B 4 =
= " i, - \ c amc 3 Iy I iy (a A 1 ‘ o
FAZ2 v+ A Coherent scattering on nuclei(recoils are neglected) B )Z ~ (2rhe)? / widw{j(w) — [j(w) + 1/X(w) — Ao(w)]tho(w) + Bo(w)ih(w) + Co(w)}.
\ é (2mh 0

etet2v+v Pair reactions

v+v+N+NZ2N+N Nucleon bremsstrahlung

Neutrino Emissivity in rotating core
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Anisiotropic Neutrino radiations do exist
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1) Neutrino spheres are deformed to be oblate due to
rotation, and the temperatures on the spheres are
higher near the rotational axis.

Neutrino radiation from the deformed neutrino

sphere heats matter near the rotational axis more

preferentialy.
3) Regions near the rotational axis are convective
unstable.
These results suggest that the jet like explosion

might be induced. (Shimizu et al. ‘01)




IS anisotropic neutrino radiation good for explosion ?

Shimizu et al. 01, Madokoro et al. 03,04
--- 2D hydro

--- light bulb approx from the fixed neutrino
sphere

--- outside neutrino sphere only

—If the anisotropic neutrino heating
survives in the later phases, it will
be good!




|s anisotropic neutrino rad. good for explosion

Evidence critical luminosity for shick revival is lowered
Yamada,KK,Yamasaki,2004 Yamasaki& Yamada05)
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Rotational Core-collapse with Detailed neutrino transport

Improved models of stellar core collapse and still no explosions:
What is missing?

R. Buras, M. Rampp, H.-Th. Janka, and K. Kifonidis!
! Maz-Planck-Tnstitut fiir Aastrophgyeik, Kaerl-Schwarzechild-Str. |, D-857§i Garching, Cermany

Hydro:2dim Newtonian
Neutrino transfer: VEF
(must be one dimension)
Input physics: state-of-art
Weak interactions

Lateral heating of
Neutrino should be

Important!




Anisotropies in the Neutrino Fluxes and Heating Profiles in

Two-dimensional, Time-dependent, Multi-group Radiation
Hydrodynamics Simulations of Rotating Core-Collapse

Su pPernovace

R. Walder!, A. Burrows!, C.D. Ott2, E. Livne*, M. Jarrah?

Anisotropy ratio Is
about 1 ~ 2.5

Consistent with ours |

Not mentioned yet that explosion is
really obtained.



Another po‘ésible cause of
Asy@metry

I\/Iagl‘ftlc fleld

KK et al. 04,05




MAGNETAR CANDIDATES (SGR, AXP)

0142461 1844-0258  1806-20 1627-4 ' " 1048-59

.

|

TWELVE POSSIBLE magnetars have been
detected in or near our Milky Way galaxy.

22594586 1900+14 1841-045 1708-40 0526-66

Kouveliotou et al. 2003

12 magnetars are known
concentrated on the galactic plane







How massive stars end their life ?

Heger et al. 03

SCUECEUAEE e B Supernova Science Center

Research Group at

The University of Arizona
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SUPERNOVA INITIATIVE

Max Planck Institute




How massive stars end their life ?
Heger et al. 03

‘neutron star
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Magnetohydrodynamic Effects on Core-Collapse Supernovae

Xo®

Yamada & Sawai, ApJ, (2004)
Takiwaki,KK,Nagataki,Sato ApJ (2004)
Sawai, KK, Yamda (2005) ApJ in press

Poloidal

Q=0px 0. A _
" arx7 7.7 | Bz = Bplconst.)
Xo = 100km, Zy = 1000km
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Field wrapping

4 —l
- g,

KK et al. 05




Contour of plasma 3

: Pmag/ Pmatter
Contour of entropy per baryon
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i s e
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Shock wave is shown to be magneto-driven.




COﬂtOUI‘ Of Fhoop/Fmag
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jet-like explosion




Takiwaki,KK,Nagataki,Sato(2005)

Shock Front 1500km




(KK et al. 2005)

Weinberg & Salam theory -> parity violation
. left-handed neutrinos

—

Mag. field |i . -

Cross section
Horowitz 1999, Duan and Qian 03, Ando 03

o B o B=0 1

a

/‘ Neutrino heating becomes north-
South asymmetric
> Cause for the pulsar kick

Neutrino sphe




Neutrino heating rate in the strongly magnetized core

Standard model

Configuration Of B-field Heating rate with B / without B

Fe )T —————r —
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Along the rotational axis, B-field is in the same direction.
Strength of B-field is strongest there.
B-field plays an important role for producing the asymmetry







Meaning of 5 of the neutrino heating asymmetry
Scheck et al. (2004) added 0.1 % random density perturbation

+ FIG. 2 Two mod-
is els (based on progeni-
~ tor WPEL5) at 1s aF
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In their models, the directions of
pulsar kicks are totally random

|

Our results suggest that the
magnetar is kicked toward the
north pole of the star.




Short summary of Section 3
Asymmetric Supernovae & Explosion mechanism

Why
Asymmetric’ supernovae ??

|

Although all the known microphysical process are included,
spherical models cannot produce explosion.




Asymmetric’ supernovae

Good for enhancing neutrino heating, however,
only with it, successful explosions are not
obtained. Buras et al. 2003)
Importance of SASI (Blondin 2002, Fogglizo 2002)
(Without rotation or B-field, large anisotropy is
likely to be produced.)
Rotation
Rotation induced anisotopic neutrino radiation
does really exist. (KK et al. 2003, Walder et al. 05)
Meanwhile, it is not yet know whether it really
produces the explosion (KK et al. in preparation)
Magnetic Field
Likely to be a seed for the natal kick (kk et al. 2005)
There remain many issues to be addressed, such

as MRI
(Sawai et al. 2005, Takiwaki et al,05)




+ Number of paper

Kotake et al. (5)
Buras et al. (3)

Sawai et al. (3)
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Burrows et al. (9)
Kotake et al. (9)
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Gravitational Waves

fro core collapse supernovae




Introduction

HF Sources of Gravitational Waves
W W core—coliopse SN, 610 kpe
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Introduction

cor e collapse v trapping [N core bounce

SN explosion shock in envelope shock propagation in core
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2D or 3D, realistic or polytropic EOS, detailed neutrino reaction

NR:Moenchmeyer et al. '91,Yamada et al. '95Zwerger et

al. ’97,Rampp et al. '98,Dimmelmeier et al. '02

Fryer et al. 02,0tt et al. '03,(2D, LS EOS),Mueller et al. '03,Fryer
etal. '04 (3D), KK et al. (03,04)
GR:Shibata(03),Shibata&Sekiguchi (04).
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GWs discussed until now are emitte

A~ 1 [-I- : E."I':

V trapping

SN explosion shock in envelope

Other cites for the GW sources,
namely,

Convective motions in the core
Anisotropic neutrino radiation




What is GW from anisotropic neutrino radiation ?

TRt —x |2 ) .
h—‘“ﬂ(t’,ﬂf) _ 4/ ( ‘ ‘ )(1‘3:1?

z—a

T-: v 3 . dgf':l
(exact form) | 2E,

Epstein ‘78, Turner ‘78

L, (t,ax)

pd

TY(t,x) = n'n (n=a/r)

TT gauge taken.
Standard formula,

4G [t r (mgmYIT
tax)=—— dt df) _( Lt Q)
‘ Ar ) Jan I —cos# ’




Typical amplitude and frequency of GWs from
neutrinos

Neutrino origin

Typical amplitude

(5l

)(

1 sec

10°2 ez‘g) ( 10 kp(:)

~ as large as the one at bounce
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- - Tre !
> 10 1115@:-.(_ o el .3)

10" gem—

~ 1020

‘; lbhounce

h, ~

Typical frequency

Shock Stagnation and v Heating,

/ / Explosion (t~ 0.2s)

PNS 13 | gain layer 1.5 M(r) [M]
cooling layer



(K.K et al. PRD 2005)

Strength:

T/|W| = <- Heger et al. (200 ) Ro Xo 1000km

Configurations
Cylindrical




Results Waveforms from anisotropic neutrino radiation

Comparison between differential or uniformally rotating model
waveform Asect ratlo of shocks pole/equator
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Differential rotation is found to
dominantly determine the waveforms

from the anisotropic neutrino radiation.
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Relation between the degree of differential rotation

and the waveforms.
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Gravitational radiation from anisotropic neutrino radiation

Spectrum Analysis
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GWs from neutrinos dominate over the ones from

matter at the lower frequency of ~ 100 Hz.



Detectability of GWs from neutrinos
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