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Focus of Lecture

e Interplay of nuclear physics and astrophysics

Nuclei and matter Supernova explosions

CORE-COLLAPSE SUPERNOVA

Nuclear Science

Expansion of the Universe

The other class of supernova involves the implosion of a star at least eight times as massive as the sun. This class is
designated type Ib, Ic or II, depending on its abserved characteristics.

Phases of

Asthe massive star
Nuclear Matter

nearsits end, it takes
on an onion-layer structure
of chemical elements

2 million
kilometers

Iron does not undergo nuclear fusion, so the core
becomes unable to generate heat. The gas pressure
drops, and overlying material suddenly rushes in

Within asecond,
Hydrogen the core collapses
toform aneutron star.
Material rebounds offthe
neutron star, settingupa
shock wave

Neutrinos pouring out of the
Applications nascent neutron star propel the
shock wave outivard, unevenly

CPEPweb.org

Neutrino-heated
gas bubble

http://www.lbl.gov/abc/wallchart/index.html Sl

Downdraft
star, blowing it apart

of cool gas

Scientific American (2006)

How are they related to each other?

Microphysics determines the outcome.



Items in this lecture

What is “supernova explosion™?
— Fate of massive star, evolution of the Universe

Scenario of supernova explosion
— Explosion energy from gravitational collapse?

Nuclear physics 1in supernovae
— Properties of dense matter, neutrino reactions

Numerical simulations of supernovae
— Needs of nuclear physics and difficulties



Collapse-driven supernovae

Bright display, origin of neutron stars and elements



Happening in core-collapse supernovae

Crab Nebula (SN1054)

— Birth of neutron stars and black holes
e Pulsars (1.4 solar mass in ~10km)
e Extremely dense: degenerate Fermions

Hubble Space Telescope - Wide Field Planetary Camera 2

— Source of cosmic rays
* Neutrino bursts: Nobel prize in Physics in 2002

Kamiokande

S e Evolution of matter & galaxies

— Origin of heavy elements
e Explosive nucleosynthesis
e Half of elements beyond Fe

http://periodictable.com/



Neutrino
+/- ITmin

Supernova explosion: 23 February 1987, 7:35:35

(UT)

Before After
At the end of life of massive star ~20M

solar

A.K.Mann "Shadow of a Star" (W.H. Freeman and Company, 1997)



Energy of supernova explosion

Radiation energy: E_~10% erg
— Luminosity: 10*! ~ 10%* erg/s
Explosion energy: E.. ~10°! erg

— Kinetic energy of mass ejecta

Total energy release of Sun for 4.5 billion years: ~10°! erg

— Solar luminosity: 4x1033 erg/s

Neutrino energy: E ~10° erg

— Detection of neutrinos from SN1987A

Note: 1 J =107 erg



Neutrinos from SN1987A were detected

Research facilities for neutrino detections:
KAMIOKANDE-II (1983-1996)
Water tank 3000t + 1000 PMTs

40
- Energy (MeV)
: °
30
- currently
; SuperKamiokande
o
20 + . : :
L > Kamioka, Gifu, Japan
L KuIIBOUE o e
10 4+ Background - °
E'o“.”"'o;""; """" '.'".'"o"o' """ @ =rgs My
- i ©
0 [ 1 1 2 ] 1[' ] 2 1 2 !' | 1 L L ! 1 ! ’s A
-60 -30 0 30 60
Time (second)

~1016 neutrinos pass through the tank,
11 neutrinos are detected

Average energy: E, ~10 MeV
Total energy: ~10°3 erg

SUPERKAMIOKANDE  WSTITUTE FOR COSMIC RAY RESEARCH UNIVERSITY OF TOKYO RONICEN SO

http://www-sk.icrr.u-tokyo.ac.jp/



The Nobel Prize in Physics 2002
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Neutrino: one of elementary particles

e Lepton: electron, muon, tau + 3 neutrinos
— Electron-type: v,, mu-type V., tau-type v,
— (and their anti-particles)

— Fermion: spin %2

— Small mass, but not massless e u T

e Charge Neutral, Weak interaction

— Very small cross section: o ~ 104! cm? (cf. 1028 cm? )

-

-

B ‘ +e +v,

neutron proton

Ve

beta-decay of neutron beta decay of nucleus

UCS>UN+e +v,



Supernova occurs ~1-2 times per century in a galaxy

e Observed so far
5558 supernovae
* Recently
2007: 573
2008: 260
2009: 390 L el s
2010: 337 S From hp hubbeste g
2011: 26 (as of 7/9)

Crab nebula: remnant of supernova in 1054

Supernova Catalog
http://www.sai.msu.su/sn/sncat/
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Supernova leaves a neutron star (or black hole)

e Compact objects
— Massive, Dense
— Extreme condition

* Mass: Myg~1.4M, ..

Radius: Ry¢~10 km=10° cm
cf. Sun: M =2X10% g,
R,,,=7X10! cm

al
Crab Nebula .
Hubble Space Telescope - Wide Field Planetary Camera 2 o DenSIty °
PRC96-22a - ST PO - May 30, 1996 - J. Hester and P. Scowen (AZ State Univ.) and NASA

Scl OPO - May

solar

M
Crab pulsar: Pns =7 N —6.7x10"g/cm’
rapidly rotating neutron star (P=33ms) 7T RNS3
3

cf. Nuclear matter density:
0=3x10'"* g/cm? (0.17 fm3)



Supernova produces heavy elements

Hallmark of
nucleosynthesis

X-ray image
Red :Fe
White: Si, S

Cassiopeia A: remnant of supernova in ~1680
(type



Which elements are from supernovae?
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Most of heavy elements are from supernovae

I+ | He

B|c|Nfo|F|Ne
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http://ccinfo.ims.ac.jp/periodic/indexj.html Woosley, Weaver (1995) Seeger, Fowler, Clayton (1965)

> 50% r-process

TP oo od e B e Taiee ) ovuw Y% vibrrise 1%L



Price of Gold & Platinum vs Iron

e Gold 1gram:

e Platinum Igram:
150,000 ton found in the history for 6000 years
= Volume of Olympic swimming pool x 3

Precious (Expensive) because of tiny abundance

e [ron 1ton:



Origin of heavy elements

Solar abundance
of elements

Relative ratio
e H, He: 1012

e Si, Fe, Ni: 109
e Au, Pt: 10Y

Abundance Peaks
* Fe group
® S-, I-process

Stellar evolution
Supernova explosion

LOGARITHM OF RELATIVE ABUNDANCE (Si=I0°)
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Pro

Nuclear Chart: species of nuclei

Nuclei: protons + neutrons
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Abundance

Solar r-process abundance

10— T3
e 5_.‘. Solar r-process abundance —
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82 R-process

e Rapid-neutron capture process
50 at high neutron density & temperature
» Explosive Phenomena:

Supernova explosion

Neutron star mergers

- N Nuciear Cimart 1993
by Chiharu Tanihata




Cycle of stars and elements
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Role of supernova explosion

Origin of elements
— Create heavy elements, stuffs for next stars

Origin of compact objects
— Birth of neutron star or black hole

Source of energy & particles
— Cosmic rays (y, X, Vv,...), mass ejection,

Evolution of Galaxy
— Trigger of the birth of star



Scenario of supernova explosion

Release of energy from gravitational collapse of massive star



The end point of massive stars after stellar evolution

via stages of nuclear burning
Stars with ~20M,

_C.0 G
8Mo < M<12M ® Neutron star
or Black hole
O.,Ne.Mg ’
Stellar efvolution L gravitational
| ' collapse
D. /
—» 9 O M>12Ms :
e 1) ONeMs Collapse-driven
- ! supernovae
®

Nuclear burning (fusion of alpha-particles)
H — 4He — 2C — 100 — 20Ne — Mg — ... — °Ni/*°Fe

From H. Suzuki
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Stability Of HUClei 9.0~ Binding energy per nucleon 126

Z= 20 28 50 82
=1 I Il

 Binding energy

Vg
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OFe 5
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INNER STRUCTURE OF A PRESUPERNOVA  STAR

Onion-shell like structure . ere
plg/em’) T (°K) R*~]08 km

102 2 %10
10% 2 = 108

S u10°

108 1 %10’

108 2 »10°

10’ & x10° RFe~]03 km
COLLAPSING  CORE II’()n core

Iron: most stable
no more nuclear burning
supported by electron gas

Lack of pressure to support star
— Gravitational collapse




Gravitational collapse, bounce and explosion

Massive star

Fe core Collapse A V-trapping
P, ~10™ g/em3 high density
T.~1 MeV
p. ~10!2 g/cm3

T.~2 MeV
e-c
1000 km r v Supernova neutrinos
4
Core Bounce R / Explosion
/ Yo v
nuclear force oA

/ P
l’ /’/ ‘
p. ~3x101* g/cm3 e A~

T, ~5 MeV / Y
"/ H (4 Clvy ‘| —
Elements:

Shockwave 10 km Neutron star




Energy budget of collapse and explosion

Iron core to neutron star (M .~1.4M
— Rg~10°km  — Ry¢~10 km

— p~10° g/ecm® — p ~10"° g/cm?

solar)

Gravitational energy released

AE. - GM* _GM ? L 10%er We want to explain
Grav R R 5 this amount
Fe NS ‘/
Explosion energy: E,, ~10°!erg
Neutrino carries away: E, ~10>erg

Only ~1% 1s used for the explosion
Neutrino-matter interaction 1s essential



From nuclear physics to astrophysics

* Equation of state * Hydrodynamics
e Neutrino reactions  Neutrino transfer
e Nuclear data e Stellar models

* Numerical simulations of core-collapse supernovae

* Collapse and bounce, the birth of compact objects

* Challenges:
* Properties of dense matter at high p and T?
* What 1s the explosion mechanism? '

* Observational signal from core?
~fm=10"m >10 km=10°> m



Calculation of Hydrodynamics

e Supernova remnant

— Shape, Polarization

— Nucleosynthesis

. Jun. 2000 Wang 2002
— Neutron star kick o

Jan. 1997

e Multi-dimension Example of hydro. simulation
— Spherical:1D
— Axi-symmetric: 2D -
— Asymmetric: 3D .
e Rotation .
e Magnetic field i
 Hydrodynamical Instability s o)

— Convection

— Composition Mixing

A. Burrows (1995)

http://zenith.as.arizona.edu/~burrows/movies.html




Calculation of neutrino transfer

e Need to follow the neutrino reactions and its propagation
— One cannot assume thermal & chemical equilibrium
— Solve Boltzmann equation for neutrino distributions

Free-streaming
No reaction

* Including all of neutrino reactions

Surface : .. :
------------- - scattering, emission, absorption
Y%

Neutrino distribution function (during collapse)

Shock wave S SO S

f(E,) | =10 glem’

08k & bounce ]

Less reaction § g

3 1 E

065— pc=1012 “ —é

Frequent Reactions N t . 04F E

. . rin - ]

Diffusion i 3 o 3 ;

heating 02¢

\/ \ - -

Z S \ —1010-11 g/em3 :

AR 10 MeV 100 MeV

B V energy

> —High T/p Low T/p —



Basic equations

Conservation of mass

ap
E+V (pv) =0 (p e)-i-V (pYev) ——IYle/df(———>
Conservation of energy Conservation of electron numbers Equation of state
98 . (Ev)+PV. v——Z/deS+S) E=f(T,p,Ye)
ot
. f P= g(T! 2, YC)
Conservation of momentum oo o .
9 (ov) Gravitational potential
(,)F; + V. (pvw)+ VP +pVP+ V- Z/d& (XCE¢+X¢-F_J() = 0. V2P = 47pGy
Neutrino transfer Pauli blocklng
equations 2P . (Eev) — V- (D VE) - oL (XeEe) : Vv =8, 0<E <<
ot Oe o
oF, _ _ d ,_ - _ _ B
= (Eev) = V- (DVE) — e5- (XeEe) : Vv =8, 0<E < —
Neutrino reaction rates
4 o a
s(_s,(l-f_sE() 2B+ ( /de

—Etc/de’n’(e,e') (1 - G%Ee,) /d( Gle, €) ( % )

Sc=5.(1-3E) - &Be+ (1- 3B / 4R (€, € B
=

—E}c/de (e, €) (1 - E,—SE ) ( - c—JE) /de'G’(e',e) (1 - e%E)

Fig. 7

WY3L |S] /900HE ANOLS-ANNS ' 7% 13 ALSIMS ' :308N0S

SciDAC Review Spring 2006



Physics at extreme condition

Properties of hot & dense matter and neutrino reactions



Properties of dense matter at extreme conditions

 Necessary inputs for numerical simulations

1. Pressure-Density 1

—  Stellar structure, Dynamics, Maximum Mass N &
2. Temperature (entropy) N —
3. Composition (proton, neutron, nuclei) 2 N>

- v-energy distribution, v-reaction 1

 Equation of state (EOS) in supernova core
- Dense more than nuclei:  p > p,=3x10'*g/cm’

- Neutron-rich: Y, < Z/A=0.46 for SoFe
- Very Hot: T > 10 MeV (~10!! K)

e Unified framework to cover wide range of p, Yp, T
e Check by experimental data



Properties of nuclear matter

e Evaluate the energy when we put neutrons and
protons in a box and compress the box

— Infinite matter: A, V— with fixed density (n=A/V)

A (=N+Z) nucleons
in volume V

.9 C

Nucl -
e ®, e
@/ 30 @

Nuclear matter

Nucleus



Energy per nucleon of nuclear matter

e Nuclear matter: neutrons and protons (Z=N, Y ,=Z/A=0 J)
— Nuclear saturation: E/A=-16 MeV, n=0.17 fm~ (Experiments)

e Neutron matter: only neutrons (Z=0, Y,=0.0)
— Symmetry energy: A,,,=20~40 MeV (Neutron-rich nuclet)

e Nuclear many body calculations to evaluate energy

200(
. . o Many-body calc.
e Nuclear interaction 2 150F
B : . - :
Attraction, Repulision S 1o0f
: : . S :
* Pauli exclusion principle 2 i
. _ ¢  50F 20~40MeV
— Correlations, blocking - [ ]
< [ ]
o Different from Fermi gas § — 05 V. ..o -
-16 MeV [ ]
ex. Non-relativistic 9) 3 Y| P FEE T EEE T TN E
ideal Fermi gas P =§E xn? 0.0 0.2 0.4 0.6 0.8

nucleon density [fm'3]
Sumiyoshi et al. NPA (°95)



Supernova EOS by physics of unstable nuclei

R

- New data on neutron-rich nuclei (mass, radius,...) 'R,
RI beam facilities since 1990
. : Radii of Na i1sotope
Neutron-rich nuclei 35 T ]pl
to constrain - Symbols: Exp. Data R A

| Lines: RMF n.-

b / =
23
_ Na é% o -

Neutron-rich matter

{Nuclear physics — Astrophysics} ;f
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Accelerator facilities for nuclear physics

e Recent advance of radioactive nuclear beam facilities provides
us with data on n-rich nucle1 in Japan, US, Germany,,...

B> 8/8 :
EEHDER @
W OSYORSREER L \
_ gl ex. RI beam factory in RIKEN, Japan
T g (WRE278) RS2
ﬁ 1% (Sn) 50 .
e 479126

G )

ChiEF 8 —
(EfirTTROFER)

RIBF RI beam generator RIBF RI beam experiments

featuring superconducting ring cyclotron (SRC) will be started in 2007,
Electro-magnet a":bpmled"? fragmznlt feparzaotg;(eugRlPS) with colored experimental installations

will be commissioned late in ;

8300 ton

From www.rarf riken.go.jp

Super-conducting Ring Cyclotron



Shen equation of state for supernovae
H. Shen, Toki, Oyamatsu & Sumiyoshi NPA, PTP(1998), arXiv:1105.1666 (2011)

e Relativistic mean field theory+ local-density approx.
— Based on relativistic Brueckner Hartree-Fock (RBHF) theory
— Checked by exp. data of n-rich unstable nucle1: TM 1
e Nuclear structure: mass, charge radius, neutron skin,...

Covers wide range of

— Density: 10>1 ~ 10'® g/cm?
— Proton fraction: 0~0.65 =
— Temperature: 0 ~ 400 MeV Uniform and

non-uniform matter

Data table ~140 MB (110 x 66 x 92 points)
— Quantities: €, p, S, w,, X,, m* Shen-EOS

ct. Lattimer-Swesty EOS (1991)
- Extension of compressible liquid model

LS-EOS



Collapse P ~1010 g/cm3 V_ﬂ-apping 0. ~1012 g/CIIl3
T.~1 MeV T.~2 MeV
Y ~0.42 Y.~0.40
P P
Nuclei, Nuclei,
p’ c pa n9 e_,Ve
- p. ~3x10'* g/em’ Explosion p. ~5x10'* g/cm?
Core-Bounce T ~10 MeV e D , T 15 MeV
Ye~0'30 eutron stars Ye<0-20
n
& p
A n A
________________ p A
P p.n, |- p,1n, ( ’ q)
e_,\/e 6_7\/19 Vl



ng Shen-EOS vs LS-EOS

% 150_""I""I""I""I""I"'_
= f Aym=303MeEV 1 | tiff or Soft, that is a problem
&g 100} -
5 : ] < EOS is stiff, IF:
z  S0fF -  Higher Energy, Steeper slope
e [ / A, _29 3 MeV  Affect supernova dynamics
; 0 e+ e Core bounce, Neutrino reactions
> 00| * Pressure: p
=) ' JE  ,0E
= p = =Nn —
. i 8V on
3 50
g Z * Incompressibility: K
5 Z Curvature at saturation
QO
5 O Exp: K=200-300 MeV
dpP d’E
00 0.1 0.2 0 3 04 0.5 0.6 — —OQpn?
. , K= 9d— = 9”0 y >
baryon density [fm ] L P s,

Sumiyoshi et al. NPA730 (2004)



Structure of neutron stars

p(r)

Shen-EOS vs LS-EOS

e Stiff EOS can support:

e Massive neutron star

e Less compact (large radius)
e Mass of neutron stars

* observations (>1.4M_, )

e critical mass for black hole

r r+dr

Balance between gravity and pressure gradient

d—M=4m2p
r
1+ 7 1+4npr
dp _ _GMp\ p
dr r’ (1_2GM)
r

Tolman-Oppenheimer-Volkoff equation

- Y

cold NS
2.5 e

2.0F

1.5F

Mg [Msolar]

M. _.=1.8M

sol‘

00b=—"_ .. ..
10”  p_[g/cm’]

Sumiyoshi et al. NPA730 (2004)




Observation of neutron stars

a0 ; updated 10 November 2010
e Mass of neutron stars gﬂ'}gs_z: o Y e
':E - =iy
* Motion of binary system — Feasds ——essane——
. ) JI8T1= A . L —
— orbital period P Jgerors 6 M ——
J1 P .
~ Doppler shift v é‘é%%ﬁ? @& T EE
: : @Hulse—Taylor pulsar binaries
— Kepler’s law: Béj%’_ﬂ‘ci"" ;p_ :' o
= B e i | double pulsor
- G(M1+M2)P2=4ﬂ328.3 iég)éiggg?e gmp. ||£.:_| : p
\ i
: N I
O il JEaaa
. om 31416385 G R I
M, M, ]z"g giizgaf (4) ! .,.2,5?:1;' oulser whitte dwcltrf—
R AN i
* Binary pulsar L e
J : : '-‘N:‘C 6752 !
— Hulse-Taylor binary pulsar ﬁ%é;égg ig?) I S
— Mpgp=14411+0.0003M,,,,  MEEHH =
0.0 0.5 1.0 1.5 2.0 2.5 3.0

Neutron star mass (Mg) Lattimer et al



v reactions with matter in supernova core

v number, energy change — heating/cooling of matter

 Difficult experiments  Cross section: o ~ 104! cm?
 Dependence on energy, nuclei ¢ Interaction: o ~ E, 2
 Various nuclei appear * Nucleus: 0 ~A?

* Emission/absorption:
e+p< v.+n e+A<v, +A
ef+n< v, +p

e Scattering:
v.+ N < v, + N V.+ A< V. + A
V.+e <> V. +e

e Pair creation/annhilation:
e +et<=>v. +v, VE <= v + V.
N+N<N+N+v +v. i=e, u, T



Neutrino process during the collapse 1

e Neutrino production through electron capture
— Fermi energy of electrons
w.~(3m*n,)!?=11.1 MeV at 10'° g/cm?
—  Decrease of electron pressure as p T, u, T
— Neutrino emission (and trapping)

— Amount of leptons in central core

. electrons and neutrinos

‘ +e = +v,

proton neutron

electron capture of proton
electron capture on nuclel

+te>n+v
P e °Fe + e > *®Mn + v,



Neutrino process during the collapse 11

 Neutrino trapping by neutrino scattering

 v-mean free path (A,) vs core radius (R

core)

5

A =— =1x107cm( o )(A)

o,,n, 3x10"g/cm’ 56

For p > 3x10' g/cm? ,
A, =R, :V cannot escape

core °

e Diffusion time scale

2
Tyision = KReve 75107 sec lf)) - ( A) neutrino scattering
cA, 3x10"g/cm” \56 on nuclei
For P= 101 g/cm3 , 1007y 44 =5 1007 4

Tayn = Tgiffusion - ¥ A€ trapped




Role of EOS at core bounce

pressure e Matter becomes stiff
o Adiabatic Index T = 4108
\g 1033% _ dlogp|,
O 3 above p~3x10'* g/cm?
10 3 * Repulsion of nuclear force
lofo'u S - e Halts the collapse and core bounce
ensiy [5en’] Jensity * Produces shock wave
30 — -
adiabatic index i N
shockwave
«  20f . 0 // M(r)
E - bounce $ shocked ) J
% 15 - :/,9 matter !
§ d‘(Z’oo icall
: lop - , %%O/ Glie v
05 . o)
0.012 I I IIIIIII13 I I IIIIIII14 IIIIIl]5 !
10 10 . . 10 .10 ! From E. Miiller
density [g/cm’] denSlty




Studies of Explosion Mechanism

Delicate balance of counter-effects



No explosion in 1D simulations

Spherical US, Germany, Japan (2001-)
First principle calculation: v-radiation hydrodynamics
O Shock

- Shock position wave

I5M

solar E

Rshock [km]

Bounce Core

000z 04 06 08 10 Shock wave stalls on the way
Sumiyoshi et al. ApJ (2005)  time [sec] time
Initial shock energy Energy loss due to Fe dissociation
GMi%'mer
E shock ™~

R

inner

0.1M

solar

= several x IOSIerg E, . ~-16x 1051( M e )erg



Role of asymmetry: multi-D simulations

Approx. neutrino + hydrodynamics — s ommm—

0 & 10 5 20 25 1o 10? 107° T

J . . u

Entrogy (kg/baryon] Denskty [o/em™]

| N R

0O ms
o i
5
s 1 1
& 4 2 0 2 % &
R [107cm)
P— e e Up-down asymmetric instbility

R [cm]
M4 AT T DRI oo e

e Convection, rotation
Kotake et al. ApJ 2003 N. Ohnishi et al. ApJ 2007

(Standing Accretion Shock Instability, SASI)



A handful of successful explosion: remains elusive
Explosions after ~500ms

Acoustic Powered SASI + Neutrino-heating
Burrows et al. ApJ 640 (2006) 878 Marek-Janka, astro-ph/0708.3372
ENTROPY Time = 515 ms__ Width = 750 km 400 40
WU e 200 30
\; ,_"' {':\: =
. N I & - 8
H E 5
Bl 8 o
e x_ i:'}-‘ = 20 2
) o e ~ (=9
0 ' ~<
X @
7 . : -200
; J’,/ Q .“\ IR 1 0
; ;?; \;;,;" ) :{3,
R 14 -400
. . 400 200 0 200 400
1M, without rotation Shen-EOS rkml]
Flux-limited diffusion method 15M,, . with rotation LS-EOS

Ray-by-ray method

Not settled yet: different method, microphysics, stellar models



Neutrino heating mechanism Bethe & Wilson ApJ (1985)
Heating of material by neutrino absorption

V.+n —> ¢ +D

Transfer of energy from v

~22x10 AM ( Ar )erg
0.1M 0.1s

vV.+p — set+n

E

v —heat
solar

. Legend of Wilson's simulation (1985)
10 | ! ! 1 1 T

—_— Delaye.d %
108 explosion 7

Proto-NS Shock  Fe core

-02-01 0 Ol 02 03 04 05 06 07 08
TIME ~200km  surface

Depends on neutrino energy, flux, target material, time



Calculation of v-radiation transfer

e Neutrino propagation from supernova core to outside

- Neutrino heating occurs in intermediate regime

Free-streaming
No reaction

Surface

Shock wave

=~ _
~

Neutrino
heating

I
A L'b <

)

), P:"

L7}

) '/ 4,’“'. /.
Twiison

i
17K
An')‘ .
21
/]
v

e

AN

\ >

{\
5
i

* We solve Boltzmann eq. for neutrinos

c Ot c\ Ot

1J = 1({0
19, +n-Vf, = /.
collision
for f(t,x,y,z,p,.py-p,)

 1n 6 dimension
* 3D space, 3-p,
e with all v-reactions

Low T/p —



Status of calculation of neutrino transfer -

* 1D: first principle calculations
— Examine Microphysics, Systematics (2000~)

Liebendoerfer, Sumiyoshi- Yamada-Nakazato

r [km]
slkr/baryon]|

e 2D: approximate treatment

— State-of-the-art calculations (recent)

Ott (S,-method), Burrows, Marek-Janka, Suwa-Kotake

e 3D: simple treatment

— Explore hydrodynamical instabilities

Blonding-Mezzacappa, Iwakami-Ohnishi-Kotake

Need full 3D calculations:

To establish the supernova mechanism

Hydro instabilities to have more time for v-heating Twakami



Project on v-radiation transfer in 3D
Sumiyoshi, Yamada (2011) submitted to ApJ

 New numerical code to solve Boltzmann equation in 3D
— Neutrino distribution in 6D (r, 0, ¢, 0., ¢, €)

EOS table and neutrino reactions / y
e Computational challenge o
=

— Large sparse-block matrix (implicit method) -

 Parallel algorithm, matrix solver i

e Validated code: applied to supernova cores

diffusion z beam

"1 Deformed core




Computational challenge

e Maximum tests done up to now:

— 900GB memory on 8cpu at SX9/Osaka Univ.
e Gaussian packet: 75x72x72, 12x12x4

* Expected spec requirement at least (1% stage)
— Large block matrix: ~6TB
— Neutrino distribution: ~25GB / species
— Computations: ~100T floating operations / step

* Need top supercomputers

éq TOP500U X FT RN 0.1 %15

K computer

— K-supercomputer
~10Pflops

Fujitsu



Summary

Core-collapse supernovae
— Origin and evolution of elements, stars, galaxies
— Not solved yet even after researches for > 4 decades

Mechanism of core-collapse supernovae
— Interplay of nuclear physics and astrophysics
— The fate of massive stars: collapse & bounce
Physics of extreme conditions
— Properties of hot and dense matter
— Neutrino interaction in supernova core
Numerical challenge on supercomputers
— Detailed counter effects to obtain the explosions
— Hydrodynamics and neutrino transport in 3D



This project is done in collaboration with

e Supernova research * Supercomputing
— S. Yamada — S. Hashimoto
— K. Nakazato — H. Matsufuru
— H. Suzuki — T. Sakurai

e RMF-EOS table e Numerical simulations
— H. Shen — K. Kotake
— K. Oyamatsu — T. Takiwaki
e,

— C.Ishizuka — S. Furusawa

Category 5: Origin and structure of matter and universe
Subject 3: Supernova explosion & Black hole

'HPOI Strategic Program Field 5

% [he origin of matte&and the

universe" . = 10Pflops supercomputer at AICS, Kobe pefanddm

ranking 1% position in top 500, June 20, 2011



