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Core-collapse supernovae

* One of the most energetic explosion in the universe Rk

Eep~10°" erg
Egrav~10%3 erg (~0.1 Mo ¢?)
E,~10% erg
* Transition from a massive stellar core to a neutron star
(Birth of neutron stars!)

“+ All known interactions are important

4 . N\ Mi hvsi ~N
*Macrophysics 1Icrophysics
>Gravity »Weak
core collapse neutrino physics
»Elecromagnetic pStrong
pulsar, magnetar, equation of state of dense matter
magnetorotational explosion
\. J O\ J
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Systematlcs IN supernova simulations

v Our Goal: Produce Swuccesstud/ fo/o\S/ onl oFf ~1p° erg :

%k Dlme”s'Onallty Of hydrodynamlCS Iwakami+ 08, Nordhaus+ 10, Hanke+ 11,

Takiwaki+ 12

* General relativity

Liebendorfer+01, Miiller+ 12, Kuroda+ 12,

* Neutrino physics

® Scheme to solve Boltzmann equaﬁon Ott+ 08, Shibata+ 11, Sumiyoshi & Yamada 12
n InteraCtiOn rate Langanke+ 03, Arcones+ 08, Lentz+ 12
. . . Raffelt & Smirnov 07, Duan+ 10,
® Collective oscillation Dasgupta+ 10
R Lattimer & Swesty 91, H. Shen+ 98, G.
* NUClear equathn Of State Shen+ 10, Furusawa+ 11, Hempel+ 12
%k I n |t|a| Cond Ithn Nomoto & Hashimoto 88, Woosle).f & |
Weaver 95, Woosley+ 02, Limongi & Chieffi
) o ) 06, Woosley & Heger 07, Yoshida+ 12
® progenitor structure (mixing, wind...)

® rotation / magnetic field
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Systematics in supernova simulations

v Outr Goal: Produce Swuccesstul Ex

p/oézon of ~105' erg D

DlmenS|Ona||ty Of hyd rOdynamICS Iwakami+ 08, Nordhaus+ 10, Hanke+ 11,

Takiwaki+ 12

* General relativity

Liebendorfer+01, Miiller+ 12, Kuroda+ 12,

* Neutrino physics

® Scheme to solve Boltzmann equa‘[i()n Ott+ 08, Shibata+ 11, Sumiyoshi & Yamada 12
® nteraction rate Langanke+ 03, Arcones+ 08, Lentz+ 12

. . . Raffelt & Smirnov 07, Duan+ 10,
® (Collective oscillation Dasgupta+ 10

Lattimer & Swesty 91, H. Shen+ 98, G.
Shen+ 10, Furusawa+ 11, Hempel+ 12

sk 141 1+1 Nomoto & Hashimoto 88, Woosley &
I n Itl a I CO n d Itl O n Weaver 95, Woosley+ 02, Limongi & Chieffi
) o ) 06, Woosley & Heger 07, Yoshida+ 12
® progenitor structure (mixing, wind...)

® rotation / magnetic field
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Standard scenario of core-collapse supernovae
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1D simulations: fail to explode
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e '_-‘“f — Relativistic .

S (1.77-%g)

Radius [km]

300 S00 0 0.1 02 03 0.4 05
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lime [ms) Time After Bounce [sl

By including all available physics to simulations, we

concluded that the explosion cannot be obtained in 1D!
(The exceptlon 1s an 8.8 Me star; Kitaura+ 06)

EThompsmﬁ 03 2 ' LB R ® Surn1y0sh1+ 05 MALAARI L2

i
10
E
~ 1 = 2
£ 4 107 &=
= -
|
—

D T e T e e T e e T e S T I S e = B S =Y

tume [s]

2012/10/27 MR (PHEFERME) v IATIVRI D LQIEH



Neutrino-driven explosion

Recently, we have successful exploding models driven by neutrino heating
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* Neutrino heating is amplified
due to multi-D effects such as

Convective motion behind
the shock wave

Standing Accretion Shock
Instability (SASI)
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Convection and SASI

Convection SASI
o ; ) C
Q C
., "
0 C
° C
© NASA S _
* driven by entropy and/or chemical o miiin 2 Mezzakappa 06

composition distribution * disturbance of spherical shock

* from small scale to large scale * intrinsically large scale
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3D simulation with neutrino transfer
Takiwaki, Kotake, YS, ApJ, 749, 98 (2012)
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Finite temperature EOSs

including hyperon component

based on compressible liquid drop model "

\ variants with K=180, 220, and 375 MeV i
| * H.Shen et al. (1998, 2011)

relativistic mean field theory (TM1)

-2011) |

FSUGold)

incompressibility symmetry energy | slope of symmetry energy
K [MeV] J (S) (MeV] L (MeV]
73.8
LS 180, 220, 375 29.3 (from Steiner+ 2012)
HShen 281 36.9 111
HW 263 32.9 ---
— 271.5 (NL3) 37.29 (NL3) 118.2 (NL3)
230.0 (FSU) 32.59 (FSU) 60.5 (FSU)
omoel | 318 (TMA) 30.7 (TMA) 90 (TMA)
P 230 (FSU) 32.6 (FSU) 60 (FSU)

Hartree-Fock calculation

* (.Shen et al. (2010, 2011)

relativistic mean field theory (NL3, FSUGold)
* Hempel et al. (2012)

relativistic mean field theory (TM1, TMA,

E(xvﬁ):_EO—l_

1 1
Ka? + —K'23 + ...

18 162

1
+3? (J+ Lo+ ) +

2012/10/27

MR PHEFEKME) *yvIATIIRI DARIEH



Equation of state

The “standard” equations of state (EOS) in supernova community
- Lattimer & Swesty EOS (liquid drop)
- Shen EOS (relativistic mean field)
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Studles on EOS dependence

10 |
PO ;iz ﬁz f * Sumiyoshi+ 06 Dol Fischert 09 | [ o Newutrino
Ve ] 1016 _LS & Shen N f’ 5 LS & Shen - - - e Antineutrinoy;
2 Thompson+ 03 3 = =] 41 w/t Neutrinos ||
2 LS180 & LS375 23
2 s 4 27
3 € 1} - "‘—""—“j_‘_‘_‘::t:..
E T R
o 0 02 04 06 08 1 12 14
30h Time After Bounce [s]
Pp [9/cm~]} 3
- at center | 1
0.5 .
[ TP T | T TR T POl | SN PO PO
: 0.5 1.0 1.5
to [sec]
time  (s) * There are several works, which investigated the
. g EOS dependence with 1D simulation
o 15t I |
u o
I * Since 1D simulations fail to produce explosion,
< " the representable physical quantities in these
(_D =
2 Hempel+ 11 studies are
2 | RMF
)
a . .
c “ BH formation time
> 117 l
©
% ol E;OS | “ neutrino luminosity/spectrum evolution
< ——HS (TMA) . .
° L. . [E--HS(FSUGad) * How about the explosion? Does it produce 10°! erg
-0.2 0 02 04 06 0 8 1 1.2 .
Time After Bounce [s] explosion?
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Numerical simulation

400 ———— ———

[ ~+1.5375 i

* EOS: LS180, (LS220,) LS375, and Shen = ) :
= B |

2 300 F 1

2 | X

* Axisymmetric simulation zeus2p; sone & nomanozy & 20F pr— e
E 200 | ]

: +-1.5180 I

O o 150 T S S SRS S SRR R——

* Hydrodynamics + Neutrino transfer 2 % 30 35 g

Symmetry Energy [MeV]

Note: Of course the other parameters

df of dlnp 3v 9\ 0f o (dlnp 3v\ wv| 0f ,
+ r+[,u( p_— +cr>](1 ’u)(‘?,u—l_ 0 7 - D@E differ as well.

==t s (=) [R5 [ RO- a

(Lindquist 1966; Castor 1972; Mezzacappa & Bruenn 1993)

[sotropic Diffusion Source Approximation (Licbenddrfer+ 09) Trapped Particles
electron-type neutrino/antineutrino
A
(0" | i(jmft
* progenitor: 15 M® (Woosley & Weaver 95) —>
Matter
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I Results in 1D simulation

Emmmr_adm YS, Takiwaki, Kotake, Fischer, Liebendorfer, Sato arXiv:1206.6101
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Entropy evolution

YS, Takiwaki, Kotake, Fischer, Liebendorfer, Sato arXiv:1206.6101

LS180 Shen

T= 188 ms T= 154 ms

1 1

— =~

500 400 300 200 100 O 100 200 300 400 500 500 400 300 200 100 O 100 200 300 400 500
r [km] r [km] r [km] r [km]

2012/10/27 HEMEE PHFERME, XV IATIVRY D LQ@IBH



Shock radius

YS, Takiwaki, Kotake, Fischer, Liebendorfer, Sato arXiv:1206.6101
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LS180 and LS375 succeed the explosion . . .
Shen EOS fails More rapid contraction of NS is

better for the explosion!
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Summary and discussion

w EXplosion?  fail?
f 418375 |
> 350 . .
* We perform axisymmetric simulations of a =z | |
5 300 - B
core-collapse supernova driven by the - *
. . . . = 250 Shen
neutrino heating and investigate the - ! 415220 :
. £ 200 [ E
dependence on the equation of state : +LS180 :
150 I O [ S [
Lattimer & Swesty EOS: explosion 2 2 30 . e

Symmetry Energy [MeV]

Shen EOS: failure Note: Of course the other parameters
differ as well.

* The EOS with faster contraction of the neutron star is better for the
explosion

* In order to make the complete understanding of EOS impacts, a more
systematic study is strongly required!
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Hotokezaka+ 11

3.5] Bauswein & Janka 11
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