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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
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Systematics in supernova simulations

| Oar (Foa/: Produce Swuccesstud/ fx;/oéz onl oFf ~1p° erg :

DlmenS|Ona||ty Of hy rOdynamICS 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
2012/8/31
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Systematics in supernova simulations

| Oar (Foa/: Produce SL(CCeSSfZ(/ fx;/oéz onl oFf ~1p° erﬂ :

D menS|Ona||ty Of hy yna -C- o ITV&Tiar-nl: 0-8 ;Io;dﬁau-s+-lO-H-anT<e: 1-1 -

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

2 DEL DRIRESME Za—kYJEKAZRX piF 2K
(Za—KkU/RSYD) (OFPINHVR)
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1D simulations: fail to explode

........ [Frreesrpreresrrregrereey P— T e

Rammp & Janka 00 eepny Liebendorfert 01 S5 — NewtonsOtvic) E
e '_-‘“f — Relativistic .

S (1.77-%g)

Radius [km]

300 S00 0 0.1 02 03 0.4 05

200 "N 400 U
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
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E
~ 1 = 2
£ 4 107 &=
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|
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Neutrino-driven explosion

Recently, we have successful exploding models driven by neutrino heating

800

Physical time: t=700 ms

600 Marek &7 anka 09 (15M®)

181 ms Buras+ 06 (11 2M

—
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Finite temperature EOSs

including hyperon component

based on compressible liquid drop model !
| variants with K=180, 220, and 375 MeV |
| * 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+ ) +

2012/8/31
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Equation of state

The “standard” equations of state (EOS) in supernova community

- Lattimer & Swesty EOS (liquid drop) W= o
- Shen EOS (relativistic mean field) 2 350 3
O’Connor & Ott 10 g 8 _ X _
3.5 T [ T |_. T [ T i [ ; | ; [ ; 3.3 ? 250 Shen
- 4 — LS180p - —--- LS375 - I |
- - LS220' ~ - - HShen : ] 18220 :
3 —3 E 200 [ i
! e : ~+ 15180 -
262.5— 2.52 b S B S
L;J r % Symmetry Energy [MeV]
2 2f -2 S
Q
g 1.5 1.5 g 2.5 o EM(A;;&
? 1__ 1 g *§ et
m | c@g /5 J1903+0327 - \%
S 1.5} J19e9-3724
0.5F 0.5 @15
=
- 1.0f
08 16 oot
Radius [km] Demorest+ 10 \

0.0
7

0 7 o)
Radius (km)
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Studles on EOS dependence

|
“F N z ; ;iz ﬁj : ign;yg;h& 06 % 6f Fischer+ 09 — e Neutrino
4 Ve 1018 L R 1 25 LS & Shen - - - e Antineutrinof
242 Thompson+ 03 : : =] ] S w/t Neutrinos ||
i LS180 & LS375 =3
&0 - o 2
¢ 3 £
3 e 1r ‘“_’—‘_"—““_‘,f_‘._‘:-
S S e e
A, —l 0 L ! ! |
= 0 0.2 04 06 0.8 1 1.2 1.4
3, = Time After Bounce [s]
pp [9/cm™] 3
at center -
[ TR [N TN TN Y T AN TR T T
f 0.5 1.0 15
0.15 0.2 0.25‘ 0.3 ‘0.85‘ S 0.4 1:pb [SeC] . . .
time  (s) * There are several works, which investigated the

_ g EOS dependence with 1D simulation

o 15¢ I -

X .

= | * Since 1D simulations fail to produce explosion,

‘829 ol the representable physical quantities in these

e Hempel+ 11 studies are

2 RMF

8

< “  BH formation time

§ H - --8TOS _

S 10l s “ neutrino luminosity/spectrum evolution

= ——HS (TMA)

° L . . - -HS(FSUGad) * How about the explosion? Does it produce 10°! erg
-0.2 0 0.2 04 06 08 1 1.2

Time After Bounce [s] explosion?

2012/8/31
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Numerical simulation

400

N
~+1.5375

* EOS: LS180, (LS220,) LS375, and Shen = 0 .
= i ]

2 300 F 1

2 | X

* Axisymmetric simulation zeus2p; sone & noman oz & 2F o e
E o i

- i +LS180 !

. . 5o —— ]

* Hydrodynamics + Neutrino transfer 20 25 30 3s "

Symmetry Energy [MeV]

Note: Of course the other parameters
d dl 0 dl 3 0
—f+,ua—f+ 7 np+3_v (1—,u2)—f+ 2 np+_fu _ 2 D—f differ as well.
r o cdt cr| OF

cdt cr cr

==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" | l(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
300 -l I—§=0 I 8- 0:~):~} I | L L l-—lllllllllIlllllllllllllllllllllllllllllllllllllllllllllllllIlllllllllq
250 | _ .

~ B -
o4, B i B i
w - e p—
- 1 :
= 150 = - »
= E ] 1= ——
a7 - T -
'%‘) B i B g
® 100 = =
'c - afe -
m - - - -
i T L.S18(0 =—— -
50 - ¥ JEN2ONY i s
: I LS375 - - -
0 _l EEN O | llllIllll—-;Jlllllllllllllllllllllllllllllllllllllllll§lllll? llllllllllllllllll—

S50 0 50 100 200 300 400 500 600 700 800

Time after Bounce [ms]
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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]
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I Shock radius

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

maximum
20m IIILIJISIlligilIIIIIIIIIIIIIIIIIIIIIIIII]I]IIIIIIIIIIIIIIIIIII
ERAS =i ‘
|  Shen —- dayerage
,E, 1500
o= i TmMinimum
o | !
-6
S 1000 N
(a7 - il
.b84 - A
ﬁ - il
500 o
O —lllllllll_illlllllllllllLlllllllllllllllllllllllllllllllllllllllllllll-

-100 0 100 200 300 400 500 600

Time after Bounce [ms]

LS180 and LS375 succeed the explosion
Shen EOS fails
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I Explosion energy

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

0.14 : llllglllllllllllllllllllllllllllllIllllllllllllllllllllllllllll:
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I Dispersion of the moment

M(r,0) = p(r,0)v

(r 6) + P(r,0), YS, Takiwaki, Kotake, Fischer, Liebendorfer, Sato arXiv:1206.6101

M(T) M(r) = §A M(r,0)sin 0d6.

LS180

T= ms

'vvv B e i T —jr—— — e W W T~ wWww-ww

f
F
;
|
l

l
1
:
F
'
4
e e | U

50 400 300 200 100 c 200 400

f [km] r km]

Shen

T= ms
'vvv L o a0 0 ale aha o ol o ol ol Las —-—‘r—— 0 e WM R~ WWwW~-ww

)
’

f
.‘
|
|
|

|
1
!
.f
b

10C0 50 400 300 200 100 c 200 400 600 &0 10C0

! [km] r (km]
dpu
cf. ——I—V( puu+ P) =0
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D | S p e rS | O n Of t h e m O m e n t YS, Takiwaki, Kotake, Fischer, Liebendorfer, Sato arXiv:1206.6101

1000
2 100 3
10
1000
é - — ) 1/2
F {% . [(M(r,0) — M(r)] Siﬂ@d@}
S 100 ) M(r)
M(r,0) = p(r, 0)v;(r,0) + P(r,0),
s 1 l L 1 T
10 ' ‘ ‘ ' ‘ M(r)= = / M(r, 0) sin 6d6.
J0
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Radius of neutron star

Janka (2012)
2D Explosions of 11.2 M star : Test of EoS Influence
Sun
g0 [T _
* Simulations for 3 different nuclear EoSs: =
Lattimer & Swesty (L&S), Hillebrandt & Wolff = 60f .
(H&W), Shen et al. 2 _
* “Softer” (L&S) EoS and thus more compact 5 %7 _ ]
PNS leads to earlier explosion = | _
% 20F e -
1500 =
I o] FETTTTTI T TUT PRIt TUTT TN TR
0 100 200 300 400 500
time [ms]
=) 3.0 T T T T e T .
i 1000 I ]
20 25F
2 S
B = 20f
— > |
5% [ g
8 500 L g ‘|5:_ .......
o i ° 1
“ | § 1.0F
0 00k YT
0 100 200 300 400 500 0 100 200 30
time [ms] fime [ros] _
(Marek & THJ, 2009, in preparation) 19/24
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I Radius of neutron star

Radius of Neutron Star [km]

100

\O
-

80

70 |

60

50

llllllllllllIllllllllllllllllllllllIlllIlllllllllIlllllllll

LS180
LS375 = = =
Shen 2

More rapid
contraction of NS is
better for the
explosion!

llllllll[lllllllllllllllllllllllllllllIllllllllllllllllll

—

—

0

100 200 300 400 500

Time after Bounce [ms]

600
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Summary and discussion

w EXplosion?  fail?
f 418375 |
> 350 . .
* We perform axisymmetric simulations of a = |
5 300 - B
core-collapse supernova driven by the - I )
. . . . = 250 Shen
neutrino heating and investigate the : 5 415220 :
. = 200, 8 T
dependence on the equation of state : +LS180 :
150 [ [ —— Ty
Lattimer & Swesty EOS: explosion 2 3 - 53 X

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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Extra Bonus: From SN to NS

5000 IIIIIIIIIIIII Frrrrrrrrp Ty rrr et et T rTrrrrTd IIIIIIIIIIIIIIIII

2000 S

1000 =

500 K

200

Radius [km]

100

50

R S S 1 20 lllllIlllllllllIlllllllllIlllllllllIlllllllllllllllllllIlllllllllllllllllllllllllllll (NN NN

500 400 300 200 100 O 100 200 300 400 500 50 100 150 200 250 300 350 400 450 500

r [km] r [km] Time after boune [ms]

* Progenitor: 11.2 Mo (Woosley+ 2002)

* Successful explosion! (but still weak with Ecxp~10°0 erg)
* The mass of NS 1s ~1.3 Mo

* The simulation is continued in 1D to follow the PNS cooling phase up to ~70 s after bounce
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I Extra Bonus: From SN to NS

lOIS :

TIT

LI

Density [g/cc]

] lrlmrl| llllnl'l] lllmq

10 20 30 40 50 60 70 80 90 100

Radius [km]|
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I Extra Bonus: From SN to NS

10 j

\V; 1014 |

10" |

Density [g/cc]

A L

10 20 30 40 50 60 70 80 90 100
Radius [km]|
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I Extra Bonus: From SN to NS

Radius [km]

I IIIIIIII I IIIIIII| | IIIIIIII
— 10 mg’
=T '
)
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=
L
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Thermal energy ;
~ Coulomb energy .« '... 4
1010 | 1 Illllll 1 =l Illll.l“ | I ¢lxllllll
10 11 12 < 3
10 10 102 < Clo™”

Density [g/cc]

2012/8/31
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BRI 100
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1
V=26
1 111111 O.l
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2
r= (Ze) _ Coulomb energy 100
rkT Thermal energy
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Appendix: 3D simulation with neutrino transfer

Takiwaki, Kotake, YS, ApJ, 749, 98 (2012)

320(r)x64(6)x128(®)
XZO(E'I/)
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