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Figure from Janka et al. (2012)

[ Introduction | S—

of stellar core

CCSNe = death of
massive stars

collapse >> bounce >>
shock formation >>
stalled accretion shock

how to revive the
stalled shock???

neutrino-driven
mechanism

Explosion

Explosion and
nucleosynthesis

multi-D effects play
important roles !!!

Neutrino-
Proto-neutron star driven "wind"
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[ Introduction ] 3D self-consistent simulation by
Florian Hanke (Hanke et al. 2013)

Development of
convective
instabilities and
SASI
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 Introduction |

Evidences of mixing from observations of SN1987A;

See review of Hillebrandt&Hoflich (1992)

Mixing of hydrogen to inner core and Ni to hydrogen envelope
by light curve modelling (e.g., Utrobin 2004)

Early occurrence of hard X-ray and y —ray (e.g., Dotani+ 1987,
Sunyaev+ 1987)

High velocity feature of [Fell] line at 3900 km/s (Haas et al. 1990)
Evidences of asymmetries in CCSNe

Asphericity inferred from spectropolrimetric observations of
SNIb/c & SNII-P (for review Wang&Wheeler 2008)

large velocities of pulsar “kicks”

Complicated structures in SNRs, e.g. Crab, Cas A

Missing link between theories and observations



 Introduction |

focus on
explosion

mechanism \

too

expensive to /

continue for
long time

explosion and late stages

studied separately

—)

pre-collapse model

explosion —

late-stages -

\

-

ignore
explosion
physics

study
late time
evolution



| Previous works |

- |late-time CCSN simulations

- works by many groups in 1990s; e.g., Arnett+ 1989, Fryxell+

1991, Muller+ 1991, Hachisu+ 1990, Yamada&Sato 1990, Herant&Benz 1992,
Herant&Woosley 1994, Shigeyama+ 1996, Iwamoto+ 1997, Nagataki+ 1998

- mostly in 2D; grid-based and SPH

- spherical symmetric explosion (thermal bomb) +
random perturbation

- difficult to obtain fast (>2000 km/s) Ni

- more recent works in 2D & 3D (e.g., Hungerford+ 2003,2005,

Kifonidis+ 2000,2003,2006, Joggerst+ 2009,2010, Couch+ 2009, Hammer+
2010, Ellinger+ 2012,2013, Ono+ 2013)



3D

Explore a wide

pre-collapse model

15 ms postbounce

—

range of progenitor

models

1.3 s postbounce

shock breakout

1D

3D




Explosion simulation

| Results |
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| Results |

Wongwathanarat et al. (in prep.)

p [g/cm’]

Enclosed mass [Mg]

progenitor 3D explosion  time Eexp uvg:mﬂ Ry Mnyi (MNisx) Vmnax (N1) < v >1g (NI)
type model model [s] [B]  [10° km] (M) [10°kms™']  [10°kms']
WiS-l-ew  WIS-1 84974 148 38932  0.05(0.13) 5.29 3.72
WI5-2-cw  WIS-2 85408 147 39320  0.05(0.14) 4.20 3.47
RSG (349)
L15-lew  LI5-1 95659 175 47803,  0.03(0.15) 4.78 3.90
L15-2-ew  L15-2 76915 275 47530  0.04(0.21) 5.01 4.51
N20-4-cw  N20-4 5580 165 39750  0.04(0.12) 2.23 .95
, 11 =(43.6) : :
neg ~ BISlew  BIS-I 5372 256 41555 005011 6.25 5.01
BIS-I-pw  BIS-1 7258 139 42750  0.03(0.09) 3.34 3.17
BI5S-3-pw  BIS-3 8202 L14 481575  0.03(0.08) 3.18 2.95
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| Results |

shock propagates according to

accelerates when pr3 decreases,

blast wave solution (Sedov, 1959) and vice versa
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| Results |
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Limongi+ (2000)
RSG, L15

Nickel-rich ejecta at shock
breakout
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| Results |

time evolution of propagation of nickel-rich ejecta

W1l5-2-cw

1.5¢9 cm ] X 2e10 cm -
v, [1000 km/s] v, [1000 km/s v, [1000 km/s

-2.84 2.54 7.91 13.3 -3.2 0.56 4.3 8.1 -0.31 2.3 4.9 74 -0.37 1.1 2.6 4.2

at C+O/He interface

» at He/H interface

|—> meet reverse shock

» shock breakout



| Results | RSG

lel3 cm

v, [1000 km/s] v, [1000 km/s v, [1000 km/s v, [1000 km/s
-2.84 2.54 7.91 13.3 -3.2 0.56 4.3 8.1 -0.31 23 4.9 74 -0.37 1.1 2.6 4.2

Similar evolution for both progenitors

6266 s 95659 s

2e10 cn 2e12 cm .Sel3 ¢ :
v [1000 km/s] v [1000 km/s] v [1000 km/s] v, [1000 km/s

0.714 533 9.94 146  -42 0.33 4.8 23  -0.21 2.7 5.5 84  -0.57 1.2 3.0 47



[ Results] roundish structure \ BSG

N20-4-cw

59.0 s 1215 s 5589 s

e v, [1000 km/s] e vy [1000 km/s] — v [1000 km/s] — v, [1000 km/s]
| | | : — | | | | |
-2.54 1.27 .07 8.88 -4.5 -1.2 2.1 53 -1.1 0.49 2.1 3.7 -0.37 049 1.4 2.2
very different morphology many RT fingers same progenitor as
also different from RSG models into H-envelope Hammer+ (2010)

2ell cm

$000 kn
— ( 4 sh

v, [1000 km/s v, [1000 km/s

I ; I ; 3 ; I
7.25 10.9 14.6 18.3 -0.77 20 4.8 7.4 -0.27 1.1 2.5 3.9 -0.074 1.1 2.2 33

v, [1000 km/s



| Results |

What makes the difference?

How can the nickel-rich ejecta
escape the reverse shock?

strong acceleration at He/H interface
>>> reverse shock forms ahead

slow nickel-rich ejecta >>> reverse
shock forms ahead
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[ Results ] How can the nickel-rich ejecta
Kifonidis+ (2006) escape the reverse shock?

entropy [kg/nuc.] density [10% g/cm?] density [10% g/cm?] density [g/cm’]
5 10 15 20 25 30 1 2 3 0.2 04 06 08 1.0 1.2 1.4 0.05 0.10 0.15

t = 1541 s

x [10? cm]

fast fingers close to shock reyerse shock behind fast fingers
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| Results |

similar distribution for metals
vigorous mixing

Distributions in velocity space

narrow spread
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high velocity shoulder
two-components ejecta



[ Results ] Distributions in mass coordinates

very efficient mixing
metals close to shock

not so vigorous metal mixing
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| Results |

Explosion vs. late-time
asymmetries not so clear??

N20-4-cw lel3 cm v
v, [1000 km/s] v, [1000 km/s]
-2.84 2.54 7.91 1}:  -037 Al 26 42
L15-1-cw

2.54 s 95659 s

1.5e9 cm 3el2 cm i X
v, [1000 km/s v, [1000 km/s]
-2.54 1.27 5.07 888 -0.21 0.49 1.2 1.9

1e9 cm 1.5el3 cm

vy [1000 km/s]
0.714 5.33 9.94 14.¢) -057 1.2 3. 47

v, [1000 km/s

!

» clear correlation

6el2 cm

v, [1000 km/s vy [1000 km/s]

7.25 10.9 14.6 18.3 -0.0097 1.2 2.5 3.7



| Conclusions |

- perform 3D simulations of CCSN from shortly after core bounce
until shock breakout

- evolution of early-time asymmetries associated with explosion
mechanism depends on complex interplays between the
asymmetries and the SN shock

- connects to the density structure of the progenitor star

| Outlook |

- more progenitors ??
- longer time evolution??



| Outlook |

comparison of bolometric light curve
with SN1987A
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Utrobin et al. (in prep.)



