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Explosion mechanism of CCSNe (2

standard scenario : neutrino driven explosion

Observed
E., = 10°tergs |

/ —oee N

Shock stall Shock revial

/ - explosion !!

( My ams > 8M @) Gravitational PNS formation
core collapse & Core bounce

*unclear : Can reach to 10°! [erg] ?
with the ab-initio simulation (e.g.;: Janka 2012)



Studies on “neutrino driven explosion”

Can reach to 10°! [erg] ? | Can reproduce obs. profiles?

[AB-/nitio calculation] [Artificial explosion simulation]
(e.g. Takiwaki+ 2014, Nakamura+ 2014) (e.g. Woosley+ 1995)
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Studies on “neutrino driven explosion" 3

Can reach to 10°1 [erg] ?

[AB-/nitio calculation]
(e.g. Takiwaki+ 2014, Nakamura+ 2014)




Recent ab-initio calculation. @

o s —————— Nakamura+ 2014 —— w5 33 prggmr| Suwa et al. 2016
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v' calculation is set up in Multi-D.
v’ detailed treatment of neutrino transport

v' Difficult to reproduce, but can extrapolate up to 105 ergs (?).

l

terow : timescale up to 10°*[erg]

most of all simulation
torow = 1[s]




Studies on “neutrino driven explosion" 5

Can reach to 10°1 [erg] ?

[AB-/nitio calculation]
(e.g. Takiwaki+ 2014, Nakamura+ 2014)

for the growth up to 103 ergs,

suggest ‘slow’ explosion
[torow = 15



Studies on “neutrino driven explosion”

Can reproduce obs. profiles?

[Artificial explosion simulation]
(e.g. Woosley+ 1995)
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Classical nucleosynthesis calculation. 6

v' Classical nucleosynthesis e.g. Woosley+ 1995,

Deposit 10°tergs,
(explosive nuclear burning timescale[~1s]
» modeling instantaneous explosion [~10ms])
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pea Bolometric light-curve of SN1987A



Recent intermediate calculation.

1D artificial explosion model

v 1D ab-initio simulations do not vield explosions by the neutrino-driven mechanism.

v |In order to explode, calibrate neutrino luminocity.

v" As the result, they success to reproduce obs. prfiles.

/| Sukhbold+2016 | Peregot 2015
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These tends to rise exp.energy steeply (especially, at the initiation of explosion.)

EeXp 10 [Bethe/s| = tgrow < 100[ms]




Studies on “neutrino driven explosion”

Can reach to 10°1 [erg] ? | Can reproduce obs.profiles?

[AB-/nitio calculation] [Nucleosynthesis]
(e.g. Takiwaki+ 2014, Nakamura+ 2014) (e.g. Woosley+ 1995)
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for the growth up to 10° ergs,

suggest ‘slow’ explosion assuming instant explosion
[torow = 15 [torow = 100ms]



This study: Nucleosynthesis from ‘slow’ expl. @)

How the explosive nucleosynthesis products are
affected by explosion timescale(tgrow) ?



This study: Nucleosynthesis from ‘slow’ expl. @)

!

How the explosive nucleosynthesis products are
affected by explosion timescale(tgrow) ?

1D-Simulation w/ explosion timescale as parameter

terow : timescale up to 10°*[erg]

Eqpa=2-0x 10°1 ergs

/ Efpa=1.5x% 10°! ergs

/ Efpa=1.0x 1% ergs

 Epgnq=3.1x10°" ergs. torow = 50 [ms]

progenitor = 20M_ model

tgmw = 200 [ms]
tgp'ow = 500 [ms]

v' model:
Inject thermal energy .
2x10°" |
at PNS-surface — | /
E. = (Efinalt|Epindl) |z »"
in - t & 5x10%0}
grow £
= 0
v’ parameter: ey
T tgrow = 10—2000ms. | "0

02 03 04 05 06 07 08
time since explosion [ sec |

[ Egpa = 1.0,1.5,2.0 X 10°! ergs




This study: Nucleosynthesis from ‘slow’ expl. @)

How the explosive nucleosynthesis products are
affected by explosion timescale(tgrow) ?

1D-Simulation w/ explosion timescale as parameter

' (Efinal*|Epindl)
1 Energy flux Ej, = final ™| Zbind

{ Egina = 1.0,1.5,2.0 x 1057 ergs

torow torow = 10 — 2000 ms

v’ progenitor mass : Mzays = 15,20,25M

Explosive

v Hydrodynamics - based on “bl-code”. nucleosynthesis

v" Hydrodynamics : Newtonian

v' EoS : Helmholtz Inject
thermal energy Eg,

v ?21-isotope a-reaction

N

v" Nucleosynthesis (post-process) :

640-isotopes reaction Boundary @ Ye<0.48



This study: Nucleosynthesis from ‘slow’ expl. @)

How the explosive nucleosynthesis products are
1 affected by explosion timescale(tgrow) ?

1D-Simulation w/ explosion timescale as parameter

v" mass of °°Ni @typical-CCSNe.
v’ mass of #*Ti, >’Ni @SN1987A.
v' abundance patterns @extremely metal-poor(EMP) stars



treatment of mass cut

& fall back effect; a part of the ejecta falls into the central object.

@ Fully ejected above the PNS surface (" deep ejecta model’).
@ To reproduce [Ni/Fe] ratio of EMP stars (' EMP ratio model').

- How to decide?
INi/Fe] = 0.2 at EMP stars

1.6 — | I | 0.047
' Deep ejecta model --------
14 Tt EMP ratio model -------- 1 0.046
1.2+
4 0.045 —
_ 1k ()
() 1 0.044 E
% 0.8 =
E -4 0.043 cpz
0.6 - M
0.042 =
0.4 )
0.9 4 0.041
%08 1.1 1.12 1.14 1.16 1.i8 0.04

Masscut Position [ M, ]

* [Ni/Fe] = log;o(Ni/Fe) — log1o(Ni/Fe)



1010 . i i i i o]
- peak temp(10ms) —— 1 v Both ¢t = 10& 1000 ms models
T=5x10° K] grow
tgrow = 10ms model
torow = 1000ms model succeed to explode.

v' The shock loses tgrqy information

! N . when through O-layer (3 = Mg).
107F/ . . . ]
1

i5 © 95 8 @5 4 45 &
Mass radius [ M., ]

Temperature [ K |




peaktemplioms) | v Both tgp0, = 10& 1000 ms models
T=5x10°[K] ]
tgrow = 10ms model i
torow = 1000ms model : succeed to explode.

v' The shock loses tgq, information

Nv . when through O-layer (3 = Mg).

o 25 3 35 4 4
Mass radius [ M., ]

incomplete Si-burning

peak temperature [ 10° K |

4 L
3t |
2 torow= 10ms ——
. torow = 100ms ———
v The shock weakens rapidly 1F lgow= 250ms —— |
tgrow= 500ms ——
tg,m.f= 100(|}ms _

1 1 |l ! ! ! ! ! ! !
in the slow explosion model!! 091 115 12 195 13 135 14 145 15 155

mass radius [ M@ ]



56N| Compare to typmal—CCSNe 11

| progenltor 15M ®
02-@ progenitor = 20M ® |
progenitor = 25I'v‘|\,3 o
— 015
u
@ 0.1r 0.07M, ; typical CCSNe
= (eg., 1987A, 1993J, 2002ap...)

|

0.05 |
torow = 1000[ms]
00 10 1000 is inconsistent with
Timescale up to 10°1 ergs ( tgmw ) [ ms ] typicaI-CCSNe

Instant | > Slow
explosion explosion

> M(°°Ni) decrease for “slow” exp.model




56N, Compare to typrcal—CCSNe

0.08 —

Ennal_1 0><1IZ)51 [erg] o
0.07 Efina=1 5x10° [erg] o
Eina=2.0x10°" [erg] @

0.06 - 2.5x10°"
ey .‘ 5 1051 i Eﬁnal=2.0><1051 ergs
(=) 005 B - 56 | " / 51
- - Ega= 1.5 x 10 ergs
E o N| w01.5x10%" | - :
0.04 - 415
% ) — ’ 1051 Epnal= l.leﬂslergs
. X B
g 0.03 progenitor = 20M %
. B 7 =]
Deep ejacta model = 5x10%f .
2] —_—
0.02 = &b (tgrow = ZOO[mS]) |
Eypona=-3-1x10 ergs
0.01 5x10%0
51 . | . L L ! e e—
0 - _— ] - X001 02 03 04 05 06 07 08
10 100 1000 time since explosion [ sec ]
Timescale up to 10°! ergs (g ) [ ms ]

Instant Slow
-
>M(*°Ni) is determined by E.,,

(especially, at the initiation of explosion)



AATi, 57/Ni compare to SN1987A

% note : This model is not a fine-turned model to SN1987A

Timescale up to 10°" ergs ( borow

) [ ms ]

102 = 1074 — — :
i I progenitor = 15M., @
o progenitor = 20M_ @
progenitor = 25M., @
P p— >
=R =
2 SYANT 2
< Nl <
= 1031 =
i Deep ejacta model
progenitor = 15M® ®
progenitor = 20M,, @ i M__.___.
progenitor = 25M_ @ - Deep ejacta model
10 100 1000 0 100 1000

Timescale up to 10°* ergs (tg.oy ) [ms]

=D

> not only M(°6Ni),

>

=D >

Note: Multi-D effect may enhance M(44Ti)
(Nagataki et al. 1998; Maeda & Nomoto 2003).

M(**Ti) & M(®7Ni) also decrease for “slow” exp.model




lelement/Fe] compare to EMP-stars

v' From Galaxy-chemical evolution---
CCSNe + SN1a

only CCSNe contributionl contribution
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v’ typical-CCSNe should reproduce abundance patterns of EMP-stars.
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v’ this calculation considers a typical-CCSN (Mzams = 15M@ ,Eexp = 10°terg).



lelement/Fe] compare to EMP-stars
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10 100 1000 270 0 T 000
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X note: This model is using a solar metallicity progenitor, but

55C0/56Ni
59CU/56Ni

> [Mn/Fe] and [Co/Fe] tend to be smaller for large Ye.

~y

~y
~y
~y

} “both of ®>>Co and °°Cu are neutron excess,

- a better match to both ratios by changing Ye would never be obtained.



O motivation: How the explosive nucleosynthesis products

aliealliieERE TN

terow : timescale up to 10°![erg]

O this work: 1D-hydrodynamic and nucleosynthesis.

v" mass of 2°Ni @typical-CCSNe.
v’ mass of 44Tj, >’Ni @SN1987A.
v’ abundance patterns @extremely metal-poor(EMP) stars

O conclusion: t,.,,, = 1000[ms] is inconsistent with CCSN observation.



summary.

prcl>gen‘itolr=‘ 1‘5|I\/"I<:IjI [ ] |
02+® — progenitor=20M, @ ]
progenitor=25M_ @
& 56
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[ Co/Fe]
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°

progenitor = 25M,
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