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Overview.

What is the core-collapse supernova ?
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

What is the core-collapse supernova ?

e Standard scenario : Neutrino-driven model

Gravitational PNS formation
core collapse & Core bounce

Observed
E, = 10°tergs
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Overview.

Role of isotope bo6Ni in supernova explosions

Radioactive decay heat of b6Ni is the energy source of

supernova brightness

56co
9 days

R\

56Ni

(hereafter, refer 56Ni as ‘nickel’).

>Fe
111 days

[\

43-5\||||||‘\|||||\‘|||||\|

A

43

III[|IIII

42.5

mass_ni56

42

log10(Bolometric Luminosity erg/s)

©Frank Timmes

|IIII\III\|IIII

SN1987A.; Giordano(ISBN:0534424716)

41.5

0 20 40 60 80 100

Time (d)

Luminosity (relarive units)

—

o]
==
[

—
=
—1

1,:}:5_

1,:}5 -

[N AN N N AN NN N I A N N B B
0 100 200 300 400 500 600 700

Time (days)

Figure P30.87 The light curve for Supernova 1987A.

« the amount of 56Ni synthesized can be estimated fairly
accurately and easily from the SN light curve alone.




Overview.

Role of isotope bo6Ni in supernova explosions

Radioactive decay heat of b6Ni is the energy source of

supernova brightness
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Overview.

Role of isotope bo6Ni in supernova explosions

« Light-curve calculation : Based on One-zone Arnett model
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Overview.

Role of isotope bo6Ni in supernova explosions
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

Role of isotope boNi in supernova explosions
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Overview.

Where is the synthesized amount of 56Ni determined?

|[ESTIMATE] how much explosive 56Ni nucleosynthesis in the CCSN

M (°°Ni) z[[Mass contained in region:Tpeak >5.0 x 10? [K] ] —[[Central compact object mass] ]

Image of

Fire-ball model CC-SN explosion

(1) radiation dominant,

(2) isothermal @post-shock,

(3) adiabatic expansion. V56&i
41t
Eexpl. — (aT4) X (? r53hock> 9 whenT=5.0 x 10° [K], then V56Nl X (Eexpl/losl)

1. explosion energy. (How much extends the 56Ni synthesis region? )

M (°°Ni)
2. compactness. (How much mass is contained in the 56Ni synthesis region? )



Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

Where is the synthesized amount of b6Ni determined?

* Observational * Theoretical
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2. compactness. (How much mass is contained in the 56Ni synthesis region? )



(1) in Canonical SN.
[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

'66Ni problem’ in Supernova Explosions
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

e Standard scenario : Neutrino-driven model

Gravitational PNS formation
core collapse & Core bounce

Observed
E., = 10°tergs

*unclear : Can reach to 1051 [erg] ? (see, e.g., Janka 2012, and references therein)



Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

v’ The state-of-the-art simulations employ Multi-D / Full-Boltzmann v -transport / GR-effect etc.

v' Most, if not all, of these simulations do not reach sufficient explosion energy.

v’ those simulations now suggest a "slower" explosion than previously thought.
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

« Our work Does explosion timescale (tgoy,) affect nucleosynthesis?
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Sawada & Maeda (ApJ, 2019) arxiv.1910.06972



(1) in Canonical SN.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

« Our work Does explosion timescale (tgoy,) affect nucleosynthesis?

1D hydrodynamics and nucleosynthesis
with explosion timescale as a parameter

. - +i 51
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Sawada & Maeda (ApJ, 2019) arxiv.1910.06972



Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

* Our work Does explosion timescale (tgoy,) affect nucleosynthesis?

simulation

prc'}gen'itolr - 1|5|I'\f||\,; o |
progenitor = 20M, @
progenitor = 25M,, @

1D hydrodynamics and nucleosynthesis
with explosion timescale as a parameter

terow : timescale up to 10°![erg]
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Sawada & Maeda (2019)

synthesized amount =

— 0157 BN maximum value that can be ejected.
E. Deep ejacta model

2 01 0.07M, ; typical value

= (g, 1987A, 1993J, 2002ap...

005ig o

. "Slow" explosions suppress M(°°Ni)

oL %0 00 o o

_ 10 100 1000 —~unfavorable trend for observation
Sawada & Maeda (ApJ, 2019) arxiv.1910.06972




(1) in Canonical SN.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

Suwa, Tominaga, & Maeda (2019)
Sawada & Maeda (2019)

(1) radiation dominant & isothermal @post-shock region,

(2) adiabatic/constant vel. expansion(rgyoek = Vshock * )
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(1) in Canonical SN.

[topic 1 | Can modern supernova simulations synthesize sufficient 56Ni?

Suwa, Tominaga, & Maeda (2019)
Sawada & Maeda (2019)

(1) radiation dominant & isothermal @post-shock region,

(2) adiabatic/constant vel. expansion(rgyoek = Vshock * )
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(1) in Canonical SN.

[topic 1 | Can modern supernova simulations synthesize sufficient 56Ni?

Suwa, Tominaga, & Maeda (2019)
Sawada & Maeda (2019)

(1) radiation dominant & isothermal @post-shock region,

(2) adiabatic/constant vel. expansion(rgyoek = Vshock * )
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Overview.

(1) in Canonical SN.

(2) discussion. (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

* Peak tempareture

Lgrow = 10[ms]

peak temperature [ 10° K]

Larow 10ms
torow = 100ms
tgrow = 250ms
tgrow = 200ms
tgmf = 100(IJms |

Sawada & Maeda (2019)
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Sawada & Maeda (ApJ, 2019) arxiv.1910.06972



Overview. (1) in Canonical SN. (2) discussion. (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

* Our work Does explosion timescale (tgoy,) affect nucleosynthesis?

simulation

prc'}gen'itolr - 1|5|I'\f||\,; o |
progenitor = 20M, @
progenitor = 25M,, @

1D hydrodynamics and nucleosynthesis
with explosion timescale as a parameter

terow : timescale up to 10°![erg]
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synthesized amount =

— 0157 BN maximum value that can be ejected.
E. Deep ejacta model

2 01 0.07M, ; typical value

= (g, 1987A, 1993J, 2002ap...

005ig o

. "Slow" explosions suppress M(°°Ni)
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(1) in Canonical SN.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

10'4‘| : ——————— . ————rr .
I progenitor = 15M_ @

progenitor = 2OM€, )

progenitor = 25M, @
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o 100 1000 0 100 1000
Timescale up to 10°* ergs ( torow ) [ ms ] Timescale up to 10°" ergs ( borow ) [ MS ]

=3 o Mo ] >

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

Sawada & Maeda (ApJ, 2019) arxiv.1910.06972




Overview. (1) in Canonical SN. (2) disucussion (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?
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Overview. (1) in Canonical SN. (2) disucussion (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

_| Rodriguez et al.(2022)
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Overview. (1) in Canonical SN. (2) disucussion (3) future studies.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

- NOTE (2): choice of typical value? How to estimate |
the progenitor structure before the explosion

1.0 - ~

505 Type Ib
yP +[proto-NS mass] = HF€
0.0 | [ejecta mass]
— llb
i = My — Ib
“ | Type |
T eIC
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= 10°¢ /",.-" ’ f/./" il J
=3 7 M= 0.1 My
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| ] - ¢ LS Y e b
o® : ° oo e |Ib . .
¢ o o 1D hydrodynamics and nucleosynthesis
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(2) disucussion

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

« NOTE (2): choice of typical value?

d < 100 Mpc
100 :

A few tens of percent of observations can be explained

EEE [b-like by the non-standard supernova explosions,
Bl c-like
80¢ But, the timescales that reproduce less than 50%

are difficult to adopt as standard explosion models.
60+

40+

Fraction of SNe (%)

20}

“Constraints on the Explosion Timescale of Core-collapse

Supernovae Based on Systematic Analysis of Light Curves”

0.1 0.3 1.0 Saito, Tanaka, Sawada, & Moriya (2022), ApJ 931, 153
Explosion timescale (sec) (arXiv:2205.00624)



Overview.

(1) in Canonical SN.

(2) discussion.

(3) future studies

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

« NOTE (3): Opposition to this study (Imasheva + 2022)

They pointed out that

“This results may comes from

the explosion model assumed

in our calculations is too simple?”

Melson, Janka & Marek 2015
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

Our work 1D hydrodynamics and nucleosynthesis

with more realistic explosion calculations /with lightbulb approximation
(not detailed, but mimics neutrino-driven explosions to some extent)
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(1) in Canonical SN. (2) discussion. (3) future studies

Overview.

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

Our work 1D hydrodynamics and nucleosynthesis

with more realistic explosion calculations /with lightbulb approximation
(not detailed, but mimics neutrino-driven explosions to some extent)
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

e Our work 1D hydrodynamics and nucleosynthesis
with more realistic explosion calculations /with lightbulb approximation
(not detailed, but mimics neutrino-driven explosions to some extent)
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Overview. (1) in Canonical SN. (2) discussion. (3) future studies

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

‘e . Rodriguez et al.(2022)
- NOTE (3): Opposition to this study (Imasheva +2022) .
. . : : N . 15} -
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(3) future studies

[topic 1 ] Can modern supernova simulations synthesize sufficient 56Ni?

« NOTE (3): Opposition to this study (Imasheva + 2022)

->Using more realistic explosion calculations /with lightbulb approximation
(not detailed, but mimics neutrino-driven explosions to some extent)

Sawada & Maeda Imasheva, Janka,& Weiss (2022) : New Picture of 56Ni synthesis:
201 _thermal bomb _thermal bomb jw simplified 1D-neutrino expl. model
fw uncollapsed model |w collapsed model
56N4 (rapid-expl.) 56N4 (rapid-expl.) 56N (rapid-expl.)
mass coordinate mass coordinate mass coordinate
PNS ——r > PNS — PNS ———r
: : ! !
i (slow-expl.) i (slow—-expl.) i ! (slow-expl.)
E | A
: : : outermost mass radius is insensitive !
Fixed, In case of thermal bomb. Fixed, In case of thermal bomb. !
But, Innermost (ejectable) mass radius is sensitive
*slow—expl: Egg = 1.0 X 10%! [ergs™1], rapid—expl: Eqgy > 1.0 X 105! [ergs™?] to explosion nature.

Figure 11. Schematic picture of core-collapse supernova.
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