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Types of supernovae

SN Classification Pre-Explosion Star
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Supernova light curves (LC)
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S6Ni

* Z=28, N=28, A=56 — Y.=0.5
* 56Ni is mainly produced in supernova (SN) ejecta

* 56N is produced if Nuclear Statistical Equilibrium (NSE) is achieved, typically
T>5x10°K

* Enough amount of 56Ni needs to be produced to explain SN LC brightness
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Nuclear Statistical Equilibrium (NSE)

NSE: chemical equilibrium of mixture of nucleons (n, p) and nuclei
0=107 g cm3, Ye=0.5 Seitenzahl+ 08 (p=107 g cm-3. T=3.5x10°K)
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Explosion energy - Myi correlation

Litlvinova &INadezhirlw (1985) cwalibra’,ciorll sle Eexp'MNi correlation for SN-II

Fit multi-band LC w/ approximate model
provides Mn;

_o5L Muller+ (2017)

* Mnyi distribution:
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/% median of 0.031Mg
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Two ways to measure >Ni amount in SE-SN

Khatami & Kasen (2019)
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56Ni distribution

A \
Anderson (2019)

Core-collapse supernova “°Ni masses
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s6Ni distributi lated
e
Impact of H/He envelope?

Different explosion mechanism?

CDF

=== H-rich Type Il (Anderson19)
SESN (Anderson19)

0.2 _
SESN (this work, Tail)
SESN (Meza20, Tail Lower Limit)
— (115) 08 | . 1 . 1 . 1 . | .
— |Ib+Ibc : Tail (20) _ .0 0.2 0.4 0.6 0.8 1.0
— llb+Ibc : K&K (35) Myi(Me)
— |Ib+Ibc : Arnett's (35) Afsariardchi+ (2021)
O'()O.()() ().1()5 0. I]_() 0. l]_5 ().12() Tail My; (M) Arnett My;; (Mg) KK19 My (Mo)
Nickel Mass M ~ SN Type | Mean Median Std | Mean Median Std | Mean Median  Std
Meza & Anderson (2020) b 0.06 006 002 | 013 0.3 004 | 007 007  0.02
Ib 011 006 011 | 020 011 019 | 012 008 0.1
Ic 020 010 022 026 016 022 015 011  0.11
Ic-BL 015 015 007 | 031 029 016 | 015 0.5  0.07
Mean MNI (SE-SN) ~ 3x MNI (SN") All 012 008 012| 022 016 017 | 012  0.09  0.09
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Sollerman+ (2021)

129 BTS SNe Ibc
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: of ol ional findi

* 56Ni is energy source of SN light curves

+ Two different methods become consistent

peak luminosity

tail emission
* Msen; for SE-SN is larger than type-Il SN

fallback induced by massive envelope?

different explosion properties?

* Typica|M56Ni > OO4M®

N/

depending on SN types
Ic-BL > Ic > 1b/llb >lI
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Standard scenario of core-collapse supernovae

Final phase of Neutrinosphere formation  Neutron star formation
stellar evolution (neutrino trapping) (core bounce)
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gain radius

/I'oso

- T
cooling = 1/r

heating o« 1/r°

Amission

* A CCSN emits O(1058) of neutrinos with O(10) MeV.
* Neutrinos transfer energy
» Most of them are just escaping from the system (cooling)
= Part of them are absorbed in outer layer (heating)
* Heating overwhelms cooling in heating (gain) region
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Exploding numbers of exploding models

Many papers reported successful explosions by
neutrino heating in the past ~15 years

Years Citations Reads

Breakthroughs; M refereed M non refereed
Buras+ 2006: 1st neutrino driven explosion in 2D
Marek & Janka (2009): long-term (700ms) 2D sim.

Takiwaki+ (2012): 1st neutrino driven explosion in 3D

So far, ~10 independent codes that solve multi-
energy neutrino-radiation hydrodynamics in
multi-D, are present

4 codes are compared in O'Connor+ 2018 as well as 2
1D codes

At ADS, search with “core-collapse supernova hydrodynamics simulations”
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Explosion energy problem
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Recent simulations with explosion energy ~10°" erg

Bollig+ (2021) [3D, 1 model]

Burrows & Vartanyan (2021) [2D, systematlc]
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Where is s¢Ni produced?

Explosion and

_nucleosynthesis

r Explosive nucleosynthesis

outflow from PNS

Neutrino-

driven “wind Janka (2012)
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Condition of 55Ni production in explosive nucleosynthesis
* In radiation dominant gas,
4r

E=—r’aT*
3

1/4 —3/4
E I,
=> T(r) = 1.33 x 101K | ——
10°!erg 108 cm

* For NSE (T>5x10°K),

> 1/3
ro < 3700km [ ———
10°1erg

* Large energy deep inside is necessary => E needs to be large!
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56Ni production in explosi I thesi

[Suwa, Tominaga, Maeda, MNRAS, 483, 3607 (2019)]
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* 1D Lagrangian hydro. sim. * Msey;; is correlated to E

* heating/cooling by v taken into
account with light bulb

+ 12,15, 20, 25 Mg * E > 10! erg s~ !is necessary for

* Compact stars produce larger Msqy;;

B Analytic model is provided M56Ni ~ OO7M® (see also Sawada & Maeda 2019)
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56Ni production in neutrino-driven wind
[Sawada, Suwa, ApJ, 908, 6 (2021)] N
< | > * Construct model of neutrino-driven
Neutrino-diven Wind . .
wind powered by mass accretion onto
M PNS

wind
ﬁ Steady-state solution of neutrino-driven
wind (e.g., Otsuki+ 2000, Wanajo+ 2001,

Accretion Flow Fujibayashi+ 2015)

<::| Macc M with progenitor models from Sukhbold+
(2018)

@ L, and R,,;, are estimated based on
hydrodynamics simulations

Mwind

@ino-divenb
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56Ni production in neutrino-dri nd

[Sawada, Suwa, ApJ, 908, 6 (2021)]

— 0.09 —————————— % . <
EQ the highest accretion mass rate model M56Nl ~ OO67M®
— 0.08 the largest total accretion mass model ------ I ..
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q) °
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56Ni problem is ubiquitous

* The 56Ni problem exists besides canonical supernova

* Hypernova a.k.a. SN Ic-BL
* Ultrastripped-envelope SN
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[Suwa, Tominaga, MNRAS, 451, 282 (2015)]
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Nomoto+ (2006)
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De+ (2018)
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Mg = 02Mg, Ex =2 X 10°Y%rg,
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Neutrino-driven explosion and nucleosynthesis in USSN
[Suwa, Yoshida, Shibata, Umeda, Takahashi, MNRAS, 454, 3073 (2015)]
[Yoshida, Suwa, Umeda, Shibata, Takahashi, MNRAS, 471, 4275 (2017)]
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CO145 491 4220 0.177 1.35 1.24 0.973 3.54 3.20
COl15 584 4640 0.153 1.36 1.24 1.36 3.39 75.1
COl16 578 3430 0.124 1.42 1.29 1.76 2.90 47.6
COl18 784 2230 0.120 1.49 1.35 3.07 2.56 36.7
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Systematic study of Ni amount in USSN

[Sawada, Kashiyama, Suwa, to appear soon]

deleted
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Summary

* 56Nj is the most important elementin SN
* 56Nj provides thermal condition deep inside SN engine
* To produce enough amount of 56Ni, we need rapid growth of the explosion

energy as £ > 10°! erg s~!, which is much larger than numerical results (Ni
problem)

* Neutrino-driven wind is difficult to solve Ni problem

* Not only canonical SN, other types also have Ni problem

* We may need more efficient energy transfer mechanism, or additional energy
source
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