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• First-principles simulations (e.g, Boling+2020) 
-> Successful reproduction of a CCSN explosion

However, ...
• Recent suggestion

(e.g, Suwa+2019, Sawada&Maeda 2019) 
-> the growth rate of explosive energy on the simulation 
is insufficient to synthesize observed 56Ni mass.

What are our interests?

”Ni-problem”: Open issue remaining 
in the core-collapse supernova(CCSN) 
explosion mechanism.

What is the problem?

a multi-D simulation is computationally too 
expensive  to investigate upto later phases. 

“Neutrino-driven wind”: the most promising 
candidate to solve the “Ni-problem”, 
especially at later phases.

What we do?

build a consistent model of 
'the neutrino-driven wind with an accretion 
flow onto a PNS’, 
and investigate the potential of the 
neutrino-driven wind to solve ‘Ni-problem’.

What is our conclusion?

1. the total ejectable is determined within 
∼ 𝟏 sec from the onset of the explosion

2. the supplementable amount at a late 
phase (𝒕 > 𝟏 sec) remains 𝑴𝐞𝐣 < 𝟎. 𝟎𝟏𝑴⊙.

→ difficult to solve the “Ni-problem” 
by the neutrino-driven wind at the late phase.



*unclear：
1). Can reach to 𝟏𝟎𝟓𝟏 [erg] ？
2). Can synthesize a sufficient amount of 56Ni?
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• neutrino-driven explosion

• observation

unclear

𝐸kin ∼ 1051 erg
𝑀56ni ∼ 0.07 𝑀⊙

observed property



→‘nickel mass problem’(Ni problem)
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𝟎. 𝟎𝟕𝑴⊙

Timescale up to 1051 ergs [m sec]

Sawada & Maeda (2019)

• ab-inito simulation :
growing rate of the explosion energy

ሶ𝑬𝐞𝐱𝐩𝐥. ∼ 𝓞 𝟎. 𝟏 [𝟏𝟎𝟓𝟏 erg/s]

especially for 3D simulations. 

R.Bollig+ 2020

• recent suggestion :
the typical mass 0.07𝑀⊙ of 56Ni in CCSNe, 
the growth rate of the explosion energy of

ሶ𝑬𝐞𝐱𝐩𝐥. ≥ 𝓞 𝟏 [𝟏𝟎𝟓𝟏 erg/s] is required
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• neutrino-driven explosion
Marek & Janka 2009

collapse core bounce

shock revival

shock stall
explosion

unclear

Melson, Janka & Marek 2015

∼ 𝓞 𝟏 [sec]𝟎 [sec] ∼ 𝓞 𝟎. 𝟏 [sec]−𝟎. 𝟏 [sec] reach to 𝟏𝟎𝟓𝟏 [erg] 

growing rate of the explosion energy

ሶ𝑬𝐞𝐱𝐩𝐥. ∼ 𝓞 𝟎. 𝟏 [𝟏𝟎𝟓𝟏 erg/s]

especially for 3D simulations. 

“Neutrino-driven wind” 
continues about 1-20 sec.

→ contributing to 56Ni(??)
especially at later phases.

𝐸kin ∼ 1051 erg
𝑀56ni ∼ 0.07 𝑀⊙

observed property



aim and content of our work 9
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• investigate the potential of the neutrino-driven wind 
to solve ‘Ni problem’, especially at later phases.

motivation

problem • However, it is difficult to simulate up to late phases in multi-D

our work

• build a consistent model of 
'the neutrino-driven wind 
with an accretion flow onto a PNS’, 

• investigate 
the potential of the neutrino-driven wind 
to solve ‘Ni-problem’.

and



semi-analytic wind model (e.g., Otsuki et al. 2000). 10
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• electron/positron capture: 𝜈𝑒 + 𝑛 ⇄ 𝑝 + 𝑒− and ഥ𝜈𝑒 + 𝑝 ⇄ 𝑛 + 𝑒+, 
• neutrino scattering on electrons and positrons
• pair annihilation: 𝜈 + ҧ𝜈 → 𝑒− + 𝑒+

(for more details, see Eqs. (8)−(16) in Otsuki et al. 2000).

Boundary condition: 𝑟 = 𝑅gain ሶ𝑄 ≈ 0

Given: 𝜌0 = 1010g cm−3 ⋅ 𝐿𝜈,51
1/2

, (Fujibayashi et al. 2015) → 𝑇0, 𝑣0

Helmholtz EoS (Timmes & Swesty 2000),

(e.g., Bliss et al. 2018).

Basic equations

given: 𝐿𝜈, 𝑅gain, 𝑀PNS

ሶ𝑀wind as a solution exists

(maximum：transonic)



semi-analytic wind model (e.g., Otsuki et al. 2000). 11
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• spherical wind relation



connecting wind model with accretion flow onto a PNS 12
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• phenomenological mass accretion model

• spherical semi-analytic wind model 

• Analytic CCSN-explosion modeling

(Müller et al. 2016)

(Müller et al. 2016)

• wind model w/ accretion flow



whether the wind can eject 0.07M of 56Ni or not? 13
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from figure
Given maximum parameter sets

• 𝑀PNS,0 = 1.4𝑀⊙, 

• ሶ𝑀acc,0 < 1.0𝑀⊙𝑠
−1

• Total accretion mass < 0.7𝑀⊙

𝑀ej,∞ = න
0

∞

𝑑𝑡 ሶ𝑀wind

𝑀ej,∞ ≤ 0.067𝑀
⊙

total ejectable amount 
of the neutrino-driven wind is roughly…

If most of the wind is added at late phase, 
this value is sufficient to solve the Ni problem.



Possible Contribution to the ‘Ni problem’ 14
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• the total ejectable is determined within 

∼ 𝟏 sec from the onset of the explosion.

investigate the time evolution of the cumulative ejected mass of the wind... 

conclusion

• the supplementable amount at a late phase (𝒕 > 𝟏 sec) 

remains 𝑴𝐞𝐣 < 𝟎. 𝟎𝟏𝑴⊙.

→ difficult to solve the Ni problem 

at the late phase of the explosion by the neutrino-driven wind.
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R.Bollig+ 2020
• NOTE :

“The converged value of the explosion energy at infinity 
(with overburden subtracted) is roughly 1B and the ejected 56Ni 
mass up to 0.087 solar masses”
“Our final 56Ni mass is therefore an upper limit, 
and we expect the actual mass to be around 0.05 M.”
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• spherical wind relation • wind model w/ accretion flow

• the total ejectable is determined within 

∼ 𝟏 sec from the onset of the explosion.

• the supplementable amount at a late phase (𝒕 > 𝟏 sec) 

remains 𝑴𝐞𝐣 < 𝟎. 𝟎𝟏𝑴⊙.

→ difficult to solve the Ni problem 

at the late phase of the explosion by the neutrino-driven wind.


