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Sanduleak -69 202 Sanduleak  -69 202 Supernova 1987A 
23 February 1987 

 

29 years Ago 
 

In a Galaxy Near US 
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So why are we still 
talking about 

Supernova Neutrinos? 
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Opportunities & Challenges 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Three Phases – Three Opportunities 

Standard Candle (?)  
•  SN theory 
•  Distance 
•  Flavor conversions 
•  Multi-messenger 
    time of flight 

Strong variations  
(progenitor, 3D effects, 
 black hole formation, …) 
• Testing astrophysics of 
   core collapse 
• Flavor conversion has 
   strong impact on signal 
   (Collective & MSW) 
 

EoS & mass dependence 
• Testing nuclear physics 
• Nucleosynthesis in  
   neutrino-driven wind 
• Particle bounds from 
   cooling speed (axions …) 
 
 

Burst Accretion Cooling 
SN standard candle? Astrophysics Nuclear physics 
SN theory Oscillation effects? Nucleosynthesis 

Timing Shock revival? Exotics/Axions 
Mass hierarchy Mass hierarchy? … 
… … 



Supernova Day! 
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SUPERNOVA physics 
 



Supernova Theory 
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H-T. Janka (TAUP 2013) 



Neutrino Mechanism 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Shock Revival by Neutrinos 

Georg Raffelt, MPI Physics, Munich ISOUPS, Asilomar, 24–27 May 2013 

S 

Si 

Si 

O 

Shock 
wave 

PNS 

Stalled shock wave must 
receive energy to start 
re-expansion against 
ram pressure of 
infalling stellar core 
 
Shock can receive 
fresh energy from 
neutrinos! 

n 
n 

n 



Delayed Explosion 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Delayed (Neutrino-Driven) Explosion 

Wilson, Proc. Univ. Illinois Meeting on Num. Astrophys. (1982) 
Bethe & Wilson, ApJ 295 (1985) 14 

Bethe and Wilson (1985) 



First 3D Explosions (9.6 M¤) 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

First Exploding 3D Simulation (9.6 M⊙ Garching) 

Tobias Melson, Hans-Thomas Janka & Andreas Marek, arXiv:1501.01961 
Garching group 



Failed SN 

13 May, Koshiba Hall of the Tokyo Univ. Basudeb Dasgupta, TIFR Mumbai 12 

O’ Connor and Ott 



Fluxes and Spectra 
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Also, pre-supernova fluxes (Odrywolzcek et al. See talks by Kato, Yoshida) 
See also Kato, Azari, Yamada, Takahashi, Umeda, Yoshida, Ishidoshiro 

Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Three Phases of Neutrino Emission 

• Shock breakout 
• De-leptonization of 
   outer core layers 

• Shock stalls  ~ 150 km 
• Neutrinos powered by 
   infalling matter 

Cooling on neutrino 
diffusion time scale 

Spherically symmetric Garching model (25 M⊙) with Boltzmann neutrino transport 

Explosion 
triggered 

Garching group 



SASI 
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Garching group 

Standing Accretion Shock Instability 



LESA 
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Sky Map of Lepton-Number Flux (11.2 MSUN Model) 

Tamborra, Hanke, Janka, Müller, Raffelt & Marek, arXiv:1402.5418 

Lepton-number flux (𝝂𝒆 − 𝝂𝒆) relative to 4p average 
Deleptonization flux into one hemisphere, roughly dipole distribution 

(LESA — Lepton Emission Self-Sustained Asymmetry)  
 

Positive dipole 
direction and 
track on sky 

Tamborra, Hanke, Janka, Mueller, Raffelt, Marek 

Lepton-# Emission Self-Sustained Asymmetry 



Still a long way to go 
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The Curse and Challenge of the 

Dimensions

● 3D hydro + 6D direct discretization of Boltzmann Eq.   

(code development by Sumiyoshi & Yamada '12)

● 3D hydro + two-moment closure of Boltzmann Eq.      

(next feasible step to full 3D; O. Just et al. 2013)

● 3D hydro + ''ray-by-ray-plus'' variable Eddington factor 

method (method used at MPA/Garching)

● 2D hydro + ''ray-by-ray-plus'' variable Eddington factor 

method (method used at MPA/Garching)

ϕ

Θ

θ

Φ

r

ϵ
f (r ,θ ,ϕ ,Θ ,Φ ,ϵ , t )

– Boltzmann equation determines neutrino 
distribution function in 6D phase space and time

– Integration over 3D momentum space yields 

source terms for hydrodynamics 

Solution approach Required resources

● ≥ 10–100 PFlops/s (sustained!)

● ≥ 1–10 Pflops/s, TBytes

● ≥ 0.1–1 PFlops/s, Tbytes           

      

● ≥ 0.1–1 Tflops/s, < 1 TByte

Q (r ,θ ,ϕ , t) , Ẏ e(r ,θ ,ϕ , t)

Janka (TAUP 2013) 



Simplified Set-up 
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r~10 km, ρ~1010g/cc : Neutrinos trapped 

r~1000 km, ρ~0.1g/cc : MSW effects 

r~Kpc, ρ~0g/cc : Vacuum oscillations 

r~10Kpc, ρ~1-10g/cc : Earth effects 

Space Earth 

Supernova 

r~100 km, ρ~107g/cc : Collective effects 



Neutrino Physics 
 



Formal Aspects 
Quantum!KineGc!EquaGons!

Schroedinger_like:!

@!“low”!density!where!!
neutrinos!propagate!coherently!

Boltzmann!equaBon!

@!“high”!density!where!
inelasBc!scacering!dominates!

A.!Vlasenko,!G.M.F.,!V.!Cirigliano!(2013),!!arXiv:1309.2628!

separation of scales ??�

Vaananen, Volpe, Espinoza 
Serrau and Volpe 

Vlasenko, Fuller, Cirigliano 

Kartavtsev, Raffelt and Vogel 
Balantekin, Pehlivan,.. 

Oscillations + Collisions 

Beyond Mean-Field 

Typically Small Effects, but … 
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Oscillation Framework 
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MSW effect depends on 
ordinary matter density L, 
i.e. mainly electron 
density 

 

Vacuum oscillations 
•  M is neutrino mass matrix 
•  Overall minus sign for 
antineutrinos 

 
Nonlinear nu-nu effects are important when nu-nu interaction frequency 
exceeds the typical vacuum oscillation frequency 
 

These interactions give rise to “Collective” flavor conversions 

Nonlinear Effects 
depends on the 

neutrino density ρ



MSW Effects 
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NH IH 

Spectral Splits 
in Inverted  
Hierarchy 

L resonance : ν1  ν2 
(Δmsol

2 , θ12) at 101 – 102 g/cc 

Always in neutrinos.  

Always adiabatic.  

Spectral 
Splits in 

H resonance : ν1/ν2       ν3 

(Δmatm
2 , θ13) at 103 – 104 g/cc 

In neutrinos for NH and in  
 antineutrinos for IH.  

Adiabaticity ≈ sin2θ13 

Dighe and Smirnov 



Neutrino-Neutrino Interactions 
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Pantaleone (1992) 



Why so complicated? 
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Non-linearity from neutrino-neutrino interactions

Effective Hamiltonian: H = Hvac + HMSW + H⌫⌫

Hvac(~p) = M2/(2p)
HMSW =

p
2GF ne�diag(1, 0, 0)

H⌫⌫(~p) =
p

2GF

Z
d3q
(2⇡)3 (1 � cos ✓pq)

�
⇢(~q)� ⇢̄(~q)

�

Duan, Fuller, Carlson, Qian, PRD 2006
Equation of motion:

d⇢
dt

= i
⇥
H(⇢), ⇢

⇤

Dimension of ⇢ matrix: (3 ⇥ NE�bins ⇥ N✓�bins)
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The density matrix has large dimensionality 



Collective Effects 
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Duan, Fuller, Carlson, Qian (2005, 2006,…) 



Spectral Splits 
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Fogli, Lisi, Marrone and Mirizzi 

Nontrivial Evolution only for Inverted Hierarchy 



Why do we get these effects? 
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Dasgupta, Dighe, Raffelt and Smirnov 

Spectral Splits 
in Inverted  
Hierarchy 

Spectral Splits 
in Normal  
Hierarchy  



Multi-Angle Effects 
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 Smeared 
Spectral 
Splits 

Esteban-Pretel et al, Friedland and Duan 



Multi-Angle Matter Effect 
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Esteban-Pretel, Mirizzi, Pastor, Tomas, Raffelt, Serpico, Sigl   



Linear Stability Analysis 
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Eigenvalue problem 

Banerjee, Dighe, Raffelt 



Symmetry Breaking 
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ivr@r ! i(@t + ~v ·r)



Angular Symmetry Breaking 
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Azimuthal!asymmetry!develops!in!neutrino!flavor!field!
above!neutron!star!!

enhanced!instability!!
in!the!neutrino!flavor!field!!
–!not!easily!macer_suppressed!

nonlinearity:))
neutrino)flavor)field)may)not)retain)the)symmetry)
of)the)neutrino)sphere)ini8al)condi8ons))

G. Raffelt, S. Sarikas, and D. de Sousa; ArXiv:1308.142 

A. Mirrizi; ArXiv:1308.5255 

Raffelt, Sarikas, Seixas 



Instability from Inhomogeneity 
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Mirizzi, Mangano, Saviano 
Duan and Shalgar 



Instability Footprint 
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Chakraborty, Hansen, Izaguirre, Raffelt 



Temporal Instability  
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Dasgupta and Mirizzi 
Capozzi, Dasgupta, Mirizzi 

Figure 5. Amplitude of non stationary flavor conversions (log10 |%eµ! |) as a function of the distance
from the neutrino source (z) and of the Fourier mode with index np, for the case A (left panel) and
B (right panel). (see the text for details)
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Figure 6. Comparison linear vs nonlinear growth of log10 |%eµ! | for di↵erent Fourier modes for the
case A (left panel), and A (right panel) respectively. [to be updated]

(B)

�0 = 1⇥ 105 ,

µ0 = 60 ,

⌧

�

= 7.5⌧
µ

= 15.

In Fig. 5 the amplitudes of flavor conversion, log10|%eµn
p

(z)| are shown at distance z

for various Fourier modes n

p

for the A (left) and B (right) cases. In the A case we realize
that the instability starts at z ' 2 from modes at N

p

' 100 and develops at smaller scales,

– 9 –
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Moving Footprints 

Distance from the center of SN 

M
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r D
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n
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Temporal 
fluctuations 

spatial 
fluctuations 
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Usual 
Instability 

Dasgupta and Mirizzi 



Fast Conversions 
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Possibility of even faster flavor conversions, that scale 
as neutrino density, independent of vacuum oscillation 
frequency! Sawyer 

Fig. from Chakraborty, Hansen, 
Izaguirre, Raffelt 



Work in progress 
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Phenomenology 
 



•  SK-like water Cherenkov detector (30 kt, SN at 10kpc) 

•  Scintillation detector 

•  Liquid Argon detector Liquid Argon TPC 
can see neutrinos, 
others mostly see 
antineutrinos 

SK and IC are the 
SN neutrino 
workhorses.  

Main Channels 
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Low threshold. May 
see non-electron. 



Gadzooks 
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Positron and gamma ray 
vertices are within ~50cm. 

[reaction schematic by M. Nakahata] 

νe

e+

p
n

γ

γ
p

Gd
n+Gd → ~8 MeV γ (90%) 

n+p → d + 2.2 MeV γ (10%)

Beacom and Vagins 

Can identify each 
antineutrino on an 
event-by-event 
basis 



Electron Neutrinos in SK  
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Laha and Beacom 



Non-electron Neutrinos 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Next Generation Large-Scale Detectors 

Megaton water Cherenkov detector 
Notably Hyper-Kamiokande 
SN neutrino statistics comparable to IceCube, 
but with event-by-event energy information 

Scintillator detector (tens of kilotons) 
- Original LENA concept 50 kt 
- JUNO (20 kt) in China for reactor nus 
- RENO-50 (18 kt) in Korea 

Liquid argon time projection chamber 
for long-baseline oscillation experiments 
- Unique SN capabilities (CC 𝜈𝑒 signal) 
- But cross section poorly known 

Enlargement of IceCube 
- Dense infill (PINGU) 
- Larger volume (statistics for high-E events) 
Doubling the number of optical modules? 
 

Beacom, Farr, Vogel 
Dasgupta and Beacom 
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Pointing and Alerts 
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Beacom and Vogel 
Tomas, Semikoz, Kachelriess, Raffelt and 

Dighe 

Neutrinos reach ~24 hours before the light from SN explosion 
 

SN at 10 kpc may be detected within a cone of ∼ 5◦ at SK, 
factor of 3 better with Gd 

This may be crucial for  
dust-obscured supernovae! 

SNEWS 
http://snews.bnl.gov 

 
 
 

Coincidence at multiple 
detectors will trigger an 
alert for astronomers 



Timing 
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SN neutrino-curve is an excellent 
probe of the bounce time. 

This can be used to great 
advantage for coincidence 

measurement with gravitational 
wave detectors  

Pagliaroni, Vissani, Coccia and Fulgione 
Halzen and Raffelt 



SASI 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Variability seen in Neutrinos (3D Model) 

Tamborra, Hanke, Müller, Janka & Raffelt, arXiv:1307.7936 
See also Lund, Marek, Lunardini, Janka & Raffelt, arXiv:1006.1889 

Lund Marek Lunardini Janka Raffelt 
Tamborra, Hanke, Mueller, Janka, Raffelt 



Earth Matter Effects 
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Electron flavor flux = cos2 θ12 ν1  + sin2 θ12 ν2  

Electron flavor: = (1-P2e) ν1  + P2e ν2 

P2e is the probability of ν2 to νe 

which depends on Earth density and L 

L 

Detector Location 
Matters! 



Earth Matter Effects 
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Hard to do… 

Boriello, Chakraborty, Mirizzi, Serpico, Tamborra 



Mass Hierarchy via Risetime 
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Serpico, Chakraborty, Fischer, Hudepohl, Janka, Mirizzi 



Look for new physics… 
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FIG. 2: Photon count rates at IceCube for the neutrino emis-
sion shown in Fig. 1. The solid line (blue) represents the sig-
nal for normal hierarchy, and the vertical band (red) shows
the range in the predicted signal due to different neutrino os-
cillation scenarios. The horizontal dashed line (green) is the
constant background noise. Time bins of 2 ms have been used.
The inset shows the second burst blown up, in the same axis
units.

than that for inverted hierarchy with large θ13, because
F 0

ν̄e
> F 0

ν̄x
.

Outside the ν̄e burst, one has F 0
νe

> F 0
ν̄e

> F 0
νx

. This
flux ordering allows for both collective and matter flavor
transitions in inverted mass hierarchy. Now Fν̄e is given
by Eq. (1) for large θ13, and Eq. (2) for small θ13, i.e.,
effectively the case of large and small θ13 are exchanged
relative to the case with no collective effects. Collective
oscillations do not occur significantly in normal hierarchy
(unless νx or ν̄x have relatively large fluxes, which is not
the case here) and we find as the final flux the same result
of Eq. (1).

Detection of the QCD neutrino burst.— We analyze
the detection of the QCD phase transition induced ν̄e

burst in two neutrino detectors, the km3 ice C̆erenkov
detector IceCube and the 32 kton water C̆erenkov de-
tector Super-Kamiokande. The detectors have distinct
advantages – IceCube is greater in volume, while Super-
Kamiokande allows spectral energy reconstruction.

We utilize the full spectrum produced by numerical
simulations. To estimate the event rate produced by
inverse-β decay in the ice, we follow the recent calcu-
lation of Halzen and Raffelt [7]. The complete detector
will have 4800 optical modules and the data are read
out in 1.6384 ms bins, implying a total event rate of
Rν̄e = 1860 bin−1L53 d−2

10 ⟨E3
15⟩/⟨E15⟩3, where L53 is

the ν̄e luminosity in units of 1053 erg s−1, d is the distance
to the SN in units of 10 kpc, and E15 is the ν̄e energy in
units of 15 MeV. The last factor in the expression is about
1.8 in our case. The signal rate has to be compared with
the stochastic background rate R0 = 2.20 × 103 bin−1,
with an rms fluctuation of 47 bin−1. In Fig. 2 we show
the event rate due to the ν̄e burst in IceCube for nor-
mal mass hierarchy [Eq. (1)]. In the narrow time window
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FIG. 3: Reconstructed neutrino event rates (note the subtle
difference from Fig. 2) at Super-Kamiokande, for the neutrino
emission shown in Fig. 1. The square points (blue) represent
the event rates for the normal hierarchy, binned at 5 ms. The
error bars show statistical errors. The shaded band (red)
represents the range of predicted neutrino event rates due to
different neutrino oscillation scenarios. The inset shows the
second burst blown up, in the same axis units.

(∼ 4 ms) where the burst would show up, one would
collect ∼ 2× 104 events, as opposed to 8000 for the sim-
ulation without the QCD phase transition.

The vertical band (red) corresponds to the range of
allowed signals for other possible oscillation scenarios.
If we take the most pessimistic possibility that the os-
cillation effects are somehow arranged to produce the
maximum possible signal outside the burst region and
the minimum possible inside it, we still get ∼ 104 addi-
tional events in the burst bins over a steady background
of ∼ 104 SN events producing an excess with a signif-
icance of ∼ 100σ. The significance goes down at most
quadratically with the SN distance, but note that even
a SN at 50 kpc (the LMC) would provide a significant
signal. Thus even in the most pessimistic scenario, the
signature of the ν̄e burst, associated with the QCD phase
transition in the SN core, would be spectacular in Ice-
Cube.

Secondly, since the temporal position of the ν̄e burst
depends on the EoS and critical conditions for the phase
transition, reconstructing the post-bounce time of the ν̄e

burst is crucial. IceCube can reconstruct the bounce time
to within ±3.5 ms at 95% CL for a SN at 10 kpc [7, 22].
The data at IceCube are read out at 1.6384 ms bins,
hence the post-bounce time of the QCD burst may be
measured to within about ±4 ms, which is sufficiently
accurate to decipher between different model predictions
(see Table I of Ref. [15]).

Next we investigate the detection at Super-
Kamiokande. The simplest procedure to perform is
to similarly time-bin the events. We use bins of 5 ms,
which is comparable to the duration of the second
burst. Fig. 3 shows the reconstructed neutrino event
rates expected in Super-Kamiokande for the normal

Dasgupta, Horiuchi, Mirizzi + Basel Group 

QCD phase transition 
The image cannot be displayed. Your computer may not have enough memory to open the image, or the image may have been 
corrupted. Restart your computer, and then open the file again. If the red x still appears, you may have to delete the image and 
then insert it again.

Sterile Neutrinos 

Arguelles, Brdar, Kopp 



Opportunities & Challenges 
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Georg Raffelt, MPI Physics, Munich Massive Neutrinos, NTU, Singapore, 9–13 Feb 2015 

Three Phases – Three Opportunities 

Standard Candle (?)  
•  SN theory 
•  Distance 
•  Flavor conversions 
•  Multi-messenger 
    time of flight 

Strong variations  
(progenitor, 3D effects, 
 black hole formation, …) 
• Testing astrophysics of 
   core collapse 
• Flavor conversion has 
   strong impact on signal 
   (Collective & MSW) 
 

EoS & mass dependence 
• Testing nuclear physics 
• Nucleosynthesis in  
   neutrino-driven wind 
• Particle bounds from 
   cooling speed (axions …) 
 
 

Burst Accretion Cooling 
SN standard candle? Astrophysics Nuclear physics 
SN theory Oscillation effects? Nucleosynthesis 

Timing Shock revival? Exotics/Axions 
Mass hierarchy Mass hierarchy? … 
… … 


