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Summary:
Are we prepared to observe the next SN ?

2027
Ligo, Virgo, Kagra
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Asiago Survey
(Cappellaro et al. 1999; Cappellaro et al. 2015)

Lick Survey (Li et al. 2011)

CC-SN rates
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Kamiokande Progression 
Neutrinos sensitivity 

Kamiokande
1983-1996
3kton

Super-Kamiokande
1996-
50kton

Hyper-Kamiokande
2027
0.52Mton

x 17 x 101
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Neutrinos detection  confirms that a NS is the residual 
of a CC SN explosion.  
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SNe within the Milky-Way ~ 10 Kpc, 
good statistics: 5x103 ÷ several x 
104 neutrinos/SN;  but 1 SN ~ 50 
years

SNe within ~ LG of galaxies ~ 1 
neutrino per SN and ~ 0.1 neutrinos
per SN  within the Virgo circle ~  2 
SN/yr

CC-SNe ~ Gpc: ~ 1 x 10-4 Mpc-3 yr-1

~ 105 SNe/yr à < 1 neutrino/year
à diffuse neutrino background

Expected CC-SN/Neutrino rates

Koshiba 2010
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The situation looks desperate 

Conclusions  
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core-collapse rate 

observed supernova rate is a factor ~2 
smaller than the expected one  

→ i) dust ? ii) very dim supernovae 
collapse directly into  black hole ?
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core-collapse rate 

observed supernova rate is a factor ~2 
smaller than the expected one  

→ i) dust ? ii) very dim supernovae 
collapse directly into  black hole ?

Lunardini 2009
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Shimizu 2018

Neutrino flux is harder in BH formation
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All HNe (CC-SNe?) may be preceded by a GRB. But most times the 
gamma-ray bursts transfer so much of their own energy to the stellar 
layers where they are moving that there’s not enough left for the GRB 
to break through  -- > “choked jet” (see Nakar and Piran 2017)

HN+GRB/SNe-Ibc: < or << 1.5% HNe/SNe-Ibc: ~ 7% 
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cocoon
component

In the chocked jets the protons are acceleretd to high energies and they 
interact with the thermal photons produced in the jet head and propagating 
inside the internal shock region.
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pγ → pπ 0 ,nπ +

π + → µ+ + νµ

µ+ → e+ + νe + νµ

Murase & Ioka 2013; Murase et al. 
2016; Senno et al. 2016, 2017;
Denton & Tamborra 2017; He et al. 
2018; Esmaili & Murase 2018

This interaction produces pions which decay in high energy (TeV/PeV) 
neutrinos observable by IceCube

Cocoon neutrino

Shimizu 2018
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GRB 171205A

i) third closest GRB-SN z = 0.0368 
(160 Mpc)

ii) low-luminous GRB Eiso ~ 1049 erg 
iii) grand-design spiral host galaxy

multi-wavelength photometric & 
spectroscopic campaign

(Swift, VLT, GTC, GROND, PST2, 
OSN, GOTO …)
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★

✕

We interpret these high velocity features as signatures of a hot
cocoon generated when the jet moves inside the progenitor star.



18

✕

chemical composition of the high velocity (105 km/s) components
are characterized by chemical abundances different from those
observed in the SN ejecta (x104 km/s)



Interpreting spectra:  position of elements

Immediately after explosion SNe go into 
homologous expansion à v ~ r

Relative positions of elements do not change
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✕

chemical composition of the high velocity (105 km/s) components
are characterized by chemical abundances different from those
observed in the SN ejecta (x104 km/s)
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These are the numbers of supernovae of different types, that  are 
required for a 3σ HE neutrinos detection above the neutrinos background  



22

Fasano et al. 2020 find that if 10%-100% of GRB energy is channeled 
into protons, choked GRBs may reproduce the diffuse flux of high-
energy neutrinos observed by the IceCube experiment, if the local rate 
of GRBs is 0.3-3 Gpc-3 yr-1

Aartsen et al. 2014
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0.7 GRB Gpc-3 yr-1

1.5 Schmidt 1999

0.15 Schmidt 2001

0.5 Guetta et al. 2005

1.1 Guetta & Della Valle 2007

1.1 Liang et al. 2007

> 0.5 Pelangeon et al. 2008

1.3 Wanderman and Piran 2010 Guetta et al. 2011



GWs from nearby CC- and Ia- SNe



SNe-Ibc/HNe
Progenitor Mass ~ 30-50 M¤

Remnant: NS or BH (3M¤)
Radiated Energy ~ 1047/49  erg
Kinetic Energy ~ 1051 erg
rate ~ 0.26 x 10-4 Mpc-3 yr-1

rate ~ 1.82  x 10-6  Mpc-3 yr-1

Core-Collapse SNe

SNe-II  
Progenitor Mass ~ 8-20 M¤

Remnant à NS (1.5 M¤)
Radiated Energy ~ 1047/49  erg
Kinetic Energy ~ 1051 erg
rate ~ 0.48 x 10-4 Mpc-3 yr-1
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The quadrupole formula predicts (see 2019) an appreciable luminosity for 
standard values of non-axisymmetric mass inhomogeneities δm about a central 
mass M ≈ 3 M¤, ξ=δm/MD = 0.1  as a mass perturbation in a torus or inner disk of 
mass MD ≈ 0.01 M

GWs

i) Eν evidences the formation of high density 
remnant

ii) High angular momentum of the remnant
iii) Formation of an accretion disk around the 

remnant
iv) The mass-motion takes place on the 

Schwarzschild scale of the newly born  BH

Ibc/HNe might have the needed ingredients 
for an output in gravitational radiation

h = 1.05
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courtesy of J. Shapiro



~ 1 SN-Ibc / 50 yr in the MW          Rozwadowska, Vissani & Cappellaro 2020 

~ 0.83 yr-1 SN-Ibc within the “Virgo Circle” (20 Mpc) 
~ 0.05 yr-1 HNe within the “Virgo Circle” (20 Mpc) 



SNe-Ia
Progenitor Mass  3-7 M¤

Mass after merging ≈ 1.4 M¤

Remnant à none
Radiated Energy ~ 1047/49  erg 
Kinetic Energy ~ 1051 erg
rate ~ 0.30 x 10-4 Mpc-3 yr-1

Comparable final mass, size of the sysyems are different:  10,000km vs 10km, 
which is  1000 times wider à Kepler frequency ~ (1/separation)3/2 à
the frequency lower by a factor  ~ 1000 Hz/30,000 ≈ 0.03 Hz

~ 10km ~ 10,000km

van Putten et 
al. 2019 





Lunar Gravitational Wave Antenna (Harms et al. 2021)

10-19 < h < 10-22 inside the MW (100-10,000 pc) 



Conclusions I

Neutrinos and GWs Observatories have the capability to detect
CC-SN explosions inside the Milky Way. The obvious drawback is
represented by the low rate of events (~1-2 per century or so)

Future GWs detectors (ET and CE) can detect GWs emission from CC-
SNe forming BHs occurring in the Virgo Cluster within the time-frame 
of a few years (most SNe-Ibc) up to ~ 20 years (only HNe)

LISA and LGWA  will detect GWs emission from close WD 
binaries in the MW, then contributing significantly to clarify the 
nature of the SN-Ia progenitors.



Conclusions II
Current Neutrinos Observatory have the capability to detect CC-SN 
events occuring in the Milky Way. Positive detections are hampered
by the low frequency of SNe in the MW.

HyperKamiokande observations of neutrinos on time scale of ~ 10 yrs
should solve the problem of missing SNe in terms of dust effect or 
direct collapse of massive progenitors into BHs. 

Recent observations of cioked jets, associated with GRBs appear the 
most interesting possibility for TeV /PeV neutrinos detections via 
Icecube, Antares or KM3NeT. 

Given the current estimates of SN rates, the required number of 
CC-SN detections for a 3σ detection above the neutrinos background 
can be achieved in about a year by either ZTF or LSST if all CC-SNe
produce jets



Rubin Observatory 
(LSST) 2023

An empirical confirmation of the chocked model will take several 
years of even decades if the ciocked jet scenario apply only to a 
fraction of CC-SNe, such as SN-Ibc or HNe. 

Sullivan 2013


