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Summary:
Are we prepared to observe the next nearby SN ?
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~ 1000 SNe/yr



R~24.4 z~1.7 V~500 Gpc3 

LSST



2022

~ 1000 SNe/day~ 1000 SNe/yr



Astrophysics with Supernovae

• Explosive Death of Stars -Physics of compact objects
• Metal Enrichment 
• Energy Injection
• Tracers of SFRs
• Distance Indicators
• Tracers of cosmological models
• Bright Background Sources -CBM/IGM Studies at high z

• Bright Echoes -3D Structure of ISM
• Cosmic Rays                                       - SN Remnants
• -Neutrinos (SN 1987A)  

-GWs (not yet)

-Galaxies Nucleosinthesis

-Evolution of stellar 
populations and galaxies

-Cosmology

Multi-Messenger
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How many SNe do we expect to occur in the 
Milky Way in 400 years ?
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Asiago Survey
(Cappellaro et al. 1999;
see also VST Survey,
Botticella et al. 2017)

Lick Survey
(Li et al. 2011)

SN rates in the Local Universe

VMW ~ 10-6 Mpc -> 2 SNe/100yr in the Milky Way
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0 vs. 1σ 5.2 - 12.0
0 vs. 2σ 3.4 - 15.6
0 vs. 3σ 2.0 - 20.7

We have to find the probability that a number of 
events – with a known average rate- occur in a fixed 
time (assuming that the events are independent of the 
time since the last event)



Most of SNe occurring in the Galactic Disk will be missed 
because of the high interstellar reddening in the cone 

toward the Galactic Bulge 



Date (AD) Type mmax Naked 
Visibility

Distance Remnant

185? I? -8 ? RCW86
393 ? -1 ? 1kpc
837 ? -8? ? 1.5 kpc IC 443
1006 I -9 > 2yrs 2.2 kpc SN 1006
1054 II -6 ~2yrs 2kpc Crab Nebula

1181 II? +1 0.5yrs 2kpc 3C58
1572 I ß -1 1.5 yrs 2.5-3 kpc Tycho
1604 I -3 1 yr 3-7 kpc Kepler
~1690 II +5? missed 3.4 kpc Cas A

1870 I ~ +6 missed Hartwig M31
1987 II +2.9 ~1 yr Ian Shelton SN1987A

“Bright Guest Stars”
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0 vs. 1σ 5.2 - 12.0
0 vs. 2σ 3.4 - 15.6
0 vs. 3σ 2.0 - 20.7

The volume actually sampled was ~ 10% 

0 vs. 1σ 0.5 - 1
0 vs. 2σ 0.3 – 1.6
0 vs. 3σ 0.2 - 2
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Supernova taxonomy
H

I

SuperBright I, II IIn (e+ e-)

II hyperfain
t

IIL IIP IIn

bright faint very 
bright

Si

Ia He

Ib
Ic

thermonuclear < 8M¤

IIb

core-collapse > 8M¤

à High KE SNe-Ic à Hypernovaeà GRB-SNe



Gravitational binding energy: 
ΔEB @ G MWD

2/ RNS – GMWD
2/RFe-core @ 3 x 1053  ergs

Kinetic energy of explosion  ≈    1% x ΔEB

Electromagnetic radiation    ≈    0.01% x ΔEB

Neutrinos ≈     99% x ΔEB

>1.4 M ¤ Fe Core collapses
to Neutron Star RNS ~ 10 Km

The Energy Budget of a CC-SN
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SN 1987A in the LMC

30 Dor Nebula before 
SN 1987A explosion

30 Dor Nebula after 
SN 1987A explosion
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8
5

Neutrinos detection  confirms that a NS is the residual 
of a CC SN explosion.  
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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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SNe within the Milky-Way ~ 10 Kpc, 
good statistics: 5x103 ÷ a few x 104

neutrinos/SN;  but ……

Expected SN/Neutrinos rates

Rozwadowska et al. 2020
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Rozwadowska et al. 2020
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SNe within the Milky-Way ~ 10 Kpc, 
good statistics: 5x103 ÷ a few x 104

neutrinos/SN;  but 1 SN ~ 60 years

Expected SN/Neutrinos rates

Within ~ LG of galaxies
~ 1 neutrino per SN  
about 1 SN ~ 30 years

HyperKam
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The CC-SN frequency of 
occurrence in the LG of 
galaxies is miserable….

“Never underestimate desperate people. You never 
know how far they will go to get what they want”   

(anonymous) 

CC-SNe ~ Gpc: ~ 0.76 x 10-4 Mpc-3

yr-1 ~ 105 SNe/yr
à << 1 neutrino/yr
à diffuse neutrino background
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core-collapse rate 

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

dust ? the observed near-infrared rate is 
still a factor 3-10 smaller than that 
estimated from the far-infrared luminosity 
of the galaxies. Among various possibilities, 
the most likely scenario is that dust 
extinction is so high (AV>30) to obscure 
most SNe even in the near-IR
(Mannucci, DV and Panagia 2007)

Cresci et al. 2007



very dim supernovae collapse directly into  black hole ?
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Shimizu 2018

Diffuse neutrinos flux from stellar collapses with direct black hole 
formation (failed supernovae) is more energetic than that from 
successful supernovae. Thus it might contribute substantially to the 
total diffuse flux above realistic detection thresholds energy.

Lunardini 2009
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All HNe (CC-SNe?) may be preceded by a GRB.  Most times 
the gamma-ray bursts transfer so much of their own energy 
to cocoons that there’s not enough left for the GRB to 
break through (see Nakar & Piran 2017) 



Cocoon signatures

(Nakar & Piran 2018, Nakar 2019)

The inner material transported by the jet interacts with the external 
layers and the medium surrounding the progenitor spreading sideways  



HNe/SNe-Ibc: ~ 7% GRB/SNe-Ibc: < 1.5% 

GRB SNe vs. Hypernovae



Orange highly collimated/moderately 
collimated component 4°/20° for HL 
and LL GRBs , containing a tiny 
fraction of the mass (10 -3/-5 M�) 
moving at G ~ x 102-3

line of sight
HN + GRB

line of sight
HN  

30,000 km/s

A simplified (and possibly wrong) scheme 
for a GRB-SN event

Grey: an almost isotropic 
component carrying most 
energy 1052 erg and mass 
(~5-10M¤)  moving at 
several x 104 km/s
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“Our observations……rule out the scenario in which every 
broad-lined SN harbors a GRB at the 84% confidence level”

Confirmed by 
Bietenholz et 
al. 2014 



SN 1998bw

=

SN 1987A

EK ~ 1 x 1051 ergEK ~ 30 x 1051 erg
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All HNe produce a GRB, most times the gamma-ray bursts transfer so 
much of their own energy to the stellar layers so 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% 

A simplified (and possibly fair) scheme 
for a GRB-SN event
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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 …)

Izzo et al. Nature,  2019
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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.

D’Elia et al. 2015

Izzo et al. 2019
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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)



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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cocoon
component

Is this mechanism at play for all CC-SNe?

“Our findings suggest a continuum of central engine 
activities in different types of CCSNe and call for 
rethinking of the explosion mechanism of CCSNe” 

(Piran et al. 2019) 
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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

The interaction between the protons accelerated in the chocked jets 
with the thermal photons created in the jet head produces pions which 
decay in high energy (TeV/PeV) neutrinos observable by IceCube

Cocoon neutrino

Shimizu 2018
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These are the numbers of supernovae of different types, that  are 
required for a 3σ detection above the neutrinos background.  

The empirical confirmation of the chocked model requires a number of CC-SNe
that can be achieved within a very few years by either ZTF or LSST if all CC-
SNe (or a significant fraction of them)  produce jets. It can take several years 
of even decades (in the worst case) if the ciocked jet scenario apply only to a 
small fraction of CC-SNe, such as SN-Ibc, BLs  or HNe. 



GWs from nearby CC-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

~ NS ~ BH



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 ≈ 0.03 M

GWs

i) Eν evidences the formation of high density remnant
(i.e. BHs or NSs)

ii) High angular momentum of the remnant
iii) Formation of an accretion disk around the remnant
iv) In some cases the mass/motion takes place on the 

Schwarzschild scale  ( e.g., the Innermost Stable 
Circular Orbit (ISCO) around a newly formed black hole

CC-SNe might have the needed ingredients 
for an output in gravitational radiation

h = 1.05



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

CC-SNe (particularly Ibc/HNe)  might have the needed 
ingredients for an output in gravitational radiation

h = 1.05



From Shapiro



~ 1 CC-SN / 60 yr in the MW          Rozwadowska, Vissani & Cappellaro 2020 

~ 1 CC-SN yr-1 within the “Virgo Circle” (17 Mpc) 
~ 0.6 SNe-II; 0.3 SNe-Ibc; 0.1 HNe yr-1 

From Shapiro



Within Virgo Circle in the lat 10 years, we  have 
observed: 

4 SNe-II (2013gc, 2016gkg, 2019el, 2021sjt)
4     SNe-Ibc (2017ein, 2019ehk, 2019yvr, 2022fzy)
2 SNe-BL  (2016coi, 2022xxf)

SNe-Ibc within Virgo circle (D=17 Mpc)   



Conclusions
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 (~2 per 
century or so)

Recent observations of ciocked jets, associated with GRBs
appear a realistic possibility for neutrinos detections from SN 
events. 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 on a time-frame of a 
few years by either ZTF or LSST if all CC-SNe (or a 
significant fraction of them)  produce jets. Decades in the 
worse case (only BLs SNe do it).

The analysis of the diffuse neutrinos background has the 
ability to disentangle the two scenarios: dust vs. failed SNe



Conclusions

Present interferometers have the capability to detect GWs
emission from CC-SNe in the MW. The obvious problem is
represented by the low rate of events (~2 per century or so). 

Future facilties (ET and CE) will detect GW emission from SNe
occurring in the Virgo Cluster within the time-frame of 1-3 
years up to about 10 yrs (only BLs).  



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) 


