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Core-collapse supernovae
Extreme, complex, and not-fully-understood phenomena

• End of life of a heavy star (> 8 )


• Collapse of the core of the star: 
explosion or black hole formation


• Nucleosynthesis of heavy elements 
key role in star formation


• Explosion conditions not fully understood 
 Need to observe the core of the star
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Counting supernova neutrinos
A first-hand account of the core-collapse process

• Intense burst of thermal (10 MeV) neutrinos 

• Advance warning for telescopes + analysis window for gravitational wave detectors
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Fig. 7 Neutrino luminosities (ne: black; n̄e: blue; nx as one species of nµ , n̄µ , nt , n̄t : red) during
the main neutrino-emission phases. The left panel shows the prompt burst of electron neutrinos
associated with the moment of shock breakout into the neutrino-transparent outer core layers only
milliseconds after bounce (t = 0). The middle panel corresponds to the post-bounce accretion phase
before shock revival as computed in a three-dimensional simulation (see Tamborra et al, 2014). The
quasi-periodic luminosity variations are a consequence of modulations of the mass-accretion rate
by the neutron star caused by violent non-radial motions due to hydrodynamic instabilities (in
particular due to the standing accretion-shock instability or SASI) in the postshock layer. The right
panel displays the decay of the neutrino luminosities over several seconds in the neutrino-cooling
phase of the newly formed neutron star (the plotted values are scaled up by a factor of 2)

4.1 Shock-breakout Burst of Electron Neutrinos

A luminous flash of neutronization neutrinos is radiated when the shock transitions
from the opaque to the neutrino-transparent, low-density (r <⇠ 1011 g cm�3) outer
layers of the iron core. At this moment, typically setting in ⇠2 ms after core bounce,
the large number of ne created by electron captures on free protons in the shock-
heated matter can ultimately escape. During the preceding collapse prior to core
bounce, the ne emission rises continuously because an increasingly bigger fraction
of the stellar core is compressed to densities where efficient electron captures be-
come possible. Only within a brief period (±1 ms) around core bounce, the strong
compression and Doppler redshifting of the main region of ne generation lead to
a transient dip in the ne luminosity. At shock breakout, also the luminosities of
heavy-lepton neutrinos and shortly afterwards those of n̄e begin to rise, because
their production by pair processes becomes possible in the shock-heated matter (see
Sect. 3; Fig. 7, left panel). The ne luminosity burst and the rise phase of the n̄e and nx
luminosities show a generic behavior with little dependence on the progenitor star
(Kachelrieß et al, 2005). The burst reaches a peak luminosity near 4⇥1053 erg s�1,
has a half-width of less than 10 ms and releases about 2⇥1051 erg of energy within
only 20 ms. The mean energy of the radiated ne also peaks at the time of maximum
luminosity and reaches 12–13 MeV (Figure 8, lower left panel).
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bounce, the ne emission rises continuously because an increasingly bigger fraction
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come possible. Only within a brief period (±1 ms) around core bounce, the strong
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heavy-lepton neutrinos and shortly afterwards those of n̄e begin to rise, because
their production by pair processes becomes possible in the shock-heated matter (see
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Neutrino telescope networks
Capturing an extremely rare and short event

KM3NeT-ARCA
KM3NeT-ORCA

LVD
Borexino

IceCube

Super-Kamiokande

Daya Bay

HALO

2-3 times/century

Supernova Early Warning System

neutrino telescope network



The KM3NeT experiment
Water Cherenkov detector in the Mediterranean Sea

• ORCA: 2500 m depth — 8 Mton  
115 lines — 2070 OMs 
1 GeV — 100 GeV neutrinos


• ARCA: 3500 m depth — 1 km  
2 x 115 lines — 2 x 2070 OMs 
100 GeV — 100 PeV neutrinos

3

 Taking data right now!  
ORCA: 15 lines — ARCA:  21 lines
⇒

Optical Module (OM)



Counting supernova neutrinos
Monitoring supernovae without event reconstruction
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Fishing low-energy neutrinos
Back to science…

• Radioactivity:  in seawater 
+ Uranium, Thorium in water & glass 

 100 kHz per OM


• Bioluminescence: living organisms 
seasonal variations + short bursts  
Unstable background, (100 kHz)/OM

40K

⇒

𝒪

ANTARES

experiment

KM3NeT Technical Design Report
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 100 kHz per OM


• Bioluminescence: living organisms 
seasonal variations + short bursts  
Unstable background, (100 kHz)/OM

40K

⇒

𝒪

ANTARES

experiment

600 million background events in ORCA+ARCA in 0.5s

You’re welcome

KM3NeT Technical Design Report



A game-saver: multi-PMT optical modules
A 31-pixel camera for low-energy events

44 cm

Cherenkov light

MeV-scale particles

31 3-inch photomultipliers (PMTs)



Counting photomultiplier hits
KM3NeT’s dominant background depends on hit multiplicity

Radioactivity

Bioluminescence Single OM
 Number of activated PMTs


in a 20 ns window

KM3NeT collaboration, Eur. Phys. J. C 74 (2014)
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Counting photomultiplier hits
KM3NeT’s dominant background depends on hit multiplicity

Radioactivity

Muons from

cosmic ray interactions

Bioluminescence Single OM

Triggered 
high-energy event

 Number of activated PMTs

in a 20 ns window

>90% of ORCA muons

~70% of ARCA muons

KM3NeT collaboration, Eur. Phys. J. C 74 (2014)
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Triggering for supernovae

• Multiplicity: number of hits in a 10 ns window 
for each optical module


• Muon veto: remove OMs associated  
with KM3NeT triggers


• Cuts: maximize detection horizon, 115 lines 
data-driven background model,  signal simulation


• Final selection: 7-11 hits in single OM 
6-10 hits for the current detector

Background 
ORCA4/ARCA2 data

+ simulation muon veto

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)
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Supernova burst sensitivity
5  sensitivity to 96% of galactic supernovaeσ

Corr. authors: M. Colomer-Molla (APC), M. Lincetto (CPPM)
KM3NeT collaboration, Eur. Phys. J. C 81 (2021)



Reconstructing neutrino spectra
PMT multiplicity increases with neutrino energy

Neutrino energy

Pinched spectrum

Fermi-Dirac

𝒮(Eν) = 𝒩 × ( Eν

⟨E⟩ )
α

e−(1+α)Eν/⟨E⟩

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)



Neutrino energy spectrum
From multiplicities to pinched Fermi-Dirac parameters

< 1MeV precision on  if  known 

~2 MeV for  

~3 MeV for 

⟨E⟩ α
α ∈ [2.7,3.3]
α ∈ [2,4]

𝒮(Eν) = 𝒩 × ( Eν

⟨E⟩ )
α

e−(1+α)Eν/⟨E⟩

 fit of signal + background χ2

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)



Work in progress…

Talk submitted at ICRC 2023 — Isabel Goos (APC)
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Supernova alerts



The multi-messenger connexion
KM3NeT’s alert system — 20 s latency time 

Supernova Early 

Warning System

Poster submitted at ICRC 2023 — Godefroy Vannoye (CPPM)

Corr. authors: G. Vannoye (CPPM), M. Lincetto (CPPM)
See also: KM3NeT collaboration, Eur. Phys. J. C 82 (2022)
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Studying supernova rates
Buffer 10 min of data — Time evolution of supernova signal

 2 hits in 5 ns≥

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)



Finding hydrodynamical instabilities
Standing Accretion Shock instability — 3  up to 5kpcσ
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Fig. 7 Neutrino luminosities (ne: black; n̄e: blue; nx as one species of nµ , n̄µ , nt , n̄t : red) during
the main neutrino-emission phases. The left panel shows the prompt burst of electron neutrinos
associated with the moment of shock breakout into the neutrino-transparent outer core layers only
milliseconds after bounce (t = 0). The middle panel corresponds to the post-bounce accretion phase
before shock revival as computed in a three-dimensional simulation (see Tamborra et al, 2014). The
quasi-periodic luminosity variations are a consequence of modulations of the mass-accretion rate
by the neutron star caused by violent non-radial motions due to hydrodynamic instabilities (in
particular due to the standing accretion-shock instability or SASI) in the postshock layer. The right
panel displays the decay of the neutrino luminosities over several seconds in the neutrino-cooling
phase of the newly formed neutron star (the plotted values are scaled up by a factor of 2)

4.1 Shock-breakout Burst of Electron Neutrinos

A luminous flash of neutronization neutrinos is radiated when the shock transitions
from the opaque to the neutrino-transparent, low-density (r <⇠ 1011 g cm�3) outer
layers of the iron core. At this moment, typically setting in ⇠2 ms after core bounce,
the large number of ne created by electron captures on free protons in the shock-
heated matter can ultimately escape. During the preceding collapse prior to core
bounce, the ne emission rises continuously because an increasingly bigger fraction
of the stellar core is compressed to densities where efficient electron captures be-
come possible. Only within a brief period (±1 ms) around core bounce, the strong
compression and Doppler redshifting of the main region of ne generation lead to
a transient dip in the ne luminosity. At shock breakout, also the luminosities of
heavy-lepton neutrinos and shortly afterwards those of n̄e begin to rise, because
their production by pair processes becomes possible in the shock-heated matter (see
Sect. 3; Fig. 7, left panel). The ne luminosity burst and the rise phase of the n̄e and nx
luminosities show a generic behavior with little dependence on the progenitor star
(Kachelrieß et al, 2005). The burst reaches a peak luminosity near 4⇥1053 erg s�1,
has a half-width of less than 10 ms and releases about 2⇥1051 erg of energy within
only 20 ms. The mean energy of the radiated ne also peaks at the time of maximum
luminosity and reaches 12–13 MeV (Figure 8, lower left panel).

SASI frequency peak

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)

SASI



Finding hydrodynamical instabilities
Standing Accretion Shock instability — 3  up to 5kpcσ

SASI frequency peak

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)



Supernova detection time: localization

• Fit the initial rate rise by an exponential


• Full ARCA: 8ms uncertainty at 8 kpc

θ θ′￼

θ′￼′￼

Supernova triangulation

KM3NeT collaboration, Eur. Phys. J. C 81 (2021)



More on supernova localization
Match supernova rate increases for multiple detectors

Down to a 140 squared degree 90% CL region within minutes after detection 
Wolf-Rayet stars: light can arrive 40 seconds after the neutrinos
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A. Coleiro et al, Eur. Phys. J. C 80 (2020)



Conclusion
• KM3NeT is sensitive to most galactic core-collapse supernovae


• Realtime analysis system coming (veeery) soon, communication with the 
Supernova Early Warning system


• Sensitivity to hydrodynamical instabilities (SASI) for close-by supernovae


• Timing information, contributing to supernova localization effort

• Multi-PMT optical modules can be used  
for other MeV-GeV analyses (e.g. solar flares) 
Submitted ICRC talk, J. Mauro (UC Louvain)


• Testing ground for future detectors
KM3NeT Hyper-Kamiokande IceCube-Gen2
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