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¥ Physics of core-collapse supernovae and neutron star mergers


¥ Neutrino oscillations in core-collapse supernovae and neutron 

star mergers


¥ Why studying neutrino oscillations in such environments


¥ Neutrino oscillations in core-collapse supernova and neutron star 

merger simulations 



Core-Collapse Supernovae

The collapse is halted  when 
the inner core reaches 
density of order  nuclear 
density.

Neutrinos are trapped 
inside the neutrino 
sphere . 

When the mass of the core 
becomes larger than the 
Chandrasekhar  mass the 
collapse starts.

Stars burn lighter elements 
into heavier ones until the 
core reaches Iron .

Figure from G.Raffelt

¥ A huge amount of energy (~1053 ergs (1046 joule), 99% 
of the total released energy) is released in the form of 
neutrinos of all flavors.

¥ The explosion can outshine the host galaxy.
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SN 1987A

Supernova 1987A that exploded on 23 February 1987 in the Large Magellanic Cloud (LMC)
Figure from the website of Australian Astronomical Observatory4 ORIGINS Science Week, Dec. 1st, 2022




Wiki

¥ The two neutron stars spiral inward due to the emission of GW 
leading to the formation of either a more massive neutron star, or 
a black hole 
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Neutron Star Mergers



1405.6730

¥ Hot hyper massive NS and the accretion disk emit a huge 
number of neutrinos
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Neutron Star Mergers



The take-home message
¥ Neutrino emission is a major process in core-collapse supernovae 

and neutron star mergers 
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Neutrino Oscillations

Figure from wikipedia

¥ Neutrinos can experience flavor oscillations  


http://www.elusives.eu
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¥ For neutrinos, production and propagation eigenstates are different




¥ Neutrinos can experience flavor oscillations governed by  


¥ In the two flavor scenario, the transition probability for a neutrino 
produced in flavor alpha after traveling the distance L
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¥ In the two-flavor scenario, the Hamiltonian can be written as
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Neutrino Oscillations
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¥ Neutrinos can experience flavor oscillations governed by  


¥ In the two flavor scenario, the transition probability for a neutrino 
produced in flavor alpha after traveling the distance L


¥ When there is matter, we have a new term in the Hamiltonian


¥ Note that there is resonance  in which the diagonal term can 
become zero and we can have maximal mixing. This can cause 
significant flavor conversion . This is called the MSW effect.
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Neutrino Oscillations in Dense Neutrino Media 
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¥ Neutrino evolution in dense neutrino media is very different from 
the one in vacuum and matter
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Neutrino Oscillations in Dense Neutrino Media 
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¥ Neutrino evolution in dense neutrino media is very different from 
the one in vacuum and matter
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¥ This new term couples  neutrinos with 
different trajectories and energies PNS



Neutrino Oscillations in Dense Neutrino Media 
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the one in vacuum and matter
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¥ This new term correlates  neutrinos with 
different trajectories and energies PNS
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¥ Collective neutrino oscillations can be thought of as waves in the 
neutrino gas
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Neutrino Oscillations in Dense Neutrino Media 



NH

IH

¥ One has to solve ~106 nonlinear coupled differential equations 
for the most simplified model 
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Duan+2006
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Neutrino Oscillations in Dense Neutrino Media 



The take-home message
¥ Neutrino flavor oscillations in core-collapse supernovae and 

neutron star mergers is very different from the one in vacuum



Why Studying Neutrino Oscillations?
¥ Nearly half of elements with A>70 are produced in r-process 

¥ Neutrinos can change the neutron to proton ratio through the 

weak processes 
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Why Studying Neutrino Oscillations?

¥ After collision we expect the production of: roughly 50 Earth 
masses of silver, 100 Earth masses of gold, and 500 Earth 
masses of platinum
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In the delayed supernova explosion mechanism, 
shock wave is revived by the aid of neutrinos


¥ Understanding neutrino flavor evolution can also be important to the 
understanding of the SN dynamics
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Figure from G.Raffelt
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Why Studying Neutrino Oscillations?
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¥ Observation of a galactic supernova explosion
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Why Studying Neutrino Oscillations?
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¥ Observation of a galactic supernova explosion

Why Studying Neutrino Oscillations?



The take-home message
¥ Neutrino flavor oscillations in core-collapse supernovae and 

neutron star mergers can be very important to their physics



¥ Fast flavor conversions (FFC) can occur if the angular distributions 
of electron neutrinos and antineutrinos cross each other

FFC in CCSNe
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FFC in CCSNe

¥ The angular distributions are not available, instead we have only 
access to their moments <latexit sha1_base64="2SiXLKtQnH3nubOWSQgscmMon8A="></latexit>

I n =
!

d cos! ! cosn ! ! f ! (cos! ! )

¥ We can still make progress!
 e.g., Abbar2020

¥ Fast flavor conversions can occur if the angular distributions of 
electron neutrinos and antineutrinos cross each other
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FFC in CCSNe
¥ We showed that FFC occur in the dynamical CCSN simulations


M = 9M! t = 100 ms r = 100.0 km

!

0.64

0.82

0.70

0.76

Abbar+2021 
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Neutron Star Mergers
¥ Fast modes can occur in a wide region even inside the disk

Just+2022 (also Li+2021, Fernandez+2022)
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Including FFC in CCSNe

¥ We perform SN simulations including FFC for a 1D 20M!  model, in 
a parametric way

Jakob Ehring

¥ The actual equation which needs to be solved includes both flavor 
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¥ FFC could occur when there is 
crossing between the angular 
distributions of nue and nueb 

¥ The angular distributions are not 
available, instead we have only 
access to their moments


Application of Machine Learning
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¥ KNN

¥ Decision Tree

¥ Naive Bayes

¥ SVM

¥ Logistic Regression

~ 95%

~ 92%

~ 90%

~ 94%

~ 94%

accuracy

¥ We need to decide if FFC occur based on the 
few available moments: A classification problem
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The take-home message
¥Core-collapse supernovae and neutron star mergers are 

very dense in neutrinos


¥Neutrino flavor oscillations in core-collapse supernovae 

and neutron star mergers is very rich and complicated 

phenomenon and it can be crucial to their physics


