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OUTLINE OF THE SECOND LECTURE

Neutrinos vacuum oscillations

 Neutrinos and stars
  > Stars and neutrinos
  > SN1987A
  > The core-collapse supernova mechanism

  > Dense environments 
  > Neutrino evolution in dense environments
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The weak
CC Lagrangian



Vacuum oscillations : the parameters
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An NxN matrix is defined by 2N2 real elements, with unitarity conditions N2 are left.
out of which                   angles,                  are phases. For N = 3, there are 3 angles and 
6 phases. 𝑁(𝑁 − 1)

2
𝑁(𝑁 + 1)
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By a redefinition of the lepton fields we can absorb 5 out of the 6 phases if neutrinos
are Dirac particles. If they are Majorana particles, only the charged lepton fields
can reabsorb phases because of the Majorana mass term.  So, there are two extra
phases in the Majorana case. 
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rephasing of the 
neutrinos fields 

rephasing of the 
charged leptons fields 
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Only two Dm2 are independent for 3 active neutrinos.  



The PMNS matrix

For three neutrino flavors the PMNS matrix depends on three mixing angles, one Dirac
and two Majorana phases (not shown):

For three mixing angles are precisely known, for the Dirac phase we have a hint
(1.5-2 sigma), the Majorana phases are unknown (not important for oscillations). 
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Oscillation parameters: current status 
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S. Salas et al (PDG), PRD 110, 030001(2024).

Current values of the oscillation parameters 
from the PDG. 



>

Normal mass 
ordering (NMO)

Inverted mass 
ordering (IMO)

Two neutrino mass orderings are possible - 
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Crucial open questions include

More oscillation frequencies (anomalies in oscillation experiments) need physics
beyond the three neutrino framework, e.g. sterile neutrinos (that do not couple to the 
gauge bosons and do not interact with matter).  

> Only two Dm2 are independent for 3 active neutrinos.  

The sign of the Dm2 atmospheric is not known, while the solar one is known 
because of the occurrence of the MSW effect in the Sun (8B neutrinos). 

The upcoming JUNO, Hyper-K, DUNE, ORCA will tell us about the neutrino mass ordering.



> CP violation in the lepton sector, hints 

the neutrino nature (Dirac versus Majorana) is unknown 

>
the neutrino magnetic moment, …. 

Several key open questions intertwined with neutrino propagation, or on how 
neutrinos change flavor, in astrophysical environments or the early Universe.
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> neutrino flavor evolution in dense environments

Crucial open questions include

>

>
⟨𝑚%!⟩ < 0.45eV(90%C. L. )

the absolute neutrino mass -  KATRIN experiment, model dependent information from cosmology

Origin and smallness of neutrino masses>

Neutrinoless double-beta decay searches

Upcoming Hyper-K (beam), DUNE will measure the Dirac phase 

See e.g. Agostini et al, Rev.Mod.Phys. 95 (2023), 2202.01787 [

https://arxiv.org/abs/2202.01787


The Carbon-Nitrogen-Oxygen cycle
Responsible for 1% energy production in the Sun. The dominant mode for hydrogen burning 
into helium in more massive main sequence stars.  

A confirmation of 
Bethe’s prediction 
in 1939 !  

The neutrinos from the CNO cycle measured by the Boxexino experiment.

Key confirmation of evolutionary models. 
It seems to favor solar models with high metallicity.  

Borexino, POS (ICRC 2023) 

𝜈" − 𝑒



Stars and neutrinos: tightly linked
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Main sequence stars pp-nuclear reaction chain, CNO cycle

Red giants cooling via neutrinos

Core-collapse supernovae,
neutron stars (and binary

neutron star mergers)

supernova explosion mechanism, cooling, 
nucleosynthesis  (r-process) 

H

He

H

Neutrinos play an important role in astrophysical contexts, linked to new particles and interactions 

Non standard neutrino properties can play a role: neutrino magnetic moment, 
sterile neutrinos, x, … as well as dark matter particles and 
new interactions (ex. non-standard neutrino matter interactions).





Neutrinos from core-collapse supernovae
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The core-collapse and explosion lasts 
10 seconds. Neutrinos of all flavors 
take away 99% of the gravitational binding 
energy of the newly formed neutron-star.
 

𝜈& 𝜈' 𝜈(
𝜈& 𝜈' 𝜈(

Core-collapse supernovae are gigantic neutrino sources in the tens of MeV energy range.



What is a core-collapse supernova? More generally a dense environment?

Why are neutrinos from dense media interesting?



CORE-COLLAPSE supernovae

Core-collapse supernovae include supernovae type II, Ib and Ic.
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LOCAL GROUPs



Core-collapse supernovae in our Galaxy

In the Milky Way their rate is 1-2 (conservative) to 1-3 (more optimistic) event/century.
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Supernova 1054
Crab Nebula at 1.9 kpc

(6.200 light years),
so luminous that was

seen by Chinese astronomers 

1 light year = 9.5 1012 km 
1 kpc = 3.26 103 light years
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A spinning neutron-star
as a remnant 

https://science.nasa.gov/asset/hubble/a-giant-hubble-mosaic-of-the-crab-nebula/
https://science.nasa.gov/asset/hubble/x-ray-view-of-crab-nebula/
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SN1987A
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49.59 ± 0.09 (stat) ± 0.54 (sys) kpc 
Pietrzynski et al., 2019  

distance to LMC :
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SN1987A and the Mikheev-Smirnov-Wolfenstein (MSW) effect

Recent analysis found sensitivity at the level of 
10%, from the spectral analysis 

Vissani, J.Phys.G 42, 2015  

Ivanez-Ballesteros and Volpe, PLB 2023,  2307.03549

Luminosity and average energies of the
electron antineutrinos in agreement with
expectations (under the equipartition
Assumption).

https://arxiv.org/abs/2307.03549


SUPERNOVA  EXPLOSION MECHANISM

Elucidating the core-collapse supernova mechanism is 
six-decade quest:
- Colgate and White (1966) neutrinos deposit energy behind 
the shock triggering the explosion: prompt explosion mechanism.

- Wilson (1982), Bethe and Wilson (1985) : neutrino heating 
render the accretion shock a dynamical shock. 

- Herant et al (1992) performed the first 2D-simulations.
- Blondin et al (2003) : shock wave unstable to non-radial 

perturbations. 
- Murphy et al (2013) :  turbulent ram pressure contributes 

pushing the shock outward.
-  the progenitor dependence, rotation (Summa et al, 2018),
and magnetic fields (Obergaulinger et al, 2015, Kuroda et al, 2020) 
also important.

see Mezzacappa (2022), arXiv: 2205.13438,
T. Janka’s talk at « Neutrino Frontiers » (GGI, 2023)

 

PROMPT SUPERNOVA MODEL REJECTED
A MAJOR STEP FORWARD EVERY DECADE
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Bayesian analysis considering only cooling models or accretion+cooling models.

Loredo and Lamb, PLB 205 (1988)

«We find two-component models to be 100 more probable than 
single-model component. » 

https://arxiv.org/abs/2205.13438


SUPERNOVA  EXPLOSION MECHANISM

see Mezzacappa (2022), arXiv: 2205.13438,
T. Janka’s talk at « Neutrino Frontiers » (GGI, 2023)

 

THE CURRENT PARADIGM 
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Since a decade, there is an emerging consensus : 
the majority of supernovae explodes due to the 
delayed neutrino-heating mechanism neutrinos 
efficiently reheat the shock aided by convection, 
turbulence and hydrodynamic instabilities 
(SASI).

see Mezzacappa (2022), arXiv: 2205.13438.
 

https://arxiv.org/abs/2205.13438
https://arxiv.org/abs/2205.13438


Neutronization 

Neutronization Accretion Neutron star cooling

Accretion
Neutron star cooling

Detection of each phase crucial

SN EXPLOSION MECHANISM and NEUTRINO TIME SIGNAL

Hudepöhl et al PRL, 2011
   

T. Janka, Phys. Rep. 442, (2007) (and A.Gallo Rosso, PhD Thesis) 

Delayed neutrino-driven explosions:
Current paradigm for supernova explosion by Bethe and Wilson (1985).



Since neutrinos are massive they can decay.
Neutrino non-radiative two-body decay:  

a massless (pseudo)scalar particle  

Neutrino non-radiative decay and SN1987A

Ivanez-Ballesteros, Volpe, PLB 2023, 2307.03549

The neutrino fluxes get suppressed by the factor 
-  souce-detector distance 
-  neutrino energy 
-  neutrino mass
-  lifetime

Sensitivity from different neutrino sources

Unique sensitivity to tau/m from supernovae and the diffuse supernova neutrino background

due to tree-level (pseudo)scalar couplings. 

exp(−
L
𝜏
×
𝑚
𝐸
)

M. Cristina Volpe, SURPRISE, IFT Madrid, 11-15 Mars 2025

𝜏/𝑚 > 1.2×10'(90%C. L. )for	𝜈(and𝜈)(IO)

https://arxiv.org/abs/2307.03549
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« For pioneering works in the astrophysical 
domain that brought to the discovery of cosmic 
X-ray sources»
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DENSE ENVIRONMENTS

« Dense » here means media that can reach 1010 g/cm3  and more, 
A few 1015 -g/cm3 (limits of matter compressibility), e.g. massive stars 
called core-collapse supernovae or binary neutron star merger 
remnants, or accretion-disks around black holes, or the Early Universe.   NS

MATTER
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DENSE ENVIRONMENTS

« Dense » here also means in neutrinos. In a supernova explosion
about 1058 neutrinos with an average energy of 10(-20) MeV produced.

N
S

MATTER AND NEUTRINOS

These neutrinos interact with each other making the neutrino-neutrino
interaction sizable:

diagonal in flavor

non-diagonal in flavor

Pantaleone, PLB 1992

« Neutrino propagation in supernovae is a 
non-linear many-body problem. »
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𝑘 = 𝑘!𝑝 = 𝑝!

𝑘 = 𝑘!𝑝 = 𝑝!
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WHY are we interested in neutrinos from dense environments?

Neutrinos from 
dense 

environmentsHow do supernovae explode? Where are the heavy elements made?

Future observations of core-collapse 
supernova neutrinos and the diffuse 

supernova neutrino background (DSNB)

Search for new physics, 
e.g. dark matter particles,

and multimessenger physics



In such environments neutrinos are trapped.

Typical cross section       Density       Mean free path       

R
af

fe
lt

 (
20

12
)

collisions dominated
Boltzmann approximation

flavor conversion
mean-field approximation

FROM TRAPPED TO FREE-STREAMING

The region where neutrinos start free-streaming is called 
the neutrinosphere. It is energy and flavor dependent.
In flavor studies, up to 2016 it was always taken as a 
a sharp boundary. 
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The full Liouville operator is 7-dimensional.

The full description employs the neutrino quantum 
kinetic equations: 

Necessary for the early Universe - 
primordial nucleosynthesis (10 MeV - 0.1 MeV, 
neutrinos set n/p ratio key for the 
build up to He4, D, He3, Li7). 

𝑖(𝜕) + 𝐯 ⋅ 𝛻𝐱 + 𝐅 ⋅ 𝛻𝐩)𝜚𝐱,𝐩 = [ℎ𝐱,𝐩, 𝜚𝐱,𝐩] + 𝑖𝐶[𝜚, 𝜚],

In astrophysical and cosmological environments, neutrinos interact with the particles in the medium.

One-body density matrix in 2nu framework :

Diagonal elements are the expectation value of
the number operator :

Non-diagonal elements account for the mixings
(flavor modification)

NEUTRINO EVOLUTION EQUATIONS IN DENSE MEDIA

Solved in the early Universe (isotropy, homogeneity). 
A precise value for Neff = 3.0440 (BBN epoch)

Froustey, Pitrou, Volpe, JCAP 12, 2020; Bennet et al, JCAP 04, 2021
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𝑘 = 𝑘!𝑝 = 𝑝!
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NS
shock waveNeutrino-neutrino interactions

Pantaleone, PLB287 (1992).
Duan et al, PRD, 2006

neutrinospheres

slow modes
fast modes (m scale or less)

Sawyer PRD 2005, PRL 2016.

FLAVOR CONVERSION IN DENSE ENVIRONMENTS
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Balantekin, Gava, Volpe, PLB 662 (2008)



NS

MSW effect

Shock wave effects
shock waveNeutrino-neutrino interactions

Pantaleone, PLB287 (1992).
Duan et al, PRD, 2006

neutrinospheres

MSW
region

Schirato and Fuller, 
hep-ph/0205390 

slow modes
fast modes (m scale or less)

Sawyer PRD 2005, PRL 2016.

FLAVOR CONVERSION IN DENSE ENVIRONMENTS

Presence of front and reverse shocks .
MSW resonance can be met multiple times.

Tom
as et al, JCA

P 09 (2004)

Balantekin, Gava, Volpe, PLB 662 (2008)



MSW EFFECT IN SUPERNOVAE

Main resonances : 
High (H)
Low (L)

Spectral swapping: Modification of  the 
neutrino spectra due to flavor conversion
mechanisms

Evolution at the H-resonance
depends on the unknown sign of 

exploding supernova

neutrinospheres

neutrinos
NMO

MSW resonance
condition
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NS

MSW effect

Shock wave effects (multiple MSW)
shock waveNeutrino-neutrino interactions

Pantaleone, PLB287 (1992).
Duan et al, PRD, 2006

neutrinospheres
MSW
region

Schirato and Fuller, 
hep-ph/0205390 

Turbulence effects
Loreti et al, PRD 52 (1995)

slow modes
fast modes (m scale or less)

Collisional instabilities
Johns, PRL 19 (2023)

Sawyer PRD 2005, PRL 2016.

FLAVOR CONVERSION IN DENSE ENVIRONMENTS

Neutrino-neutrino interactions

MSW effect

Many aspects understood (MSW, shock wave effects, …) 
but important questions remain (neutrino-neutrino
 interaction, interplay with collisions, role of correlations) 
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Balantekin, Gava, Volpe, PLB 662 (2008)



CONCLUSIONS
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Oscillation parameters measured precisely, except Majorana CP violating phases and the Dirac one. 
Key open questions include the neutrino nature, the neutrino absolute mass and mass ordering, 
the origin of the neutrino mass, the neutrino magnetic moment, … 

Neutrinos from dense environments are tightly linked to key open questions,  
in particular the core-collapse supernova mechanism, the sites for heavy elements (r-process),
and from stars are unique laboratories for the search for unknown neutrino properties, new
particles and interactions. 

How neutrinos evolve in dense environments is an open question, where
important developments are ongoing and an active theoretical field since
almost twenty years. Numerous aspects understood (MSW, shock wave and 
turbulence effects) but many open questions remain - interplay between
collisions and flavor mechanisms, role of correlations. 



Connections to other domains
ATOMIC NUCLEI and CONDENSED MATTER

n p

giant resonances nuclear collision
phonons

metallic clusters

MEAN-FIELD level: there are also correlators 
of the pairing-type.

flavor space  

Linearized theory (Random-Phase-Approximation)

Volpe, Väänänen, Espinoza, PRD87 (2013), 1302.2374

Väänänen, Volpe, PRD88 (2013), arXiv: 1306.6372 

Eigenvalue equations tell us about
the occurrence of flavor instabilities.

Linearised equations first introduced by
Sawyer PRD79 (2009), Banerjee , Dighe, Raffelt, PRD 84 (2011)


