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S.C & Mirizzi, PRD, 2014

Onset of the conversion:
Peak of the growth rate curve



slides from H. Duan

Duan & Shalgar, PLB 2015 
Mirizzi, Mangano & Saviano, PRD 2015

NEUTRINO TRANSPORT & FLAVOR OSCILLATIONS: 
7D PROBLEM



LINEARIZED STABILITY ANALYSIS (0+3+3) 

S.C, Hansen, Izaguirre & Raffelt, JCAP 2015



LINEARIZED STABILITY ANALYSIS: 
INHOMOGENEITY IN TRANSVERSE PLANE (0+3+3)   

S.C, Hansen, Izaguirre & Raffelt, JCAP 2015 



FAST INSTABILITY (0+1+3)



SN n FLAVOR TRANSITIONS: COLLECTIVE OSCILLATION 

Different Neutrino-Sphere for different flavors :
Flavor dependent 

Angular distribution / spectra

n-sphere

Neutrino flux
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FAST INSTABILITY: ORDER μ GROWTH

• Unstable modes grow with rates of order μ instead ofω (μ >> ω)

• This requires different angle distribution for different flavors. 

• The difference spectrum gω,v is flavor dependent

S.C, Hansen, Izaguirre & Raffelt, JCAP 2016 

S.C, Hansen, Izaguirre & Raffelt, Nucl.Phys.B 2016



FAST INSTABILITY (0+1+3)

S.C, Hansen, Izaguirre & Raffelt, JCAP 2016 
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SN: a > 0, b > 0
Axial symmetry broken
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Fast Oscillations: Three Flavor

S.C & M. Chakrabotry,
JCAP, (2019)

In the fast oscillation limit, ⍵ 0,

However, in the three flavor case: two more such tensors,

Dispersion relations:
Connecting Kj

0 & Kj
i

j = 1,2,3
Three decoupled dispersion relations!

Izaguirre, Raffelt and 
Tamborra, PRL 2016

j =1



Fast Oscillations: Three Flavor

There are three effective ‘lepton numbers’ not only ELN 

Neglecting the three flavor effect is 
non-trivial than simply assuming that 

fluxes of the mu and tau neutrinos are equal.

S.C & M. Chakrabotry,
JCAP, (2019)



Asymmetry between
Muon neutrinos 

and Muon  antineutrinos,
mith Muon creation from pair

production

R. Bollig, H.-T. Janka, A. Lohs, 
G. Martınez-Pinedo, C.J. Horowitz, 

and T. Melson,
PRL 119, 242702 (2017)

Full flavor analysis: 
the rise of mu-tau neutrinos



Fast oscillations: Three flavor effects

Nonlinear Results: SN like toy problems



Full flavor Test: Set Up

• Both axial and zenith angle breaking instabilities are allowed

• The angular information of the ‘muon’ simulations were not sufficient

Probe by toy examples

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020

F. Capozzi, S. Abbar, R. Bollig, H. –T. Janka PRD 2021



F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020

Full flavor Test: Set Up

Probe by toy examples

ELN

MuLN

TauLN

Effective lepton
numbers



Case I:

Fast Conversion
In 2 flavor

No Fast Conversion
In 3 flavor

Full flavor Test: Results

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020



Case II:

Fast Conversion
In 2 flavor

Fast Conversion
in all flavors

Though, μ-𝜏 sector 
has no crossing

It participates in the 
flavor conversion

Full flavor Test: Results

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020



Full flavor Test: Results

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020

Case II:

Fast Conversion
In 2 flavor

Fast Conversion
in all flavors

Though, μ-𝜏 sector 
has no crossing

It participates in the 
flavor conversion

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRD 2022

1 + 1D results



Beyond 3 Flavors: Sterile Neutrinos

2 active + 1 sterile, 1 eV2 mass squared difference

Linearized system: The off diagonals  involving sterile evolve trivially in linear order

Non linear results found no influence of 
sterile on evolution on Fast Oscillation. 



Active-Sterile MSW & Fast Oscillation

1) Fast Oscillation driven by,

2) For a given mass ordering MSW either for neutrino or antineutrino

3) ELN (hence Fast oscillation) can be modified by Active-Sterile MSW 

S.C & M. Chakraborty, 
in preparation

I. Tamborra, G. Raffelt, L. Huedepohl & 
H-T Janka, JCAP 2011

Oscillation between e-s sector, only.



Beyond 3 Flavors: Sterile Neutrinos

r (km) r (km)

Inner resonance: few 10s km

Outer resonance:  50-100 km 

Z. Xiong, Meng-Ru Wu & Y-Z. Qian, APJ 2019

S.C & M. Chakraborty, 
in preparation



Beyond 3 Flavors: Sterile Neutrinos

Scenario I: Fast oscillation before active-sterile MSW

Relatively straight forward implication
Possible effect on nucleosynthesis or neutrino spectra at earth  

Scenario II: Fast oscillation after active-sterile MSW

F. Capozzi, S. Abbar, R. Bollig, H. –T. Janka PRD 2021

S.C & M. Chakraborty, 
in preparation



Beyond 3 Flavors: Sterile Neutrinos

Initial ELN

S.C & M. Chakraborty, 
in preparation

Toy Model : Oscillation in e-s sector, only + NO in e-s.

B. Dasgupta, A. Mirizzi
& M. Sen,  JCAP 2017



Beyond 3 Flavors: Sterile Neutrinos

Initial ELN

ELN Post IR ELN Post OR

S.C & M. Chakraborty, 
in preparation

Toy Model:



Beyond 3 Flavors: Sterile Neutrinos

ELN Post OR

S.C & M. Chakraborty, 
in preparation

Fast oscillations are suppressed for Rresonance <  RFO

Possible influence on nucleosynthesis or neutrino spectra at earth

Active-sterile MSW mostly looked into late phase for nucleosynthesis.

Interesting to see what happens in LESA simulations!!  



Thank You, Georg!

Wish you a galactic SN!



Linearized System: 3 Flavor

S. Airen, F. Capozzi, S.C, B. Dasgupta, G. Raffelt & T. Stirner, JCAP 2018

Simillar equations for e-𝜏 and μ-𝜏



M. Chakraborty & S.C, JCAP 2019

Simillar equations for e-𝜏 and μ-𝜏

Evolution of the off-diagonal ‘Sp’ holds all flavor coherence information,

Three Sp’s

Linearized System: 3 Flavor



M. Chakraborty & S.C, JCAP 2019

In the flavor isospin picture,

Spectra :

Simillar spectra for e-𝜏 and μ-𝜏

Linearized System: 3 Flavor



M. Chakraborty & S.C, JCAP 2019

In the lineraized regime, 
• Three off diagonal modes evolve independently!

• Three flavor evolution is equivalent to three two flavor evolution.

In the flavor isospin picture,

Linearized System: 3 Flavor



FAST INSTABILITY

S.C, Hansen, Izaguirre & Raffelt, JCAP 2016 
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Uniform but different distribution 
For neutrinos and antineutrinos,

width parameter (b)

The distribution also connected 
to the lepton asymmetry of the system,

asymmetry parameter (a) 
SN: a > 0, b > 0

S.C, Hansen, Izaguirre & Raffelt, PLB 2016



Case III:
No Fast Conversion

In 2 flavor

No Fast Conversion
in e-𝜏 and e-μ.

μ-𝜏 shows 
instability

Full flavor Test: Results

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020



Case III:
No Fast Conversion

In 2 flavor

No Fast Conversion
in e-𝜏 and e-μ

μ-𝜏 shows 
instability

Full flavor Test: Results

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRL 2020

F. Capozzi, M. Chakraborty, S.C and M. Sen, PRD 2022

1 + 1D results



BREAKING OF STATIONARITY (1+3+3)

• k0 from Fourier transform to the time part, i.e, frequency

• k0 can be both +ve and –ve, thus can nullify matter effect

Abbar & Duan, PLB 2015
Dasgupta & Mirizzi, PRD 2015



BREAKING OF STATIONARITY (1+1+3)

S.C, Hansen, Izaguirre & Raffelt, PLB 2015.
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• For simplicity assume spatial homogeneity, k = 0, K0 ≠ 0

Cascading between different 
temporal modes would 

change the picture

However, that depends on the
Duration of  instability

Capozzi, Dasgupta & Mirizzi,
JCAP 2016



MULTI ANGLE PROBLEM (0+1+2): 

Ignore matter: Matter induced resonance happens 
far away from collective, however…….

Esteban-Pretel, Mirizzi, Pastor, Tomas, Raffelt, Serpico & Sigl, PRD 2008
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(E),
azimuthal symmetry in momentum: no φ


