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MPP contribution

~100 papers from our astroparticle group: ~10% of total
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Why do we care?
Flavour conversions alter the neutrino heating of the shock

Y. Suwa, et al.,  
Astrophys. J.  738 (2011) 165
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Why do we care?
Flavour conversions alter the nucleosynthesis processes

 H. Duan, A. Friedland, G. C. McLaughlin and R. Surman J. Phys. G 38 (2011) 035201
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ν – sphere

R ~ 10 km

MSW effect

R ∈ [103,105] km

[1] Dighe, Smirnov, 2000
[2] Schirato, Fuller, 2002 
[3] Fogli, Lisi, Mirizzi, Montanino, 2002
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Self induced slow conversions
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ν – sphere

R ~ 10 km

Self-induced
slow conversions

R ∈ [102, few 102] km

 [1] Pantaleone, 1992
[2] Hannestad, Raffelt, Sigl, Wong,  2006
[3] Duan, Fuller, Carlson, Qian, 2006
[4] Fogli, Lisi, Marrone, Mirizzi, 2007
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Self induced fast conversions
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ν – sphere

R ~ 10 km

R ~ Rν-sphere

 [1] Sawyer, 2005-2009-2016
[2] Chakraborty, Hansen, Izaguirre, Raffelt, 2016
[3] Dasgupta, Mirizzi, Sen 2016
[4] Capozzi, Dasgupta, Lisi, Marrone,  

       Mirizzi, 2017
Self-induced

fast conversions
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How to study self-induced conversions

- Numerical Simulations

- Normal mode analysis

- Experimentally?
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Numerical simulations

We need to solve a Boltzmann kinetic equation
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Numerical simulations

Flavor conversions

We need to solve a Boltzmann kinetic equation
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Numerical simulations

Collisions

We need to solve a Boltzmann kinetic equation
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Numerical simulations
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Numerical simulations

No conversions: study supernova explosion

We need to solve a Boltzmann kinetic equation

Only solvable with some approximations
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Numerical simulations

We need to solve a Boltzmann kinetic equation

Only solvable with some approximations

No collisions: study flavor conversions
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Numerical simulations: fast conversions

R

νe

νe

_

Rν
_ Rν

νe

νe

_

νe decoupling
_

νe decoupling

Fast conversions ⇔ different angular distributions of νe and νe
_

Favorable conditions are expected before νe decoupling
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Numerical simulations: fast conversions

Fast conversions must be simulated with collisions 
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Collision rate is much smaller than conversion rate (Γ << μ).
Collisions generate fast conversion, but do not suppress them

F. Capozzi, B. Dasgupta, A. Mirizzi,  
M. Sen and G. Sigl, arXiv:1808.06618
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Numerical simulations: fast conversions

No conditions for fast conversion in 1D simulations
I. Tamborra, L. Huedepohl, G. Raffelt and H. T. Janka,  

Astrophys. J. 839 (2017) 132
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How to study self-induced conversions

- Numerical Simulations

- Normal mode analysis

- Experimentally?
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Normal mode analysis
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Normal mode analysis
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Normal mode analysis
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Normal mode analysis

Sv(t, x) ⌧ 1
Standard oscillations suppressed by strong matter effects

sv(t, x) ' 1
Neutrinos are produced in flavour eigenstates
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Normal mode analysis

S
v

(t,x) = Q
v

ei(k·x�!t)

Self induced conversions can introduce a rapid growth of S
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Normal mode analysis

S
v

(t,x) = Q
v

ei(k·x�!t)

DISPERSION RELATION

D(!, k) = 0

S. Airen, F. Capozzi, S. Chakraborty, B. Dasgupta, G. Raffelt and T. Stirner, arXiv:1809.09137

I. Izaguirre, G. Raffelt and I. Tamborra, Phys. Rev. Lett.  118 (2017) no.2,  021101

F. Capozzi, B. Dasgupta, E. Lisi, A. Marrone and A. Mirizzi, Phys. Rev. D 96 (2017) no.4,  043016

Self induced conversions can introduce a rapid growth of S
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Normal mode analysis

S
v
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v
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DISPERSION RELATION

D(!, k) = 0

!, k 2 C ) FLAVOUR INSTABILITY

S. Airen, F. Capozzi, S. Chakraborty, B. Dasgupta, G. Raffelt and T. Stirner, arXiv:1809.09137

I. Izaguirre, G. Raffelt and I. Tamborra, Phys. Rev. Lett.  118 (2017) no.2,  021101

F. Capozzi, B. Dasgupta, E. Lisi, A. Marrone and A. Mirizzi, Phys. Rev. D 96 (2017) no.4,  043016

Self induced conversions can introduce a rapid growth of S
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Normal mode analysis: future work

Extend analysis to more complicated (multi-D) models
F. Capozzi, G. Raffelt, T. Stirner [MPP astro-partilce group]



38Francesco Capozzi - Theoretical Astroparticle Group

Normal mode analysis: future work

F. Capozzi, B. Dasgupta, H.-T. Janka, R. Glas, A. Mirizzi, M. Sen

Apply analysis to real supernova simulation and look for instabilities 

Extend analysis to more complicated (multi-D) models
F. Capozzi, G. Raffelt, T. Stirner [MPP astro-partilce group]
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How to study self-induced conversions

- Numerical Simulations

- Normal mode analysis

- Experimentally?
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Information from experiments
Experiments can distinguish flavour conversion scenarios?

FE = flavour equalisation

ME = Matter effects (MSW)
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Information from experiments
We use three detection channels

νe,μ,τ + p —> νe,μ,τ + p(——) (——)

ν-proton elastic scattering (pES)

FpES(E⌫) = F⌫
e

(E⌫) + F⌫̄
e

(E⌫) + 4F⌫
x

(E⌫)



42Francesco Capozzi - Theoretical Astroparticle Group

Information from experiments
We use three detection channels

inverse β decay (IBD)
νe + p —> e+ + n——

FIBD(E⌫) = F⌫̄
e

(E⌫)P̄ee + F⌫
x

(E⌫)(1� P̄ee)
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Information from experiments
We use three detection channels

ν charged-current on 40Ar (ArCC)
νe + 40Ar —> e- + 40K*

FArCC(E⌫) = F⌫
e

(E⌫)Pee + F⌫
x

(E⌫)(1� Pee)
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Assume we are in normal mass ordering. We define:
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Information from experiments: ratios
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R > 6 disfavours “matter effects only” scenario
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R > 6 disfavours “matter effects only” scenario
R < 6 disfavours “flavour equalisation” scenario
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R > 6 disfavours “flavour equalization” scenario
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R > 6 disfavours “flavour equalization” scenario
R ~ 5 - 6 leads to degeneracy between scenarios

x =
F

0
⌫
e

F

0
⌫
x

 1 x̄ =
F

0
⌫̄
e

F

0
⌫
x

 1R̄ =
FpES

FIBD

—

—

Information from experiments: ratios
Assume we are in normal mass ordering. We define:



52Francesco Capozzi - Theoretical Astroparticle Group

Conclusions

Three complimentary ways of studying flavour conversions:
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1) we can use “brute force” numerical simulations
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3) real data can in principle exclude some scenario



56Francesco Capozzi - Theoretical Astroparticle Group

Conclusions

Three complimentary ways of studying flavour conversions:

1) we can use “brute force” numerical simulations

2) we can use normal mode analysis

3) real data can in principle exclude some scenario

Synergy with SN explosion simulators is required 



Francesco Capozzi - Max Planck Institute For Physics

Thank you



Francesco Capozzi - Max Planck Institute For Physics

Backup
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Numerical simulations: fast conversions

R

νe decouplingνe decoupling
_

Rν
_ Rν

Fast conversions ⇔ different angular distributions of νe and νe
_
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Numerical simulations: fast conversions

R

νe decouplingνe decoupling
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Numerical simulations: fast conversions

R

νe

νe

_

Rν
_ Rν

νe

νe

_

Fast conversions ⇔ different angular distributions of νe and νe
_

Favorable conditions are expected before νe decoupling

νe decoupling
_

νe decoupling

Include collisions!
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Flavour conversions: why study them?
Impact on neutrino heating of the shock

Y. Suwa, et al.,  
Astrophys. J.  738 (2011) 165
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Flavour conversions: why study them?
Impact on nucleosynthesis (r-process) 

 H. Duan, A. Friedland, G. C. McLaughlin and  
R. Surman J. Phys. G 38 (2011) 035201
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Normal mode analysis

x , t

S
1

0

Non linear 
evolution

Linear 
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ei(k·x�!t)

Self induced conversions can introduce a rapid growth of S
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Normal mode analysis

S
v

(t,x) = Q
v

ei(k·x�!t)

Self induced conversions can introduce a rapid growth of S

We only know 
what happens here
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Numerical simulations: fast conversions

Simulation with toy model in 1 spatial + 1 temporal dimensions

After generating fast conversions, collisions are unimportant
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F. Capozzi, B. Dasgupta, A. Mirizzi, M. Sen and G. Sigl, arXiv:1808.06618



67Francesco Capozzi - Theoretical Astroparticle Group

SN fluxes: parametrization
We adopt the following parametrisation:

[1] M. Keil, G. G. Raffelt, and H.-T. Janka, Astrophys. J. 590, 971–991 (2003)
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SN fluxes: parametrization
List of fit parameters for W and G models
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JUNO: ν-proton elastic scattering (pES)
νe,μ,τ + p —> νe,μ,τ + p(——) (——)

dNpES
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Hyper-Kamiokande: inverse β decay
νe + p —> e+ + n——

dNIBD
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DUNE: ν-CC scattering on 40Ar (ArCC)
νe + 40Ar —> e- + 40K*

dNArCC

dEvis
= NAr

N
exX

i=1

Z 1

0
dE⌫FArCC(E⌫)�

i
ArCC(E⌫) W (Evis, Te)

FArCC ⌘

8
<

:

F 0
⌫
x

matter e↵ects only, with NO
0.3F 0

⌫
e

+ 0.7F 0
⌫
x

matter e↵ects only, with IO
0.33F 0

⌫
e

+ 0.66F 0
⌫
x

flavor equalization

�E = 0.11
p
Evis/MeV+ 0.02Evis/MeV



72Francesco Capozzi - Theoretical Astroparticle Group

Reconstructing ν flux from pES

dF̃pES
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⌫)

Ei
⌫ =

q
T i
pmp/2

We define the extrema and midpoint for the neutrino energy 
bins as [Eiν,Ei+1ν] and Eiν, respectively, where—
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Reconstructing ν flux from IBD and ArCC

dF̃
IBD

dE⌫

�����
¯Ei

=
1

Np�tot

IBD

(Ēi)
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Flux ratios: R and R, normal ordering—
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Flux ratios: R and R, inverted ordering—
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SN fluxes: Wroclaw/Basel 1D model (W)
(Un)Oscillated (Anti)Neutrino energy fluxes

In NO differences in Pee for both ν and ν

 [MeV]νE
0 20 40 60

 [a
.u

.]
ν0 F

2−10

1−10

1

10

 [MeV]νE
0 20 40 60

 [a
.u

.]
ν0 F

2−10

1−10

1

10 [MeV]νE
0 20 40 60

e
νF

2−10

1−10

1

10

 [MeV]νE
0 20 40 60

e
νF

2−10

1−10

1

10

 [a
.u

.]
eνF

 [a
.u

.]
ν0 F

 [MeV]νE
0 20 40 60

2−10

1−10

1

10

 [MeV]νE
0 20 40 60

2−10

1−10

1

10

eν

xν

Matter (NO)

Matter (IO)

Flavor eq.

Neutrinos Antineutrinos

——

Fit parameters from: 
Fischer, et al., 

Astron. Astrophys. 517, A80 (2010)



77Francesco Capozzi - Theoretical Astroparticle Group

 [MeV]νE
0 20 40 60

 [a
.u

.]
ν0 F

2−10

1−10

1

10

 [MeV]νE
0 20 40 60

 [a
.u

.]
ν0 F

2−10

1−10

1

10 [MeV]νE
0 20 40 60

e
νF

2−10

1−10

1

10

 [MeV]νE
0 20 40 60

e
νF

2−10

1−10

1

10

 [a
.u

.]
eνF

 [a
.u

.]
ν0 F

 [MeV]νE
0 20 40 60

2−10

1−10

1

10

 [MeV]νE
0 20 40 60

2−10

1−10

1

10

eν

xν

Matter (NO)

Matter (IO)

Flavor eq.

Neutrinos Antineutrinos

SN fluxes: Garching 1D model (G)

Smaller differences compared to W model

(Un)Oscillated (Anti)Neutrino energy fluxes

Fit parameters from: 
Serpico, et al.,  

Phys. Rev. D85, 085031 (2012)



78Francesco Capozzi - Theoretical Astroparticle Group

1) Three SNν 
detection channels
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Hyper-Kamiokande: inverse β decay

Hyper-K is sensitive to νe

νe + p —> e+ + n——
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DUNE: ν-CC scattering on 40Ar (ArCC)

DUNE is sensitive to νe

νe + 40Ar —> e- + 40K*
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2) Reconstructing
oscillated ν-fluxes
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[1] H. L. Li, Y. F. Li, M. Wang, L. J. Wen and S. Zhou, Phys. Rev. D 97 (2018) no.6,  063014
[2] B. Dasgupta and J. F. Beacom, Phys. Rev. D 83 (2011) 113006

Similar reconstruction method applies to IBD and ArCC
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3) Flux ratios:
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Statistical significance: R at 10 kpc
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In the case of pure “matter effects” we can disfavour flavour 
equalisation at ~2σ (only for W model)

F. Capozzi, B. Dasgupta and A. Mirizzi, 
   Phys. Rev. D 98 (2018) no.6,  063013
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In the case of pure “matter effects” we can disfavour flavour 
equalization at >~2σ (only for W model)
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