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❖ Compact Object Mergers: 
➢ Neutron star - Black hole star  

(or Neutron star - Neutron) binaries

❖ Supernovae

Compact Objects & Supernovae feat. 

Transforming Neutrinos
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Compact Objects & Supernovae feat. 

Transforming Neutrinos



101 on Motivation

❖ Historically astrophysical neutrinos have played important role

➢ Solution to Solar Neutrino Problem 

❖ Yet unknown neutrino properties: 

➢ understanding physics beyond Standard Model

❖ There are lots of them out there … 

➢ understanding underlying physics of their sources

➢ heavy element nucleosynthesis
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Talk by W. 
Haxton

Talk by I. Mocioiu

Talk by G. Raffelt
     K. Patton

Talk by R. 
Surman
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102 on Motivation

Small contributions 

can have large impact!



This talk
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Outline

1. A Lesson on Neutrino self-induced collective transformations

2. Neutrino + Matter induced collective transformations

➢ Matter Neutrino Resonance (MNR)
■ “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

■ “Symmetric” MNR [DV, McLaughlin, in preparation]  

■ Non-Standard Neutrino Interaction (NSνI) induced MNR 
[DV, Kneller, McLaughlin, CJ, in preparation]

3. Conclusions
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        Compute neutrino-neutrino interaction Feynman diagrams and construct mean-field:

Use above to solve the free streaming evolution equation:

 

μ = neutrino-neutrino interaction strength (geometrical dependence)

α = initial neutrino-antineutrino asymmetry

ρ = (anti)neutrino density matrix:

102 on Neutrino Self-Induced Collective Transformation

(for 101 see Talk by G. Raffelt)
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102 on Neutrino Self-Induced Collective Transformation
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NMH        IMH



Conditions for self-induced transformation:

Linearization and Neutrino Flavor Stability analysis

Evolution equation linear eigenvalue equation

102 on Neutrino Self-Induced Collective Transformation
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[Sawyer (2009)]
[Dighe, Raffelt, Banerjee (2011)]
[DV, Volpe (2013)] 

Variation amplitude
Stability matrix, S

= off-diagonal
   nu density matrix
         elements



102 on Neutrino Self-Induced Collective Transformation
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NMH:  Δ = +1        IMH: Δ = -1
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NMH:  Δ = +1        IMH: Δ = -1



102 on Neutrino Self-Induced Collective Transformation
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❖ Relevant characteristics:

➢ Requires interacting and mixed neutrinos

(effect of matter: suppressed oscillations)

➢ Transformation only in inverted neutrino mass hierarchy

➢ Energy dependent

➢ Collective - all neutrinos with same mode behave the same

➢ Explained as an instability in flavor space



1. A Lesson on Neutrino self-induced collective transformations

2. Neutrino + Matter induced collective transformations

➢ Matter Neutrino Resonance (MNR)
■ “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

■ “Symmetric” MNR [DV, McLaughlin, Flynn, in preparation]  

■ Non-Standard Neutrino Interaction (NSνI) induced MNR 
[DV, Kneller, McLaughlin, Stapleford, in preparation]

3. Conclusions



1.1. History: Neutrino flavor evolution above black hole accretion disks

1.2. “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

1.3. “Symmetric” MNR [DV, McLaughlin, Flynn, in preparation]  

1.4. MNR in Supernovae induced by Non-Standard Neutrino Interactions 
[DV, Kneller, McLaughlin, Stapleford, in preparation]

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

 Matter Neutrino Resonance (MNR) 

Daavid Väänänen 6/12/2015  INT-15-2a  

http://inspirehep.net/author/profile/Malkus%2C%20A.?recid=1124086&ln=en
http://inspirehep.net/author/profile/Kneller%2C%20J.P.?recid=1124086&ln=en
http://inspirehep.net/author/profile/McLaughlin%2C%20G.C.?recid=1124086&ln=en
http://inspirehep.net/author/profile/Surman%2C%20R.?recid=1124086&ln=en


1.1. History: Neutrino flavor evolution above black hole accretion disks

Relevant characteristics of accretion disks:

➢ It’s a disk

➢ Mostly electron type neutrinos

➢ Antineutrinos

■ have smaller emission disks 

■ are hotter than neutrinos

It’s a disk!

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]
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1.1. History: Neutrino flavor evolution above black hole accretion disks

Relevant characteristics of accretion disks:

➢ It’s a disk

➢ Mostly electron type neutrinos

➢ Antineutrinos 

■ have smaller emission disks

■ are hotter than neutrinos

It’s a disk!

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

Near the emission disk 

antinue can dominate 

over nue!
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1.1. History: Neutrino flavor evolution above black hole accretion disks

Numerical result

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

ν  & e νe νe
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1.1. History: Neutrino flavor evolution above black hole accretion disks

Numerical result

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

ν  & e νe νe

~
~

These are 
standard MSW 
resonance effects!
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1.1. History: Neutrino flavor evolution above black hole accretion disks

Numerical result

ν  & e νe νe

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

What a
bout th

is?
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1.1. History: Neutrino flavor evolution above black hole accretion disks

Numerical result

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

ν  & e νe νe

~

~

Interaction potentials 
cancel but are large 
compared to vacuum!
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1.1. History: Neutrino flavor evolution above black hole accretion disks

Numerical result

 101 on Matter Neutrino Resonance (MNR) 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

ν  & e νe νe

~

~

That is
 very 

diffe
rent th

an  

MSW or νν effe
cts!

Interaction potentials 
cancel but are large 
compared to vacuum!
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1.1. History: Neutrino flavor evolution above black hole accretion disks

➢ 3 neutrino flavors and multiple energies ...

➢ realistic, but challenging to understand
underlying physics

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

 101 on Matter Neutrino Resonance (MNR) 
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1.1. History: Neutrino flavor evolution above black hole accretion disks

➢ 3 neutrino flavors and multiple energies ...

➢ realistic, but challenging to understand
underlying physics

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

 101 on Matter Neutrino Resonance (MNR) 

Apply Occam’s razor: 

the fewer assumptions, 

the better!
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Simplest model: [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

➢ single energy and emission angle

➢ 2 (anti)neutrino flavors:
➢ Hamiltonian:

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 102 on Matter Neutrino Resonance (MNR) 

“Standard” MNR

Δ = ±1 θv = 0.15
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Ve = 1000

α = 4/3 

http://arxiv.org/abs/arXiv:1403.5797


Simplest model: [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

➢ single energy and emission angle

➢ 2 (anti)neutrino flavors:
➢ Hamiltonian:

➢ Evolution equation: 

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 102 on Matter Neutrino Resonance (MNR) 

“Standard” MNR

Δ = ±1 θv = 0.15
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Ve = 1000

α = 4/3 
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Numerical results: [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)] 

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 102 on Matter Neutrino Resonance (MNR) 

“Standard” MNR
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Numerical results: [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)] 

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 102 on Matter Neutrino Resonance (MNR) 

“Standard” MNR
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Non-linear feedback

maintains the 

resonance!



Analytical prediction: [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

During transformation, assume:

Insert to evolution equation:

Analytical expressions for survival probabilities:
[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 102 on Matter Neutrino Resonance (MNR) 

“Standard” MNR

R(r) = Ve/μ(r) 
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Numerical result VS Analytical prediction

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

R(r) = Ve/μ(r) 
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“Standard” MNR
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Now we know how to describe MNR and that it occurs as a result of 
non-linear feedback mechanism that maintains the resonance
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“Standard” MNR
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The MNR effect is also 
independent of 

neutrino mass hierarchy
and occurs

close to neutrino 
emission surface!

Now we know how to describe MNR and that it occurs as a result of 
non-linear feedback mechanism that maintains the resonance

http://arxiv.org/abs/arXiv:1403.5797


Numerical result VS Analytical prediction

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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“Standard” MNR
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The MNR effect is also 
independent of 

neutrino mass hierarchy
and occurs

close to neutrino 
emission surface!

Can have significant impact on 
heavy element nucleosynthesis!

http://arxiv.org/abs/arXiv:1403.5797


1.1. History: Neutrino flavor evolution above black hole accretion disks

ν  & e νe νe

 101 & 102 on Matter Neutrino Resonance (MNR)  

A Summary

Ok, so we have 

standard MSW here … 

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]
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ν  & e νe νe

… and now we know 

that th
is is MNR! 

 101 & 102 on Matter Neutrino Resonance (MNR)  

A Summary

Numerical result

1.1. History: Neutrino flavor evolution above black hole accretion disks

1.2. “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)] 
[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]
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ν  & e νe νe

What a
bout th

is 

then?

1.1. History: Neutrino flavor evolution above black hole accretion disks

1.2. “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)] 
[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]

 101 & 102 on Matter Neutrino Resonance (MNR)  

A Summary
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1.1. History: Neutrino flavor evolution above black hole accretion disks

1.2. “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)] 

ν  & e νe νe

Symmetric transformation of 
both neutrinos and 
antineutrinos at the location 
where interaction potentials 
cancel!

 101 & 102 on Matter Neutrino Resonance (MNR)  

A Summary

[Malkus, Kneller, McLaughlin, Surman, PRD86 085015 (2012)]
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Melinda and Bill Gates foundation ...
Educational crowdsourcing
Donations

1. A Lesson on Neutrino self-induced collective transformations

2. Neutrino + Matter induced collective transformations

➢ “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:1403.5797 (2014)]

➢ “Symmetric” MNR [DV, McLaughlin, Flynn, in preparation]

➢ Non-Standard-Interaction (NSI) induced MNR 

[DV, Kneller, McLaughlin, Stapleford, in preparation]

3. Conclusions



Simplest model: [DV, McLaughlin, Flynn, in preparation]

➢ single energy and emission angle

➢ 2 (anti)neutrino flavors:
➢ Hamiltonian:

➢ Evolution equation: 

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 103 on Matter Neutrino Resonance (MNR) 

“Symmetric” MNR

Δ = ±1 θv = 0.154
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Ve = 1000

α = 4/3 



Numerical results [DV, McLaughlin, Flynn, in preparation]

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 103 on Matter Neutrino Resonance (MNR) 

“Symmetric” MNR
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NMH:Δ = +1        IMH: Δ = -1



Analytical understanding: [DV, McLaughlin, Flynn, in preparation]

➢ Determine eigenvalues of the Hamiltonian:

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 103 on Matter Neutrino Resonance (MNR) 

“Symmetric” MNR
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Analytical understanding: [DV, McLaughlin, Flynn, in preparation]

➢ Determine eigenvalues of the Hamiltonian:

➢ Minimize:
➢ Insert to evolution equation:

➢ Analytical expressions for 

survival probabilities:

(neglecting vacuum corrections)

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 103 on Matter Neutrino Resonance (MNR) 

“Symmetric” MNR

R = Ve/μ

Daavid Väänänen 6/12/2015  INT-15-2a  

0

α(r) = a+br 



Numerical result VS Analytical prediction

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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“Symmetric” MNR
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Numerical result VS Analytical prediction

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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“Symmetric” MNR
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Adiabatic assumption:



Conditions for MNR:

Analytical prediction - independent of vacuum parameters

Dependence on vacuum? Flavor Stability of the initial system?

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]

 103 on Matter Neutrino Resonance (MNR) 

“Symmetric” MNR
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Conditions for MNR:

Analytical prediction - independent of vacuum parameters

Resonance locations Unstable region

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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“Symmetric” MNR
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Conditions for MNR:

Analytical prediction - independent of vacuum parameters

Numerical results with θv = 0.000154 Self-induced transformation!

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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“Symmetric” MNR
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1. A Lesson on Neutrino self-induced collective transformations

2. Neutrino + Matter induced collective transformations

➢ “Standard” MNR [Malkus, Friedland, McLaughlin, ArXiv:........ (2014)]

➢ “Symmetric” MNR [DV, McLaughlin, in preparation]

➢ Non-Standard-Interaction (NSI) induced MNR 
[DV, Kneller, McLaughlin, Stapleford, in preparation]

3. Conclusions



Simplest model:

➢ single energy and emission angle

➢ 2 (anti)neutrino flavors:
➢ Hamiltonian:

[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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NSI induced MNR in Supernovae
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α = 0.833 Δm2 = 2.4x10-3 θv = 0.154
    



[Vlasenko, Fuller, Cirigliano,
 arXiv:1406.6724 (2014)]
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NSI induced MNR in Supernovae
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Numerical result VS Analytical prediction

R(r) = Ve(r)/μ(r) , 

α = 0.833 



❖ New type of neutrino flavor transformation
➢ requires cancellation of interaction potentials
➢ potentials can be large wrt vacuum!
➢ non-linear feedback mechanism maintaining the resonance 
➢ effects independent of MH
➢ effects occur close to neutrino emission

■ impact on nucleosynthesis!?
❖ “Standard” MNR: antineutrino dominating environment
❖ “Symmetric” both neutrinos and antineutrinos transform
❖ NSI induced: renders MNR plausible in SNe

➢ tool to probe new physics beyond reach of near future experiments!

 Matter Neutrino Resonance (MNR) 

Conclusions



Thank you!!!

Charles Stapleford      Sam Flynn   Yonglin Zhu

McLaughlin       Kneller
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Questions?



 3) Matter Neutrino Resonance (MNR) in Supernovae:  

 

Neutrino Spin Coherence (NSC) induced MNR - the 
case of helicity transformation

[Vlasenko, Fuller, Vincenzo Cirigliano, arXiv:1406.6724 (2014)]



 3) Matter Neutrino Resonance (MNR) in Supernovae:  

 with NSI

Fig. Ye profile

Ye profile [Basel group simulation ... 2010]
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