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Sanduleak Sanduleak −−69 20269 202

Large Magellanic Cloud Large Magellanic Cloud 
Distance 50 kpcDistance 50 kpc
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Neutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987A

Within clock uncertainties,Within clock uncertainties,
signals are contemporaneoussignals are contemporaneous

KamiokandeKamiokande--II (Japan)II (Japan)
Water Cherenkov detectorWater Cherenkov detector
2140 tons2140 tons
Clock uncertainty  Clock uncertainty  ±±1 min1 min

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)
Water Cherenkov detectorWater Cherenkov detector
6800 tons6800 tons
Clock uncertainty  Clock uncertainty  ±±50 ms50 ms

Baksan Scintillator TelescopeBaksan Scintillator Telescope
(Soviet Union), 200 tons(Soviet Union), 200 tons
Random event cluster ~ 0.7/dayRandom event cluster ~ 0.7/day
Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s
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CoreCore--Collapse SN Rate in the Milky WayCollapse SN Rate in the Milky Way

Gamma rays fromGamma rays from
2626Al (Milky Way)Al (Milky Way)

Historical galacticHistorical galactic
SNe (all types)SNe (all types)

SN statistics inSN statistics in
external galaxiesexternal galaxies

No galacticNo galactic
neutrino burstneutrino burst

CoreCore--collapse SNe per centurycollapse SNe per century
00 11 22 33 44 55 66 77 88 99 1010

van den Bergh & McClure (1994)van den Bergh & McClure (1994)

Cappellaro & Turatto (2000)Cappellaro & Turatto (2000)

Diehl et al. (2006)Diehl et al. (2006)

Tammann et al. (1994)Tammann et al. (1994)
Strom (1994)Strom (1994)

90 90 %% CL (25 y obserservation)CL (25 y obserservation) Alekseev et al. (1993)Alekseev et al. (1993)

References: van den Bergh & McClure, ApJ 425 (1994) 205. CappellReferences: van den Bergh & McClure, ApJ 425 (1994) 205. Cappellaro & Turatto, astroaro & Turatto, astro--
ph/0012455. Diehl et al., Nature 439 (2006) 45. Strom, Astron. Aph/0012455. Diehl et al., Nature 439 (2006) 45. Strom, Astron. Astrophys. 288 (1994) L1. strophys. 288 (1994) L1. 
Tammann et al., ApJ 92 (1994) 487. Alekeseev et al., JETP 77 (19Tammann et al., ApJ 92 (1994) 487. Alekeseev et al., JETP 77 (1993) 339 and my update.93) 339 and my update.
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Simulated Supernova Signal at SuperSimulated Supernova Signal at Super--KamiokandeKamiokande

Simulation for SuperSimulation for Super--Kamiokande SN signal at 10 kpc,Kamiokande SN signal at 10 kpc,
based on a numerical Livermore modelbased on a numerical Livermore model

[Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216][Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216]

AccretionAccretion
PhasePhase

KelvinKelvin--HelmholtzHelmholtz
Cooling PhaseCooling Phase
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IceCube as a Supernova Neutrino DetectorIceCube as a Supernova Neutrino Detector

Each optical module (OM) picks upEach optical module (OM) picks up
Cherenkov light from its neighborhood.Cherenkov light from its neighborhood.
SN appears as “correlated noise”.SN appears as “correlated noise”.

•• About 300About 300
CherenkovCherenkov
photons photons 
per OMper OM
from a SNfrom a SN
at 10 kpcat 10 kpc

•• NoiseNoise
per OMper OM
< 260 Hz< 260 Hz

•• Total ofTotal of
4800 OMs4800 OMs
in IceCubein IceCube

IceCube SN signal at 10 kpc, basedIceCube SN signal at 10 kpc, based
on a numerical Livermore modelon a numerical Livermore model
[Dighe, Keil & Raffelt, hep[Dighe, Keil & Raffelt, hep--ph/0303210]ph/0303210]

Method first discussed byMethod first discussed by
•• Pryor, Roos & Webster,Pryor, Roos & Webster,

ApJ 329:355 (1988)ApJ 329:355 (1988)
•• HalzenHalzen, , JacobsenJacobsen & & ZasZas

astroastro--ph/9512080ph/9512080
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LAGUNA LAGUNA -- Approved FP7 Design StudyApproved FP7 Design Study

LLarge arge AApparati for pparati for GGrand rand UUnification and nification and NNeutrino eutrino AAstrophysicsstrophysics
(see also arXiv:(see also arXiv:0705.01160705.0116))
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FlavorFlavor--Dependent Fluxes and SpectraDependent Fluxes and Spectra

Broad characteristicsBroad characteristics
•• Duration a few secondsDuration a few seconds
•• 〈〈EEνν〉〉 ~ ~ 1010−−20 MeV20 MeV
•• 〈〈EEνν〉〉 increases with timeincreases with time
•• Hierarchy of energiesHierarchy of energies

•• Approximate equipartitionApproximate equipartition
of energy between flavorsof energy between flavors

•• Hierarchy of number fluxesHierarchy of number fluxes

Livermore simulation almostLivermore simulation almost
certainly exaggerates thecertainly exaggerates the
flavorflavor--dependentdependent differences,differences,
but no other longbut no other long--termterm
simulation availablesimulation available

xee EEE ννν << xee EEE ννν <<

Livermore numerical modelLivermore numerical model
ApJ 496 (1998) 216ApJ 496 (1998) 216

Prompt Prompt ννee
deleptonizationdeleptonization
burstburst

ννee

ννee

ννxx
__

xee FFF ννν >> xee FFF ννν >>
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LevelLevel--Crossing Diagram in a SN EnvelopeCrossing Diagram in a SN Envelope

Dighe & Smirnov, Identifying the neutrino mass spectrum from a sDighe & Smirnov, Identifying the neutrino mass spectrum from a supernovaupernova
neutrino burst, astroneutrino burst, astro--ph/9907423ph/9907423

Normal mass hierarchyNormal mass hierarchy Inverted mass hierarchyInverted mass hierarchy
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Spectra Emerging from SupernovaeSpectra Emerging from Supernovae

Primary fluxesPrimary fluxes
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Oscillation of Supernova AntiOscillation of Supernova Anti--NeutrinosNeutrinos

Measured Measured spectrum at a detector like spectrum at a detector like 
SuperSuper--Kamiokande Kamiokande 

eνeν Assumed flux parametersAssumed flux parameters

Flux ratioFlux ratio 1:8.0:e =νν μ 1:8.0:e =νν μ

MeV15)(E e =ν MeV15)(E e =ν

MeV18)(E x =ν MeV18)(E x =ν

Mixing parametersMixing parameters
22

sun meV60m =Δ 22
sun meV60m =Δ

9.0)2(sin2 =θ 9.0)2(sin2 =θ

ΠΠ(Dighe, Kachelriess, Keil, Raffelt, Semikoz, Tomàs),(Dighe, Kachelriess, Keil, Raffelt, Semikoz, Tomàs),
hephep--ph/0303210, hepph/0303210, hep--ph/0304150, hepph/0304150, hep--ph/0307050, hepph/0307050, hep--ph/0311172   ph/0311172   

No oscillationsNo oscillations

Oscillations in SN envelopeOscillations in SN envelope

Earth effects includedEarth effects included
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HH-- and Land L--Resonance for MSW OscillationsResonance for MSW Oscillations

R. Tomàs, M. Kachelriess,R. Tomàs, M. Kachelriess,
G. Raffelt, A. Dighe,G. Raffelt, A. Dighe,
H.H.--T. Janka & L. Scheck: T. Janka & L. Scheck: 
Neutrino signatures ofNeutrino signatures of
supernova forward andsupernova forward and
reverse shock propagationreverse shock propagation
[[astroastro--ph/0407132ph/0407132] ] 

ResonanceResonance
density fordensity for

2
atmmΔ 2
atmmΔ

ResonanceResonance
density fordensity for

2
solmΔ 2
solmΔ
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ShockShock--Wave Propagation in IceCubeWave Propagation in IceCube

ChoubeyChoubey, , HarriesHarries & & RossRoss, “Probing neutrino oscillations from supernovae shock, “Probing neutrino oscillations from supernovae shock
waves via the IceCube detector”, astrowaves via the IceCube detector”, astro--ph/0604300ph/0604300

Normal HierarchyNormal Hierarchy

Inverted HierarchyInverted Hierarchy
No shockwaveNo shockwave

Inverted HierarchyInverted Hierarchy
Forward shockForward shock

Inverted HierarchyInverted Hierarchy
Forward & reverse shockForward & reverse shock

,8.0
)(Flux
)(Flux

x

e =
ν
ν ,8.0

)(Flux
)(Flux

x

e =
ν
ν

MeV18E,MeV15E xe == νν MeV18E,MeV15E xe == νν
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Neutrino Density Streaming off a Supernova CoreNeutrino Density Streaming off a Supernova Core

Typical luminosity in oneTypical luminosity in one
neutrino speciesneutrino species

Corresponds to a neutrinoCorresponds to a neutrino
number density ofnumber density of

CurrentCurrent--current structurecurrent structure
of weak interactionof weak interaction
causes suppression ofcauses suppression of
effective potential foreffective potential for
collinearcollinear--moving particlesmoving particles

NuNu--nu refractive effectnu refractive effect
decreases asdecreases as

Appears to be negligibleAppears to be negligible
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SelfSelf--Induced Flavor Oscillations of SN NeutrinosInduced Flavor Oscillations of SN Neutrinos
Survival probability Survival probability ννeeSurvival probability Survival probability ννee

NormalNormal
HierarchyHierarchy

atm atm ΔΔmm22

ΘΘ1313 closeclose
to Choozto Chooz
limitlimit

InvertedInverted
HierarchyHierarchy

NoNo
nunu--nu effectnu effect

NoNo
nunu--nu effectnu effect

MSWMSW
effecteffect

MSWMSW
effecteffect

RealisticRealistic
nunu--nu effectnu effect

BipolarBipolar
collectivecollective
oscillationsoscillations
(single(single--angleangle
approximation)approximation)

MSWMSW

RealisticRealistic
nunu--nu effectnu effect

MSWMSW
effecteffect
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Collective SN neutrino oscillations 2006Collective SN neutrino oscillations 2006--2008  (I)2008  (I)

“Bipolar” collective transformations“Bipolar” collective transformations
important, even for dense matterimportant, even for dense matter

•• Duan, Fuller & Qian Duan, Fuller & Qian 
astroastro--ph/0511275ph/0511275

Numerical simulationsNumerical simulations
•• Including multiIncluding multi--angle effectsangle effects
•• Discovery of “spectral splits”Discovery of “spectral splits”

•• Duan, Fuller, Carlson & QianDuan, Fuller, Carlson & Qian
astroastro--ph/0606616, 0608050ph/0606616, 0608050

•• Pendulum in flavor spacePendulum in flavor space
•• Collective pair annihilationCollective pair annihilation
•• Pure precession modePure precession mode

•• Hannestad, Raffelt, Sigl & WongHannestad, Raffelt, Sigl & Wong
astroastro--ph/0608695ph/0608695

•• Duan, Fuller, Carlson & QianDuan, Fuller, Carlson & Qian
astroastro--ph/0703776ph/0703776

SelfSelf--maintained coherencemaintained coherence
vs. selfvs. self--induced decoherenceinduced decoherence
caused by multicaused by multi--angle effectsangle effects

•• Sawyer, hepSawyer, hep--ph/0408265, 0503013 ph/0408265, 0503013 
•• Raffelt & Sigl, Raffelt & Sigl, hephep--ph/0701182ph/0701182
•• EstebanEsteban--Pretel, Pastor, Tomàs,Pretel, Pastor, Tomàs,

Raffelt & Sigl, arXiv:0706.2498Raffelt & Sigl, arXiv:0706.2498

Theory of “spectral splits”Theory of “spectral splits”
in terms of adiabatic evolution inin terms of adiabatic evolution in
rotating framerotating frame

•• Raffelt & Smirnov,Raffelt & Smirnov,
arXiv:0705.1830, 0709.4641 arXiv:0705.1830, 0709.4641 

•• Duan, Fuller, Carlson & QianDuan, Fuller, Carlson & Qian
arXiv:0706.4293, 0707.0290 arXiv:0706.4293, 0707.0290 

Independent numerical simulationsIndependent numerical simulations •• FogliFogli, , LisiLisi, , MarroneMarrone & M& Mirizziirizzi
arXiv:0707.1998  arXiv:0707.1998  
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Collective SN neutrino oscillations 2006Collective SN neutrino oscillations 2006--2008  (II)2008  (II)

SecondSecond--order muorder mu--tau refractive effecttau refractive effect
important in threeimportant in three--flavor contextflavor context

•• EstebanEsteban--Pretel, Pastor, Tomàs,Pretel, Pastor, Tomàs,
Raffelt & Sigl, arXiv:0712.1137Raffelt & Sigl, arXiv:0712.1137

ThreeThree--flavor effects in Oflavor effects in O--NeNe--Mg SNeMg SNe
on neutronization burston neutronization burst
(MSW(MSW--prepared spectral double split)prepared spectral double split)

•• Duan, Fuller, Carlson & Qian,Duan, Fuller, Carlson & Qian,
arXiv:0710.1271arXiv:0710.1271

•• Dasgupta, Dighe, Mirrizzi & Raffelt,Dasgupta, Dighe, Mirrizzi & Raffelt,
arXiv:arXiv:0801.16600801.1660

Theory of threeTheory of three--flavor collectiveflavor collective
oscillationsoscillations

•• Dasgupta & Dighe,Dasgupta & Dighe,
arXiv:0712.3798arXiv:0712.3798

Identifying the neutrino mass hierarchyIdentifying the neutrino mass hierarchy
at extremely small Thetaat extremely small Theta--1313

•• Dasgupta, Dighe & Mirizzi,Dasgupta, Dighe & Mirizzi,
arXiv:0802.1481 arXiv:0802.1481 
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Neutrino Oscillations in a Neutrino Background Neutrino Oscillations in a Neutrino Background 

νννν

ff

ZZνννν

W, ZW, Z

ff

⎟⎟
⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

−

−
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂
∂

μμ ν
ν

ν
ν e

n2
1

n2
1

e
F

2e

n0

0nn
G2

E2
M

t
i ⎟⎟

⎠

⎞
⎜⎜
⎝

⎛

⎥
⎥
⎦

⎤

⎢
⎢
⎣

⎡

⎟
⎟

⎠

⎞

⎜
⎜

⎝

⎛

−

−
+=⎟⎟

⎠

⎞
⎜⎜
⎝

⎛
∂
∂

μμ ν
ν

ν
ν e

n2
1

n2
1

e
F

2e

n0

0nn
G2

E2
M

t
i

Neutrinos in a mediumNeutrinos in a medium
suffer flavorsuffer flavor--dependentdependent
refractionrefraction
(Wolfenstein,(Wolfenstein,
PRD 17:2369, 1978) PRD 17:2369, 1978) 
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If neutrinos form theIf neutrinos form the
background, thebackground, the
refractive index hasrefractive index has
“offdiagonal elements”“offdiagonal elements”
(Pantaleone,(Pantaleone,
PLB 287:128, 1992)PLB 287:128, 1992)

•• One can not operationally distinguish betweenOne can not operationally distinguish between
“beam” and “background”“beam” and “background”

•• Problem is fundamentally nonlinearProblem is fundamentally nonlinear
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Matrices of Density in Flavor SpaceMatrices of Density in Flavor Space

Neutrino quantum fieldNeutrino quantum field

Spinors in flavor spaceSpinors in flavor space

Quantum states (amplitudes)Quantum states (amplitudes)

Variables for discussing neutrino flavor oscillationsVariables for discussing neutrino flavor oscillations

“Matrices of densities” “Matrices of densities” 
(analogous to occupation numbers)(analogous to occupation numbers)

“Quadratic” quantities, required for“Quadratic” quantities, required for
dealing with decoherence, collisions,dealing with decoherence, collisions,
PauliPauli--blocking, nublocking, nu--nunu--refraction, etc.refraction, etc.

Sufficient for “beam experiments”Sufficient for “beam experiments”
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General Equations of MotionGeneral Equations of Motion
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•• Vacuum oscillationsVacuum oscillations
M is neutrino mass matrixM is neutrino mass matrix

•• Note opposite sign betweenNote opposite sign between
neutrinos and antineutrinosneutrinos and antineutrinos

Nonlinear nuNonlinear nu--nu effects are importantnu effects are important
when nuwhen nu--nu interaction energy exceedsnu interaction energy exceeds
typical vacuum oscillation frequencytypical vacuum oscillation frequency
(Do not compare with matter effect!)(Do not compare with matter effect!)
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TwoTwo--Flavor Neutrino Oscillations in VacuumFlavor Neutrino Oscillations in Vacuum
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Synchronized Oscillations by SelfSynchronized Oscillations by Self--InteractionsInteractions
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Neutrino ensemble with a broad distribution of momentum modesNeutrino ensemble with a broad distribution of momentum modes

Neutrinos precess withNeutrinos precess with
different frequenciesdifferent frequencies
in external magneticin external magnetic
field B (in flavor space)field B (in flavor space)

The ensemble of neutrinoThe ensemble of neutrino
magnetic moments createsmagnetic moments creates
an “internal magnetic field”an “internal magnetic field”
that is felt by each neutrinothat is felt by each neutrino

Internal field Internal field ≫≫ external Bexternal B

→→ All modes lock to each other and spinAll modes lock to each other and spin--precessprecess
together, in analogy to spintogether, in analogy to spin--orbit coupling in atomsorbit coupling in atoms

p2
m2

synch
Δ

=ω
p2

m2
synch

Δ
=ω

SynchronizedSynchronized
oscillationoscillation
frequencyfrequency

PastorPastor, , RaffeltRaffelt
& & SemikozSemikoz,,
hephep--ph/0109035  ph/0109035  
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Synchronizing Oscillations by Neutrino InteractionsSynchronizing Oscillations by Neutrino Interactions

Vacuum oscillation frequency Vacuum oscillation frequency 
of mode with momentum p ~ Eof mode with momentum p ~ E p2

m2
osc

Δ
=ω

p2
m2

osc
Δ

=ω Modified in a medium by theModified in a medium by the
usual weakusual weak--interaction potentialinteraction potential

In an ensemble withIn an ensemble with
a broad momentuma broad momentum
distribution, thedistribution, the
pp--dependent oscillationdependent oscillation
frequency quickly leadsfrequency quickly leads
to kinematicalto kinematical
flavor decoherenceflavor decoherence

In a dense neutrino gas,In a dense neutrino gas,
all modes go with theall modes go with the
same frequency:same frequency:
“Synchronized“Synchronized
flavor oscillations” orflavor oscillations” or
“self“self--maintainedmaintained
coherence”coherence”

PastorPastor, , RaffeltRaffelt & & SemikozSemikoz, hep, hep--ph/0109035  ph/0109035  
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Oscillations of Neutrinos plus Antineutrinos in a BoxOscillations of Neutrinos plus Antineutrinos in a Box

Equal      and      densities, single energy E, withEqual      and      densities, single energy E, witheνeν eνeν
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F e
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self termsself terms

P)PP(PBPt ×−+×−=∂ μω P)PP(PBPt ×−+×−=∂ μω

)(ν)(ν

)(ν)(ν
43421 43421 4434421 4434421

Opposite vacuumOpposite vacuum
oscillationsoscillations

ωμκ = ωμκ =

PP
PP

BB
ω+ ω+

ω− ω−

PP

PP

BB

“Pendulum in flavor space”“Pendulum in flavor space”
•• Inverted mass hierarchyInverted mass hierarchy

→→ Inverted pendulumInverted pendulum
→→ UnstableUnstable eveneven forfor smallsmall mixingmixing angleangle

•• Normal mass hierarchyNormal mass hierarchy
→→ SmallSmall--amplitude oscillationsamplitude oscillations
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Flavor Conversion Without Flavor Mixing?Flavor Conversion Without Flavor Mixing?

•• This is no real “flavor conversion”,This is no real “flavor conversion”,
rather a “coherent pair conversion”rather a “coherent pair conversion”

•• Occurs anyway at second order GOccurs anyway at second order GFF
•• Coherent “speedCoherent “speed--up effect” (Sawyer)up effect” (Sawyer)

Equal Equal ννee and and ννee densities in a boxdensities in a box
(inverted hierarchy)(inverted hierarchy)

Inverted pendulum:Inverted pendulum:

•• Time to fall dependsTime to fall depends
logarithmically onlogarithmically on
small initial angle small initial angle ΘΘ

•• Stays up forever onlyStays up forever only
for  for  ΘΘ = 0= 0

•• Unstable by quantumUnstable by quantum
uncertainty relationuncertainty relation
(“How long can a pencil(“How long can a pencil
stand on its tip?”)stand on its tip?”)

μμνν↔νν ee μμνν↔νν ee

Not clear (to me) if coherentNot clear (to me) if coherent
transformations can be triggeredtransformations can be triggered
by quantum fluctuations aloneby quantum fluctuations alone
(mixing angle (mixing angle ΘΘ = 0)= 0)

__
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Supernova Neutrino ConversionSupernova Neutrino Conversion

NeutrinosNeutrinos
in a boxin a box

NeutrinosNeutrinos
streamingstreaming
off a off a 
supernovasupernova
corecore

Permanent pendularPermanent pendular
oscillationsoscillations

Complete conversionComplete conversion

•• NuNu--nu interaction energynu interaction energy
decreasesdecreases

•• Pendulum’s moment ofPendulum’s moment of
inertia inertia μμ−−11 increasesincreases

•• Conservation of angular Conservation of angular 
momentummomentum
→→ kinetic energy decreaseskinetic energy decreases
→→ amplitude decreases amplitude decreases ∝∝ μμ1/21/2

ν=μ nG2 F ν=μ nG2 F
Envelope declinesEnvelope declines
as as ∝∝ μμ1/21/2 ∝∝ rr−−22
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Flavor Conversion in Toy SupernovaFlavor Conversion in Toy Supernova

Pendular
Oscillations

•• Assume 80% antiAssume 80% anti--neutrinosneutrinos
•• Vacuum oscillation frequencyVacuum oscillation frequency

ωω = 0.3 km= 0.3 km−−11

•• NeutrinoNeutrino--neutrino interaction neutrino interaction 
energy at nu sphere (r = 10 km)energy at nu sphere (r = 10 km)
μμ = 0.3= 0.3××101055 kmkm−−11

•• Falls off approximately as Falls off approximately as rr−−44

(geometric flux dilution and nus(geometric flux dilution and nus
become more cobecome more co--linear)linear)

Decline of oscillation amplitudeDecline of oscillation amplitude
explained in pendulum analogyexplained in pendulum analogy
by inreasing moment of inertiaby inreasing moment of inertia
(Hannestad, Raffelt, Sigl & Wong(Hannestad, Raffelt, Sigl & Wong
astroastro--ph/0608695)ph/0608695)
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Flavor Pair Conversion vs. Flavor Lepton ConservationFlavor Pair Conversion vs. Flavor Lepton Conservation

20% excess flux of20% excess flux of
over      at the over      at the 

sourcesource

Excess flux ofExcess flux of
overover

conserverdconserverd

•• FlavorFlavor--dependent flux hierarchy of neutrinosdependent flux hierarchy of neutrinos
emerging from a SN core (         pair excess)emerging from a SN core (         pair excess)

•• Interior of a SN core:Interior of a SN core:
Chemical Chemical ννee potential (no pair excess)potential (no pair excess)

xee FFF ννν >> xee FFF ννν >>

exe nnn ννν >> exe nnn ννν >>

eeνν eeνν

eνeν eνeν

eνeν eνeν

•• (Collective) oscillations preserve flavor(Collective) oscillations preserve flavor--lepton number in the mass basislepton number in the mass basis
•• Essentially identical to weakEssentially identical to weak--interaction basis for small mixinginteraction basis for small mixing

and/or large matter effectsand/or large matter effects
•• Of course not true when MSW resonance play a roleOf course not true when MSW resonance play a role
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Large flavor conversion with small mixing angleLarge flavor conversion with small mixing angle

MSW effectMSW effect Collective pair conversionsCollective pair conversions

xe νν → xe νν → xxee νννν → xxee νννν →

•• Solar neutrinosSolar neutrinos
(but mixing angle anyway large)(but mixing angle anyway large)

•• Neutrinos propagating throughNeutrinos propagating through
mantle and envelope of SN mantle and envelope of SN 
driven by             and  driven by             and  

Dense flux of         in excess over otherDense flux of         in excess over other
flavorsflavors
•• Core collapse supernovaCore collapse supernova
•• Coalescing neutron starsCoalescing neutron stars

(short gamma(short gamma--ray bursts)ray bursts)

Flavor lepton number strongly violatedFlavor lepton number strongly violated Flavor lepton number conservedFlavor lepton number conserved

EffectEffect disappearsdisappears forfor smallsmall mixingmixing angleangle
(loss of adiabaticity)(loss of adiabaticity)

•• Effect logarithmically delayed withEffect logarithmically delayed with
small mixing angle small mixing angle ΘΘ

•• Effective even for very small Effective even for very small ΘΘ

Driven by matter density gradientDriven by matter density gradient Driven by neutrino flux dilution withDriven by neutrino flux dilution with
distance from source distance from source 

2
atmmΔ 2
atmmΔ 13Θ13Θ

eeνν eeνν
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Coalescing Neutron Stars and Short GammaCoalescing Neutron Stars and Short Gamma--Ray BurstsRay Bursts

eeνν

−+ee

Accretion disk or torus

plasma

Gamma rays

100−200 km

Density of torus relatively small:Density of torus relatively small:
•• ννμμ and and ννττ not efficiently producednot efficiently produced
•• Large           pair abundanceLarge           pair abundance

•• Annihilation rate strongly suppressed ifAnnihilation rate strongly suppressed if
pairs transform to           pairspairs transform to           pairs

•• Collective effects important?Collective effects important?

eeνν eeνν

eeνν eeνν xxνν xxνν
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Synchronized vs. Pendular OscillationsSynchronized vs. Pendular Oscillations

•• Ensemble of unequal densities                  (antineutrino frEnsemble of unequal densities                  (antineutrino fraction action αα < 1< 1)    )    
•• Equal energies (equal oscillation frequency Equal energies (equal oscillation frequency ωω = = ΔΔmm22/2E/2E))
•• Interaction energy Interaction energy 

ee nn νν α= ee nn νν α=

enG2 F ν=μ enG2 F ν=μ
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Synchronized vs. Pendular OscillationsSynchronized vs. Pendular Oscillations

Free oscillationsFree oscillations
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Pendulum in Flavor SpacePendulum in Flavor Space

Mass directionMass direction
in flavor spacein flavor space

PrecessionPrecession
(synchronized oscillation)(synchronized oscillation)

NutationNutation
(pendular(pendular
oscillation)oscillation)

SpinSpin
(Lepton Asymmetry)(Lepton Asymmetry)

•• Very asymmetric systemVery asymmetric system
-- Large spin Large spin 
-- Almost pure precession Almost pure precession 
-- Fully synchronized oscillationsFully synchronized oscillations

•• Perfectly symmetric systemPerfectly symmetric system
-- No spinNo spin
-- Simple spherical pendulumSimple spherical pendulum
-- Fully pendular oscillationFully pendular oscillation

[Hannestad, Raffelt, Sigl, Wong:[Hannestad, Raffelt, Sigl, Wong:
astroastro--ph/0608695]ph/0608695]

νν > nn νν > nn

Polarization vectorPolarization vector
for neutrinos plusfor neutrinos plus
antineutrinos antineutrinos 

νν = nn νν = nn

≫≫
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Neutrino Conversion and Gyroscopic Flavor PendulumNeutrino Conversion and Gyroscopic Flavor Pendulum

Sleeping
top

Precession
and nutation

Ground
state

11 22 33

11 22 33
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Role of Ordinary MatterRole of Ordinary Matter

•• Matter has identical effect on nus and antiMatter has identical effect on nus and anti--nusnus
•• In rotating frame (frequency In rotating frame (frequency λλ) no matter effect) no matter effect

(Duan et al. astro(Duan et al. astro--ph/0511275)ph/0511275)
•• Rotating BRotating B--field drives unstable inverted pendulumfield drives unstable inverted pendulum

P)PP(PLPBPt ×−+×+×+=∂ μλω P)PP(PLPBPt ×−+×+×+=∂ μλω

P)PP(PLPBPt ×−+×+×−=∂ μλω P)PP(PLPBPt ×−+×+×−=∂ μλω

)(ν)(ν

)(ν)(ν

ωμκ = ωμκ =

PP
PP

BB LL

θ2θ2

LL

θ2θ2

BB

PP
PP

ωμκ = ωμκ =

Vacuum In matter

E2m2Δω = E2m2Δω =

eFnG2=λ eFnG2=λ

ν=μ nG2 F ν=μ nG2 F

B = mass directionB = mass direction

L = weakL = weak--interactioninteraction
directiondirection

•• B projection on L playsB projection on L plays
role of Brole of Beff eff 

•• ωωeff eff = = ωω cos(2cos(2θθ))

•• No transformation forNo transformation for
maximal mixingmaximal mixing !!

•• Oscillation periodOscillation period

Hannestad, Raffelt, Sigl,Hannestad, Raffelt, Sigl,
Wong: astroWong: astro--ph/0608695ph/0608695

⎟
⎠
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⎝
⎛ +≈ − 221ln λκκθκ ⎟

⎠
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⎝
⎛ +≈ − 221ln λκκθκ
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LevelLevel--Crossing Diagram for Inverted HierarchyCrossing Diagram for Inverted Hierarchy

Collective oscillationsCollective oscillations
driven by driven by ΘΘ13 13 and and ΔΔmmatmatm

EstebanEsteban--PretelPretel, , PastorPastor, , TomàsTomàs, , RaffeltRaffelt & & SiglSigl
arXiv:0712.1137 arXiv:0712.1137 
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Mass Hierarchy at Extremely Small ThetaMass Hierarchy at Extremely Small Theta--1313

Dasgupta, Dighe & Mirizzi, arXiv:0802.1481Dasgupta, Dighe & Mirizzi, arXiv:0802.1481

Ratio of spectra inRatio of spectra in
two water Cherenkovtwo water Cherenkov
detectors (0.4 Mton),detectors (0.4 Mton),
one shadowed by theone shadowed by the
Earth, the other notEarth, the other not

Using Earth matter effects to diagnose transformationsUsing Earth matter effects to diagnose transformations
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SecondSecond--Order MuOrder Mu--Tau Refractive DifferenceTau Refractive Difference

•• SecondSecond--order differenceorder difference
between between ννμμ and and ννττ
matter effect causesmatter effect causes
a level crossing in thea level crossing in the
2323--flavor subsystemflavor subsystem

•• Not normally important ifNot normally important if
ννμμ and and ννττ fluxes are equalfluxes are equal

•• Even in this case,Even in this case,
collective effects causecollective effects cause
a large dependence ofa large dependence of

andand
survival probabilitiessurvival probabilities
on matter density andon matter density and
on deviation of on deviation of 
2323--mixing from maximalmixing from maximal

EstebanEsteban--Pretel, Pastor, Tomàs, Raffelt & Sigl, arXiv:0712.1137 (Dec. 200Pretel, Pastor, Tomàs, Raffelt & Sigl, arXiv:0712.1137 (Dec. 2007)7)

eνeν eνeν
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LevelLevel--Crossing Diagram with Large MuCrossing Diagram with Large Mu--Tau EffectTau Effect

EstebanEsteban--PretelPretel, , PastorPastor, , TomàsTomàs, , RaffeltRaffelt & & SiglSigl, arXiv:0712.1137 , arXiv:0712.1137 

ThetaTheta--23 in first octant23 in first octant ThetaTheta--23 in second octant23 in second octant
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Flavor conversion depending on Flavor conversion depending on ΔΔVVμτμτ and and ΘΘ2323

EstebanEsteban--Pretel, Pastor, Tomàs, Raffelt & Sigl, arXiv:0712.1137Pretel, Pastor, Tomàs, Raffelt & Sigl, arXiv:0712.1137

ννee flux emergingflux emerging
from SN surfacefrom SN surface
(at nu sphere(at nu sphere
25% larger than25% larger than

flux)flux)

flux emergingflux emerging
from SN surfacefrom SN surface
(normalized to 1(normalized to 1
at nu sphere)at nu sphere)

eνeν

eνeν



Georg Raffelt, Max-Planck-Institut für Physik, München Focus Week Neutrino Mass, 17-21 March 2008, IPMU, Tokyo, Japan

Supernova Sensitivity to Neutrino Mixing ParametersSupernova Sensitivity to Neutrino Mixing Parameters

For inverted mass hierarchy, collective flavor conversionsFor inverted mass hierarchy, collective flavor conversions
cause the flavor neutrino fluxes emerging from a supernovacause the flavor neutrino fluxes emerging from a supernova
to be sensitive to mixing parameters in counterto be sensitive to mixing parameters in counter--intuitive waysintuitive ways

•• ThetaTheta--13, even if arbitrarily (?) small13, even if arbitrarily (?) small

•• ThetaTheta--23, small deviations from maximal mixing23, small deviations from maximal mixing
(if density is so large that mu(if density is so large that mu--tau matter effect important)tau matter effect important)

•• Dirac phase: has not been investigatedDirac phase: has not been investigated
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MultiMulti--Energy and MultiEnergy and Multi--Angle EffectsAngle Effects
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•• Different modes oscillateDifferent modes oscillate
with different frequencieswith different frequencies
→→ kinematical decoherencekinematical decoherence

•• SelfSelf--maintained coherencemaintained coherence
by nuby nu--nu interactionsnu interactions

•• Can lead to “spectral split”Can lead to “spectral split”

Isotropic matter backgroundIsotropic matter background
affects all modes the sameaffects all modes the same

MultiMulti--angle effects for nonangle effects for non--isotropicisotropic
nu distribution (streaming from SN):nu distribution (streaming from SN):
Different modes should oscillateDifferent modes should oscillate
differently differently →→ kinematical decoherencekinematical decoherence
However, nuHowever, nu--nu interaction can lead tonu interaction can lead to

•• “Angular synchronization”“Angular synchronization”
(quasi(quasi--single angle behavior)single angle behavior)

•• SelfSelf--accelerated multiaccelerated multi--angleangle
decoherencedecoherence
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Spectral Split (Stepwise Spectral Swapping)Spectral Split (Stepwise Spectral Swapping)

FogliFogli, , LisiLisi, , MarroneMarrone & M& Mirizziirizzi, arXiv:0707.1998, arXiv:0707.1998

Initial fluxesInitial fluxes
at nu sphereat nu sphere

AfterAfter
collectivecollective
transtrans--
formationformation

For explanation seeFor explanation see

Raffelt & SmirnovRaffelt & Smirnov
arXiv:0705.1830arXiv:0705.1830

0709.46410709.4641

Duan, Fuller,Duan, Fuller,
Carlson & QianCarlson & Qian
arXiv:0706.4293arXiv:0706.4293

0707.02900707.0290
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Spectral split in terms of the Spectral split in terms of the ωω variablevariable

initialν

initialν

finalν

finalν

Collective conversion of thermal spectra of Collective conversion of thermal spectra of ννee and and ννee as in a supernovaas in a supernova
__

Energy spectrumEnergy spectrum Spectrum in terms of Spectrum in terms of ωω == ΔΔmm22/2E/2E

Flavor lepton number conservation:Flavor lepton number conservation:
Equal integralsEqual integrals

Raffelt & Smirnov, arXiv:Raffelt & Smirnov, arXiv:0709.46410709.4641

initialνinitialν

finalν finalν
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Adiabatic Evolution in CoAdiabatic Evolution in Co--Rotating FrameRotating Frame
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ωωω μω PDPBPt ×+×=∂ ωωω μω PDPBPt ×+×=∂

E2m2Δω += E2m2Δω +=

E2m2Δω −= E2m2Δω −=
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•• Each mode follows its “Hamiltonian”Each mode follows its “Hamiltonian”

•• All Hamiltonians are in a single planeAll Hamiltonians are in a single plane

•• Initially (Initially (μμ = = ∞∞) all modes are aligned) all modes are aligned
with their Hamiltonianswith their Hamiltonians

•• For adiabatic evolution (For adiabatic evolution (μμ evolves slowly)evolves slowly)
always stay aligned with Halways stay aligned with Hωω

•• In the coIn the co--rotating plane of B and D, rotating plane of B and D, 
the Hamiltonians Hthe Hamiltonians Hωω are static,are static,
evolution is adiabaticevolution is adiabatic

•• In the end (In the end (μμ = = 00)  all modes with )  all modes with ωω > > ωωcc aligned with B, aligned with B, 
all modes with all modes with ωω < < ωωcc antianti--alignedaligned

•• Final value Final value ωωcc = = ωωsplitsplit determined by flavordetermined by flavor--lepton conservation lepton conservation 

ωωω PHPt ×=∂ ωωω PHPt ×=∂

DBH μωω += DBH μωω +=

ωω μ HD||P ≈ ωω μ HD||P ≈

DB)(H c μωωω +−= DB)(H c μωωω +−=
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finalfinal

Evolution of Energy Modes Toward a Spectral SplitEvolution of Energy Modes Toward a Spectral Split

Raffelt & Smirnov, arXiv:Raffelt & Smirnov, arXiv:0709.46410709.4641

initialinitial

numerical fully adiabatic
(analytic)
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Neutrinos in a Box: Kinematical MultiNeutrinos in a Box: Kinematical Multi--Angle DecoherenceAngle Decoherence

InvertedInverted
HierarchyHierarchy

Isotropic vs. “half isotropic” Isotropic vs. “half isotropic” 

NormalNormal
HierarchyHierarchy

•• Complete kinematicalComplete kinematical
decoherence for bothdecoherence for both
hierarchieshierarchies

•• A very small initial deviationA very small initial deviation
from isotropy is enoughfrom isotropy is enough
to  trigger a runto  trigger a run--awayaway

•• Isotropic case anIsotropic case an
unstable fixed pointunstable fixed point

•• Flavor equipartition genericFlavor equipartition generic
outcomeoutcome

•• Pure flavor system not stablePure flavor system not stable
on the classical level on the classical level 

Raffelt & Sigl:Raffelt & Sigl:
SelfSelf--induced decoherence ininduced decoherence in
dense neutrino gasesdense neutrino gases
[[hephep--ph/0701182ph/0701182]]
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MultiMulti--Angle Kinematical Decoherence (Symmetric Case)Angle Kinematical Decoherence (Symmetric Case)

InvertedInverted
HierarchyHierarchy

NormalNormal
HierarchyHierarchy

Isotropic (single angle)Isotropic (single angle) Large flux (“half isotropic”)Large flux (“half isotropic”)
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Examples for Kinematical DecoherenceExamples for Kinematical Decoherence

SmallSmall
asymmetryasymmetry

LargeLarge
asymmetryasymmetry
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End State of Polarization Vectors for Angular ModesEnd State of Polarization Vectors for Angular Modes
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Critical Asymmetry for DecoherenceCritical Asymmetry for Decoherence

Effective fluxEffective flux
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EstebanEsteban--Pretel, Pastor, Tomàs, Raffelt & Sigl:Pretel, Pastor, Tomàs, Raffelt & Sigl:
Decoherence in supernova neutrino transformationsDecoherence in supernova neutrino transformations
suppressed by deleptonizationsuppressed by deleptonization astroastro--phph//0706.24980706.2498
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SN 1006SN 1006

Looking forward to the next galactic supernovaLooking forward to the next galactic supernova

http://antwrp.gsfc.nasa.gov/apod/ap060430.htmlhttp://antwrp.gsfc.nasa.gov/apod/ap060430.html
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SN 1006SN 1006

http://antwrp.gsfc.nasa.gov/apod/ap060430.htmlhttp://antwrp.gsfc.nasa.gov/apod/ap060430.html

May take a long timeMay take a long time



Georg Raffelt, Max-Planck-Institut für Physik, München Focus Week Neutrino Mass, 17-21 March 2008, IPMU, Tokyo, Japan

SN 1006SN 1006

http://antwrp.gsfc.nasa.gov/apod/ap060430.htmlhttp://antwrp.gsfc.nasa.gov/apod/ap060430.html

No problemNo problem
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SN 1006SN 1006

http://antwrp.gsfc.nasa.gov/apod/ap060430.htmlhttp://antwrp.gsfc.nasa.gov/apod/ap060430.html

Lots of theoretical work to do!Lots of theoretical work to do!
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