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Based on some very old and some very new papersBased on some very old and some very new papers

G. G. RaffeltG. G. Raffelt
MuMu-- and tauand tau--neutrino spectra formation in supernovaeneutrino spectra formation in supernovae
Astrophys. J. 561, 890 (2001) [astroAstrophys. J. 561, 890 (2001) [astro--ph/0105250] ph/0105250] 

M. T. Keil, G. G. Raffelt & H.M. T. Keil, G. G. Raffelt & H.--T. JankaT. Janka
Monte Carlo study of supernova neutrino spectra formationMonte Carlo study of supernova neutrino spectra formation
Astrophys. J. 590, 971 (2003) [astroAstrophys. J. 590, 971 (2003) [astro--ph/0208035]ph/0208035]

T. Fischer, S. C. Whitehouse, A. Mezzacappa, F. K. ThielemannT. Fischer, S. C. Whitehouse, A. Mezzacappa, F. K. Thielemann
& M. Liebend& M. Liebendöörfer rfer (“Basel Group”)(“Basel Group”)
Protoneutron star evolution and the neutrino driven wind in Protoneutron star evolution and the neutrino driven wind in 
general relativistic neutrino radiation hydrodynamics simulationgeneral relativistic neutrino radiation hydrodynamics simulationss
arXiv:0908.1871 arXiv:0908.1871 

L. HL. Hüüdepohl, B. Mdepohl, B. Müüller, H.ller, H.--T. Janka, A. Marek & G. G. RaffeltT. Janka, A. Marek & G. G. Raffelt
(“Garching Group”)(“Garching Group”)
Neutrino signal of electronNeutrino signal of electron--capture supernovae from capture supernovae from 
core collapse to cooling,core collapse to cooling,
arXiv:0912.0260 arXiv:0912.0260 
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What and Why?What and Why?

•• Assured signal, but few eventsAssured signal, but few events

•• How much realistic information?How much realistic information?
(Star formation rate already well(Star formation rate already well
known?)known?)

•• May be a long waitMay be a long wait
•• Large statisticsLarge statistics
•• Detailed SN dynamicsDetailed SN dynamics
•• Fast time variationsFast time variations
•• Neutrino flavor conversionsNeutrino flavor conversions

Existing and upcoming largeExisting and upcoming large--scale detectors for lowscale detectors for low--E neutrinos are looking forE neutrinos are looking for

•• Need neutrino flux and spectrum ofNeed neutrino flux and spectrum of
an “average SN”an “average SN”

•• Typical average energy most crucialTypical average energy most crucial
for counting ratefor counting rate

•• Next nearby SN need not beNext nearby SN need not be
“typical”, but a lot of detail can be“typical”, but a lot of detail can be
diagnosed in neutrinosdiagnosed in neutrinos

•• For flavor oscillationsFor flavor oscillations
significant significant differencesdifferences betweenbetween
flavor spectra requiredflavor spectra required

Like to predict absolute energy scale and flavor dependenceLike to predict absolute energy scale and flavor dependence

Diffuse SN neutrino background (DSNB)Diffuse SN neutrino background (DSNB) Next nearby supernova (NNSN)Next nearby supernova (NNSN)
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Diffuse Supernova Neutrino Background (DSNB)Diffuse Supernova Neutrino Background (DSNB)

Supernova rate approximatelySupernova rate approximately

1 SN / 101 SN / 101010 LLSun,BSun,B / 100 years/ 100 years

LLsun,Bsun,B == 0.54 L0.54 Lsunsun == 2 2 ×× 10103333 erg/serg/s

EEνν ~ 3 ~ 3 ×× 10105353 erg per coreerg per core--collapsecollapse

CoreCore--collapse neutrino luminosity ofcollapse neutrino luminosity of
typical galaxy comparable to photontypical galaxy comparable to photon
luminosity (from nuclear burning) luminosity (from nuclear burning) 

CoreCore--collapse rate somewhat largercollapse rate somewhat larger
in the past. Estimated presentin the past. Estimated present--dayday

flux ~ 10 cmflux ~ 10 cm−−22 ss−−11
eνeν

Beacom & Vagins, hepBeacom & Vagins, hep--ph/0309300 ph/0309300 
[Phys. Rev. Lett., 93:171101, 2004] [Phys. Rev. Lett., 93:171101, 2004] 

Pushing the boundaries of neutrinoPushing the boundaries of neutrino
astronomy to cosmological distancesastronomy to cosmological distances
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Realistic DSNB EstimateRealistic DSNB Estimate

Horiuchi, Beacom & Dwek, arXiv:0812.3157v3Horiuchi, Beacom & Dwek, arXiv:0812.3157v3
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Interpreting SN 1987A NeutrinosInterpreting SN 1987A Neutrinos
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Jegerlehner, Jegerlehner, 
Neubig & Raffelt,Neubig & Raffelt,
PRD 54 (1996) 1194PRD 54 (1996) 1194

Assume thermalAssume thermal
spectra andspectra and
equipartition ofequipartition of
energy between energy between 
the six degrees the six degrees 
of freedom  of freedom  
ννee,, ννμμ,, ννττ and theirand their
antiparticlesantiparticles

Spectral  Spectral  ννee TemperatureTemperature
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Literature Scan of FlavorLiterature Scan of Flavor--Dependent Neutrino SpectraDependent Neutrino Spectra

Keil, Janka & Raffelt, astroKeil, Janka & Raffelt, astro--ph/0208035ph/0208035
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Neutronization Burst as a Standard CandleNeutronization Burst as a Standard Candle

Different MassDifferent Mass Neutrino TransportNeutrino Transport Nuclear EoSNuclear EoS

KachelriessKachelriess,,
TomàsTomàs, , BurasBuras,,
JankaJanka, , MarekMarek
& & RamppRampp,,
astroastro--phph
/0412082/0412082

If mixingIf mixing
scenario isscenario is
known,known,
perhaps bestperhaps best
method tomethod to
determinedetermine
SN distance,SN distance,
especially ifespecially if
obscuredobscured

(better than(better than
55--10%)10%)
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Millisecond Bounce Time ReconstructionMillisecond Bounce Time Reconstruction

SuperSuper--KamiokandeKamiokande IceCubeIceCube

Halzen & RaffeltHalzen & Raffelt
arXiv:0908.2317arXiv:0908.2317

Onset of neutrinoOnset of neutrino
emissionemission

PagliaroliPagliaroli, , VissaniVissani, , CocciaCoccia & & FulgioneFulgione
arXiv:0903.1191arXiv:0903.1191

•• Emission model adapted toEmission model adapted to
measured SN 1987A datameasured SN 1987A data

•• “Pessimistic distance” of 20 kpc“Pessimistic distance” of 20 kpc

•• Determine bounce time to withinDetermine bounce time to within
a few tens of millisecondsa few tens of milliseconds 10 kpc10 kpc
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Numerical Neutrino Signal (Livermore)Numerical Neutrino Signal (Livermore)

Logarithmic Time & LuminosityLogarithmic Time & LuminosityLinear Time & Luminosity ScaleLinear Time & Luminosity Scale

Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216
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Microphysics for MuMicrophysics for Mu-- and Tauand Tau--Neutrino TransportNeutrino Transport

[1] Suzuki, Num. Astrophys. Japan 2 (1991) 267[1] Suzuki, Num. Astrophys. Japan 2 (1991) 267
[2] Janka, W.Keil, Raffelt & Seckel, PRL 76 (1996) 2621 [astro[2] Janka, W.Keil, Raffelt & Seckel, PRL 76 (1996) 2621 [astro--ph/9507023]ph/9507023]
[3] Hannestad & Raffelt, ApJ 507 (1998) 339 [astro[3] Hannestad & Raffelt, ApJ 507 (1998) 339 [astro--ph/9711132]ph/9711132]
[4] Thompson, Burrows & Horvath, PRC 62 (2000) 035802 [astro[4] Thompson, Burrows & Horvath, PRC 62 (2000) 035802 [astro--ph/0003054]ph/0003054]
[6] Raffelt, ApJ 561 (2001) 890 [astro[6] Raffelt, ApJ 561 (2001) 890 [astro--ph/0105250] ph/0105250] 
[6] Buras, Janka, M.Keil, Raffelt & Rampp, ApJ (2003) [astro[6] Buras, Janka, M.Keil, Raffelt & Rampp, ApJ (2003) [astro--ph/0205006]ph/0205006]
[7] M.Keil, Raffelt & Janka, ApJ (2003) [astro[7] M.Keil, Raffelt & Janka, ApJ (2003) [astro--ph/0208035] ph/0208035] 

Main opacityMain opacity

Energy exchangeEnergy exchange

Pair productionPair production

Traditional treatmentTraditional treatment Dominant processesDominant processes

N Nν + → + νN Nν + → + ν N Nν + → + νN Nν + → + ν

e eν + → + νe eν + → + ν
e eν + → + νe eν + → + ν

RecoilRecoil N Nν + → + νN Nν + → + ν

e e+ −+ → ν + νe e+ −+ → ν + ν
N N N N+ → + + ν + νN N N N+ → + + ν + ν

e eν + ν → ν + νe eν + ν → ν + ν

[2,6,7][2,6,7]

[1[1-- 4]4]

[6,7][6,7]
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Supernova Neutrino Spectra FormationSupernova Neutrino Spectra Formation

Electron flavorElectron flavor (( ))ee,νν ee,νν

Free Free 
streamingstreaming−↔ν epne

−↔ν epne

+↔ν enpe
+↔ν enpe

Thermal Equilibrium

Neutrino sphere (TNeutrino sphere (TNSNS))

Other flavorsOther flavors (( ))τμτμ νννν ,,, τμτμ νννν ,,,

DiffusionDiffusionThermal Equilibrium

Scattering AtmosphereScattering Atmosphere

ν↔ν NN ν↔ν NN

ν↔ν NN ν↔ν NN

νν↔ NNNN νν↔ NNNN
νν↔−+ee νν↔−+ee

ee ν↔ν ee ν↔ν

Free Free 
streamingstreaming

μνμν↔νν ee μνμν↔νν ee

Transport sphereTransport sphereEnergy sphere (TEnergy sphere (TESES))

Raffelt (astroRaffelt (astro--ph/0105250),   Keil, Raffelt & Janka (astroph/0105250),   Keil, Raffelt & Janka (astro--ph/0208035)ph/0208035)

TTfluxflux~~ TTNSNS

TTfluxflux~0.6T~0.6TESES
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Scattering Atmosphere as a “LowScattering Atmosphere as a “Low--Pass Filter”Pass Filter”

DiffusionDiffusion

Blackbody fluxBlackbody flux
from Efrom E--spheresphere

Reflected fluxReflected flux

Thermal Equilibrium Transmitted fluxTransmitted flux
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Flavor Dependence of Neutrino Emission (Basel Group)Flavor Dependence of Neutrino Emission (Basel Group)

Fischer et al. (Basel Group), arXiv:0908.1871Fischer et al. (Basel Group), arXiv:0908.1871
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Spectral Flux CharacteristicsSpectral Flux Characteristics

TwoTwo--parameter fitsparameter fits
(Normalization(Normalization isis
thirdthird parameter)parameter)

Thermal spectrumThermal spectrum
with Fermiwith Fermi--Dirac shapeDirac shape
((ηη fit)fit)

Quasi power law (Quasi power law (αα fit)fit)
αα == 2 Maxwell Boltzmann2 Maxwell Boltzmann
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Energy momentsEnergy moments

(besides total(besides total
luminosity Lluminosity Lνν))

Average energyAverage energy 〈〈EE〉〉

Spectral temperatureSpectral temperature TT== 〈〈EE〉〉 / 3  / 3  (Maxwell Boltzmann)(Maxwell Boltzmann)

General energy momentsGeneral energy moments 〈〈EEnn〉〉

(Two moments required to determine parameters(Two moments required to determine parameters
for twofor two--parameter fits, in addition to normalization)parameter fits, in addition to normalization)

RMS energy (Basel and perhaps others)RMS energy (Basel and perhaps others)

EErmsrms == 〈〈EE22〉〉1/21/2 ≈≈ 1.15 1.15 〈〈EE〉〉 (Maxwell Boltzmann)(Maxwell Boltzmann)

RMS energy (Garching)RMS energy (Garching)

EErmsrms == ( ( 〈〈EE33〉〉 / / 〈〈EE〉〉 ))1/21/2 ≈≈ 1.49 1.49 〈〈EE〉〉 (Maxwell Boltzmann)(Maxwell Boltzmann)
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Accretion Phase Results (Basel)Accretion Phase Results (Basel)
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New LongNew Long--Term Cooling Calculations (Basel Group)Term Cooling Calculations (Basel Group)

Fischer et al. (Basel Group), arXiv:0908.1871Fischer et al. (Basel Group), arXiv:0908.1871
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New LongNew Long--Term Cooling Calculations (Basel Group)Term Cooling Calculations (Basel Group)

Fischer et al. (Basel Group), arXiv:0908.1871Fischer et al. (Basel Group), arXiv:0908.1871
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Garching ECGarching EC--SN (Full Set of Opacities)SN (Full Set of Opacities)
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Garching ECGarching EC--SN (Reduced Set of Opacities)SN (Reduced Set of Opacities)
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Energy Transfer by Nucleon RecoilsEnergy Transfer by Nucleon Recoils

Energy transfer in Energy transfer in ννN collisions not insignificantN collisions not insignificant
Typically lowers TTypically lowers Tfluxflux by 10by 10−−15%15%

EEνν = 10 MeV= 10 MeV

EEνν = 30 MeV= 30 MeV

TTmedmed = 10 MeV= 10 MeV
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Interpreting SN 1987A NeutrinosInterpreting SN 1987A Neutrinos
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Assume thermalAssume thermal
spectra andspectra and
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Garching (ECGarching (EC--SN)SN)
Basel (approx all cases)Basel (approx all cases)
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ConclusionsConclusions

Long term SN simulations in 1Long term SN simulations in 1--D from collapse to cooling haveD from collapse to cooling have
become possible, using a full Boltzmann solver for neutrinobecome possible, using a full Boltzmann solver for neutrino
transport (very recent results by Basel and Garching groups).transport (very recent results by Basel and Garching groups).

Based on Shen’s relatively stiff EoS, Based on Shen’s relatively stiff EoS, 
of integrated signal, similar for all progenitor masses (Basel)of integrated signal, similar for all progenitor masses (Basel), , 
agreeing reasonably well with SN 1987A.agreeing reasonably well with SN 1987A.
Probably not very different for other EoS (Garching forthcomingProbably not very different for other EoS (Garching forthcoming).).

If there is a well developed accretion phase, If there is a well developed accretion phase, 
flavorflavor--dependent spectral and flux differences largedependent spectral and flux differences large
→→ Best bet for observing flavor oscillation effectsBest bet for observing flavor oscillation effects

with antiwith anti--neutrino detectorsneutrino detectors

During cooling phase, good luminosity equipartition (~10%)During cooling phase, good luminosity equipartition (~10%)
and hardly any spectral differences in antiand hardly any spectral differences in anti--neutrino sector.neutrino sector.

MeV1211~)(E e −ν MeV1211~)(E e −ν
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