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Neutrino Limits by Intrinsic Signal DispersionNeutrino Limits by Intrinsic Signal Dispersion

Time of flight delay by neutrino massTime of flight delay by neutrino mass
(G. Zatsepin, JETP Lett. 8:205, 1968)(G. Zatsepin, JETP Lett. 8:205, 1968)

mmννee ≲≲ 20 eV20 eV

•• At the time of SN 1987A At the time of SN 1987A 
competitive with tritium endcompetitive with tritium end--pointpoint

•• Today mToday mνν << 2.2 eV from tritium2.2 eV from tritium
•• Cosmological limit today mCosmological limit today mνν ≲≲ 0.2 eV0.2 eV
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For “milli charged” For “milli charged” neutrinos, neutrinos, 
pathpath bent by galactic magnetic field, bent by galactic magnetic field, 
inducing a time delayinducing a time delay

Assuming charge conservation inAssuming charge conservation in
neutron decay yields a moreneutron decay yields a more
restrictive limit of about 3restrictive limit of about 3××1010−−2121 ee
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•• Barbiellini & Cocconi,Barbiellini & Cocconi,
Nature 329 (1987) 21Nature 329 (1987) 21

•• Bahcall, Neutrino Astrophysics (1989)Bahcall, Neutrino Astrophysics (1989)

Loredo & LambLoredo & Lamb
Ann N.Y. Acad. Sci. 571 (1989) 601Ann N.Y. Acad. Sci. 571 (1989) 601
find 23 eV (95% CL limit) from detailedfind 23 eV (95% CL limit) from detailed
maximummaximum--likelihood analysislikelihood analysis
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Some Papers on SN 1987A Neutrino Mass LimitsSome Papers on SN 1987A Neutrino Mass Limits
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Neutrino Mass Sensitivity by Signal DispersionNeutrino Mass Sensitivity by Signal Dispersion

TimeTime--ofof--flight delayflight delay
of massive neutrinosof massive neutrinos
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SN 1987ASN 1987A
(50 kpc)(50 kpc) mmνν ≲≲ 20 eV20 eV

E E ≈≈ 20 MeV,  20 MeV,  ∆∆t t ≈≈ 10 s10 s
Simple estimate or detailed maximumSimple estimate or detailed maximum
likelihood analysis give similar resultslikelihood analysis give similar results

Future Future 
Galactic SNGalactic SN
at 10 kpcat 10 kpc
(Super(Super--K)K)

mmνν ~ 3 eV~ 3 eVRiseRise--time of signal ~ 10 mstime of signal ~ 10 ms
(Totani, PRL 80:2040, 1998)(Totani, PRL 80:2040, 1998)

mmνν ~ 1 eV~ 1 eVFull signalFull signal
(Nardi & Zuluaga, (Nardi & Zuluaga, NPB 731:140, 2005)NPB 731:140, 2005)

With lateWith late
blackblack--holehole
formationformation

mmνν ~ 2 eV~ 2 eVCutoff “infinitely” fastCutoff “infinitely” fast
(Beacom et al., PRD 63:073011, 2001)(Beacom et al., PRD 63:073011, 2001)

mmνν ~ 1~ 1−−2 eV2 eVD D ≈≈ 750750 kpc, kpc, ∆∆t t ≈≈ 10 s10 s
few tens of eventsfew tens of events

Future SN inFuture SN in
AndromedaAndromeda
(Megatonne)(Megatonne)
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GammaGamma--Ray Observations of SMM SatelliteRay Observations of SMM Satellite

Counts in the GRS instrument on the Solar Maximum Mission SatellCounts in the GRS instrument on the Solar Maximum Mission Satelliteite

SN 1987ASN 1987A 10s fluence10s fluence
limitslimits

0.4 cm0.4 cm−−22

0.6 cm0.6 cm−−22

SN 1987A neutrino fluence ~ 10SN 1987A neutrino fluence ~ 101010 cmcm−−22 << 1010−−1010 of neutrinos haveof neutrinos have
decayed between SN and Earthdecayed between SN and Earth

0.9 cm0.9 cm−−22
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Neutrino Radiative Lifetime LimitsNeutrino Radiative Lifetime Limits

Plasmon
decay
Plasmon
decay

Radiative
decay
Radiative
decay

′ν → ν + γ′ν → ν + γ

For lowFor low--massmass
neutrinos,neutrinos,
plasmon decayplasmon decay
in globularin globular
cluster starscluster stars
yields mostyields most
restrictive limitsrestrictive limits
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RaffeltRaffelt, PRL 81:4020,1998 [astro, PRL 81:4020,1998 [astro--ph/9808299] ph/9808299] 
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LateLate--time signal most sensitive observabletime signal most sensitive observable

The EnergyThe Energy--Loss ArgumentLoss Argument

NeutrinoNeutrino
spheresphere

NeutrinoNeutrino
diffusiondiffusion

Emission of very weakly interactingEmission of very weakly interacting
particles would  “steal” energy from theparticles would  “steal” energy from the
neutrino burst and shorten it.neutrino burst and shorten it.
(Early neutrino burst powered by accretion,(Early neutrino burst powered by accretion,
not sensitive to volume energy loss.)not sensitive to volume energy loss.)

Volume emissionVolume emission
of novel particlesof novel particles

  εεxx << 10101919 erg gerg g−−11 ss−−11

Assuming that the neutrino burst was notAssuming that the neutrino burst was not
shortened by more than ~ ½ leads to anshortened by more than ~ ½ leads to an
approximate requirement on a novelapproximate requirement on a novel
energyenergy--loss rate ofloss rate of

for  for  ρρ ≈≈ 3 3 ×× 10101414 g cmg cm−−33 and  T and  T ≈≈ 30 MeV30 MeV

SN 1987A neutrino signalSN 1987A neutrino signal
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The EnergyThe Energy--Loss Argument in the Trapping LimitLoss Argument in the Trapping Limit

NeutrinoNeutrino
spheresphere

NeutrinoNeutrino
diffusiondiffusion

ParticleParticle
diffusiondiffusion MeanMean--freefree--path of new particles lesspath of new particles less

than geometric dimension of starthan geometric dimension of star

•• New particles are more importantNew particles are more important
for energy transfer than neutrinosfor energy transfer than neutrinos
(Energy transfer (Energy transfer ∝∝ mfp)mfp)

•• Efficiency of energy transferEfficiency of energy transfer
must be less than that of neutrinosmust be less than that of neutrinos
or else speed up cooling of PNS,or else speed up cooling of PNS,
again shortening the observedagain shortening the observed
SN 1987A signalSN 1987A signal



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India

RightRight--Handed Neutrinos (Dirac Neutrinos)Handed Neutrinos (Dirac Neutrinos)

Average scattering rate in SN coreAverage scattering rate in SN core
involving ordinary leftinvolving ordinary left--handed neutrinoshanded neutrinos

For rightFor right--handed neutrinoshanded neutrinos

To avoid complete energy loss in ~ 1 sTo avoid complete energy loss in ~ 1 s

GGRR << 1010−−55 GGFF
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Dirac NeutrinosDirac Neutrinos

•• If neutrinos are Dirac particles, rightIf neutrinos are Dirac particles, right--handed states existhanded states exist
that do not interact by ordinary weak interactionsthat do not interact by ordinary weak interactions

•• Couplings are constrained by SN 1987A energyCouplings are constrained by SN 1987A energy--loss argumentloss argument

eRνeRνee

pp
RWRWRightRight--handedhanded

currentscurrents
nn

GGRR ≲≲ 1010−−55 GGFF

0Z0Z
LνLν RνRν

Dirac massDirac mass
NN NN

mmDD ≲≲ 30 keV30 keV

γγ
LνLν RνRν

pp

DipoleDipole
momentsmoments pp

µµνν ≲≲ 1010−−1212 µµBB

RνRν

RνRν

γγMilli chargeMilli charge eeνν ≲≲ 1010−−99 ee
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RightRight--Handed Neutrinos in the Early UniverseHanded Neutrinos in the Early Universe

•• If neutrinos are Dirac particles, will the rightIf neutrinos are Dirac particles, will the right--handed componentshanded components
achieve thermal equilibrium in the early universe before bigachieve thermal equilibrium in the early universe before big--bangbang
nucleosythesis?nucleosythesis?

•• This would modify the lightThis would modify the light--element abundances in significant ways,element abundances in significant ways,
notably increase the helium abundancenotably increase the helium abundance

Required strengthRequired strength SN 1987A limitSN 1987A limit

RightRight--handedhanded
charged currentcharged current GGRR ~ 10~ 10−−33 GGFF GGRR ≲≲ 1010−−55 GGFF

Dirac massDirac mass few 100 keVfew 100 keV 30 keV30 keV

Dipole momentDipole moment ~ 0.5 x 10~ 0.5 x 10−−1010 µµBB 1010−−1212 µµBB
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Sterile NeutrinosSterile Neutrinos

Sterile (rightSterile (right--handed) neutrinos may exist that are not Dirachanded) neutrinos may exist that are not Dirac
partners to ordinary neutrinospartners to ordinary neutrinos
•• Unknown mass mUnknown mass mss
•• Unknown mixing angles with ordinary neutrinos Unknown mixing angles with ordinary neutrinos ΘΘeses, , ΘΘµµss, , ΘΘττss

Consequences and applicationsConsequences and applications

•• May (partially) account for some experimental oscillationMay (partially) account for some experimental oscillation
results (LSND)results (LSND)

•• Hot, warm, or cold dark matter contributionHot, warm, or cold dark matter contribution
•• May affect bigMay affect big--bang nucleosynthesisbang nucleosynthesis
•• Emission from supernova coresEmission from supernova cores
•• Affects rAffects r--process nucleosynthesis in the SN hot bubbleprocess nucleosynthesis in the SN hot bubble
•• Radiative decays Radiative decays →→ potentially detectablepotentially detectable
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Sterile NeutrinosSterile Neutrinos

To avoid complete energy loss in ~ 1 sTo avoid complete energy loss in ~ 1 s

sinsin22(2(2ΘΘeses) ) ≲≲ 3 3 ×× 1010−−1010

Average scattering rate in SN coreAverage scattering rate in SN core
involving ordinary leftinvolving ordinary left--handed neutrinoshanded neutrinos

110
L s10 −≈Γ 110
L s10 −≈Γ

Electron neutrino appears as sterile neutrinoElectron neutrino appears as sterile neutrino
in ½ sinin ½ sin22(2(2ΘΘeses)  of all cases)  of all cases
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Sterile Neutrino LimitsSterile Neutrino Limits

See also:See also:

MaalampiMaalampi & & PeltoniemiPeltoniemi::
Effects of the 17Effects of the 17--keVkeV
neutrino in supernovae neutrino in supernovae 
PLB 269:357,1991PLB 269:357,1991

HidakaHidaka & & FullerFuller::
Dark matter sterileDark matter sterile
neutrinos in stellarneutrinos in stellar
collapse: alteration ofcollapse: alteration of
energy/lepton numberenergy/lepton number
transport and atransport and a
mechanism formechanism for
supernova explosionsupernova explosion
enhancementenhancement
PRD 74:125015,2006 PRD 74:125015,2006 
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AxionAxion PropertiesProperties

Gluon couplingGluon coupling
(Generic property)(Generic property)
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Axion Emission from a Nuclear MediumAxion Emission from a Nuclear Medium

AxionAxion--nucleon interactionnucleon interaction
is of currentis of current--current form:current form:
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Difficulties include:Difficulties include:
•• Realistic nucleonRealistic nucleon--nucleon interaction potential (even in vacuum) nucleon interaction potential (even in vacuum) 
•• ManyMany--body effects (effective mass, spinbody effects (effective mass, spin--spin correlations ...)spin correlations ...)
•• Axion couplings in the nuclear mediumAxion couplings in the nuclear medium
•• MultipleMultiple--scattering effects: scattering effects: 
Frequency of NN collisions exceeds typical axion energyFrequency of NN collisions exceeds typical axion energy
ττcollcoll << ωω−−11

Expect LPMExpect LPM--type destructive interference effectstype destructive interference effects
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Axion Emission from a Nuclear MediumAxion Emission from a Nuclear Medium

AxionAxion--nucleon interactionnucleon interaction
is of currentis of current--current form:current form:
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Difficulties include:Difficulties include:
•• Realistic nucleonRealistic nucleon--nucleon interaction potential (even in vacuum) nucleon interaction potential (even in vacuum) 
•• ManyMany--body effects (effective mass, spinbody effects (effective mass, spin--spin correlations ...)spin correlations ...)
•• Axion couplings in the nuclear mediumAxion couplings in the nuclear medium
•• MultipleMultiple--scattering effects: scattering effects: 
Frequency of NN collisions exceeds typical axion energyFrequency of NN collisions exceeds typical axion energy
ττcollcoll << ωω−−11

Expect LPMExpect LPM--type destructive interference effectstype destructive interference effects
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•• Fundamentally the dynamical structure function isFundamentally the dynamical structure function is
a correlator of the nucleon axial currenta correlator of the nucleon axial current

•• NonNon--relativistic nucleons: ~ nucleon spin density operator relativistic nucleons: ~ nucleon spin density operator σσ

•• Example for the fluctuation and dissipation theoremExample for the fluctuation and dissipation theorem
of linearof linear--response theory: Axion emission determined byresponse theory: Axion emission determined by
spontaneous nucleon spin fluctuationsspontaneous nucleon spin fluctuations
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Properties of the Dynamical Structure FunctionProperties of the Dynamical Structure Function

Nucleon spinNucleon spin--density density 
autocorrelation functionautocorrelation function

Normalization, ignoringNormalization, ignoring
manymany--body correlationsbody correlations

LongLong--wavelength limitwavelength limit
(k (k →→ 0)0)

Is Fourier transform ofIs Fourier transform of
singlesingle--nucleonnucleon
spin correlation functionspin correlation function

Symmetric formSymmetric form

Detailed balancingDetailed balancing
consequence ofconsequence of
nonnon--commuting commuting σσ(t)  (t)  
at different times at different times 
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Spin Relaxation RateSpin Relaxation Rate

Identify coefficient Identify coefficient Γ Γ fromfrom
bremsstrahlung calculationbremsstrahlung calculation
with spin relaxation ratewith spin relaxation rate

Generic form for singleGeneric form for single
collisions & small energiescollisions & small energies
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A spin immersed in a bath of scatterers with spinA spin immersed in a bath of scatterers with spin--dependent forces  dependent forces  
relaxes exponentially for uncorrelated kicks (Markov chain)relaxes exponentially for uncorrelated kicks (Markov chain)

with with ΓΓ the “spin relaxation rate”, leading to the Fourier transformthe “spin relaxation rate”, leading to the Fourier transform
Lorentzian structure function,Lorentzian structure function,
includes multiple scattering effectsincludes multiple scattering effects
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Axion Emission RateAxion Emission Rate

for small densityfor small density

for large densityfor large density

Axionic volume energy loss rate ofAxionic volume energy loss rate of
nuclear mediumnuclear medium
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Standard behavior:Standard behavior:
Bremsstrahlung rate Bremsstrahlung rate ∝∝ ρρ22

Including LPM effectIncluding LPM effect

OneOne--pion exchange potential in pion exchange potential in 
Born approximation:Born approximation:

T
MeV30

cmg10
25.1

T 314 −
ρ

≈
Γ

T
MeV30

cmg10
25.1

T 314 −
ρ

≈
Γ

Using phase shifts fromUsing phase shifts from
nuclear scattering data nuclear scattering data 
(Hanhart, Phillips & Reddy,(Hanhart, Phillips & Reddy,
astroastro--ph/0003445)ph/0003445)
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SN 1987A Axion LimitsSN 1987A Axion Limits

ExcludedExcluded

SN coreSN coreSN coreSN core

NeutrinoNeutrino
diffusiondiffusion

NeutrinoNeutrino
diffusiondiffusion

TrappingTrapping

Burrows, RessellBurrows, Ressell
& Turner,& Turner,
PRD 42:3297,1990PRD 42:3297,1990

AxionAxion
diffusiondiffusion

Free streamingFree streaming

Burrows, TurnerBurrows, Turner
& Brinkmann,& Brinkmann,
PRD 39:1020,1989PRD 39:1020,1989

Volume emissionVolume emission
of axionsof axions
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DirectDirect
searchsearch

Cold Dark MatterCold Dark Matter

TeleTele
scopescopeExperimentsExperiments

Globular clustersGlobular clusters
(a(a--γγ--coupling)coupling)

Too manyToo many
eventsevents

Too muchToo much
energy lossenergy loss

SN 1987A (aSN 1987A (a--NN--coupling)coupling)

Astrophysical Axion BoundsAstrophysical Axion Bounds

101033 101066 101099 10101212 [[GeVGeV]] ffaa

eVeVkeVkeV meVmeV µµeVeVmmaa

Hot dark matter limitsHot dark matter limits
(a(a--ππ--coupling)coupling)

CASTCAST ADMXADMX
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Large Extra DimensionsLarge Extra Dimensions

•• Fundamentally, spaceFundamentally, space--time can have more than time can have more than 
4 dimensions (e.g. 10 or 11 in string theories)4 dimensions (e.g. 10 or 11 in string theories)

•• If standard model fields are confined to If standard model fields are confined to 
4D brane in (4+n) D space4D brane in (4+n) D space--time, and only gravity time, and only gravity 
propagates in the (4+n) D bulk, propagates in the (4+n) D bulk, 
the compactification scale could be macroscopic the compactification scale could be macroscopic 
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Planck Mass and Compactification ScalePlanck Mass and Compactification Scale

Gauss’ LawGauss’ Law

Reduced Reduced 
Planck massPlanck mass
MMPl Pl = m= mPlPl/(8/(8ππ))1/21/2

Scale ofScale of
fundamentalfundamental
physicsphysics

CompactificationCompactification
radiusradius

Gravity is strong (comparable to electroweak interaction), Gravity is strong (comparable to electroweak interaction), 
but looks weak because it leaks into large extra dimensionsbut looks weak because it leaks into large extra dimensions

If scale of fundamental physics ~ 1 TeV to solve the hierarchyIf scale of fundamental physics ~ 1 TeV to solve the hierarchy
problem, then experimentallyproblem, then experimentally

n = 1    Rn = 1    R1  1  ~ 10~ 1013 13 cmcm excludedexcluded
n = 2   n = 2   RR2  2  ~  1   mm~  1   mm marginally allowedmarginally allowed
n = 3   n = 3   RR3  3  ~ 10~ 10--66 mmmm allowedallowed
......

n2n2182
Pl M)R2()GeV104.2(M +π=×= n2n2182
Pl M)R2()GeV104.2(M +π=×=
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KaluzaKaluza--Klein (KK) GravitonsKlein (KK) Gravitons

p     4D energyp     4D energy--momentummomentum
x    x    4D 4D coordinatecoordinate
yyjj extra dimensional extra dimensional coordinatecoordinate
nnjj wholewhole numbernumber

Bulk particles haveBulk particles have
discrete momentadiscrete momenta
in extra dimensionsin extra dimensions

AssumingAssuming
toroidaltoroidal
compacticompacti--
ficationfication
with with 
dimeniondimenion
22ππRR

KleinKlein--Gordon EquationGordon Equation
for for 
massless bulk particlemassless bulk particle
in 4+nDin 4+nD

•• There are many massless modes, appearing in 4D as massive partiThere are many massless modes, appearing in 4D as massive particles,cles,
e.g. a “tower of Kaluzae.g. a “tower of Kaluza--Klein gravitons”Klein gravitons”

•• Are weakly coupled like normal gravitons, but may be astrophysiAre weakly coupled like normal gravitons, but may be astrophysicallycally
important because of huge number of modes important because of huge number of modes 
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Supernova 1987A Limit on Large Extra DimensionsSupernova 1987A Limit on Large Extra Dimensions

Cullen & Perelstein, hepCullen & Perelstein, hep--ph/9904422ph/9904422
Hanhart et al., nuclHanhart et al., nucl--th/0007016th/0007016

SN 1987A energySN 1987A energy--loss argument:loss argument:

R  R  << 1 1 mmm,    M  m,    M  > > 9 TeV    9 TeV    (n (n = = 2)2)

R  R  << 1 nm,     M  1 nm,     M  >> 0.7 TeV    (n 0.7 TeV    (n == 3)3)

Originally the most restrictiveOriginally the most restrictive
limit on such theories, exceptlimit on such theories, except
for cosmological argumentsfor cosmological arguments

SN core emits large flux of SN core emits large flux of 
KK gravity modes byKK gravity modes by
nucleonnucleon--nucleon bremsstrahlungnucleon bremsstrahlung

Large multiplicity of modesLarge multiplicity of modes

RT ~ 10RT ~ 101111

for R ~ 1 mm,  T ~ 30 MeVfor R ~ 1 mm,  T ~ 30 MeV

2
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KaluzaKaluza--Klein Graviton DecaysKlein Graviton Decays

γ

γ

g

brane

bulk

Gravitons are Gravitons are stable in stable in the the bulk, but canbulk, but can decay when decay when 
they are within they are within a a Compton wavelength of the braneCompton wavelength of the brane

2
Pl
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Most Most gravitons produced gravitons produced by by 
cosmologicalcosmological supernovae supernovae havehave
decayeddecayed and and produced produced γγ raysrays
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EGRET dataEGRET data

Improved Limits on Large Extra DimensionsImproved Limits on Large Extra Dimensions

Hannestad & Raffelt, hepHannestad & Raffelt, hep--ph/0103201ph/0103201

Our new limits  R < 0.1 Our new limits  R < 0.1 µµm,   M > 28 TeV  m,   M > 28 TeV  (n = 2)(n = 2)
R < 0.2 R < 0.2 nnm,   M > 1.7 TeV (n = 3)m,   M > 1.7 TeV (n = 3)

SN CoreSN Core

KK gravitonsKK gravitons
E ~ 100 MeVE ~ 100 MeV γγνν→ −+ ,,eeKK γγνν→ −+ ,,eeKK

•• From all SNe in the universe, KK decay From all SNe in the universe, KK decay 
contributes to diffuse cosmic contributes to diffuse cosmic γγ--rays in rays in 
100 MeV range 100 MeV range 

•• EGRET data & conservative estimate of EGRET data & conservative estimate of 
SN rate: SN rate: 
< 1 % of SN energy into KK gravitons< 1 % of SN energy into KK gravitons
i.e. 0.01 of SN 1987A cooling limiti.e. 0.01 of SN 1987A cooling limit



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India

KK Graviton Retention by Neutron StarKK Graviton Retention by Neutron Star

Velocity distribution of KKVelocity distribution of KK--gravitonsgravitons
emitted by supernovaemitted by supernova

c6.0
R
GM2

vescape ≈= c6.0
R
GM2

vescape ≈=
•• Neutron stars retain  50Neutron stars retain  50--60% 60% 

of KK gravitons in a haloof KK gravitons in a halo
•• Emits Emits γγ rays by KK decaysrays by KK decays

~100 MeV 
γ rays

~100 MeV 
γ rays
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Nearby Neutron Star Nearby Neutron Star RX J185635RX J185635--37543754

D = 120 pc (closest known neutron star),  Age ~ D = 120 pc (closest known neutron star),  Age ~ 1.2 1.2 ×× 101066 yryr

HST Image HST Image 
(Walter & Matthews 1997)(Walter & Matthews 1997)

ROSAT Image ROSAT Image 
(Walter, Wolk & Neuhauser 1996)(Walter, Wolk & Neuhauser 1996)
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Third EGRET Catalog (Hartmann et al.Third EGRET Catalog (Hartmann et al. 1999) 1999) 

RX J185635RX J185635--37543754

NonNon--observation ofobservation of
RX J185635RX J185635--3754 by EGRET3754 by EGRET
gives a very stringent constraintgives a very stringent constraint
on the compactification scale:on the compactification scale:

M  M  >> 54  TeV  (n = 2)54  TeV  (n = 2)
M  M  >> 3.5 TeV  (n = 3)3.5 TeV  (n = 3)
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Neutron Star Excess HeatNeutron Star Excess Heat

•• Neutron stars retain  50Neutron stars retain  50--60% 60% 
of KK gravitons in a haloof KK gravitons in a halo

•• Emits Emits γγ rays by KK decaysrays by KK decays

~100 MeV 
γ rays

~100 MeV 
γ rays

Neutron star cooling calculations vs.Neutron star cooling calculations vs.
observations (Pavlov, Stringfellow observations (Pavlov, Stringfellow 
& Cordova 1996, Larson & Link 1999)& Cordova 1996, Larson & Link 1999)

To avoid excess heating by KK decayTo avoid excess heating by KK decay

M > 700 TeV   (n = 2)M > 700 TeV   (n = 2)
M >   26 TeV  M >   26 TeV  (n = 3)(n = 3)

~100 MeV 
γ rays

~100 MeV 
γ rays
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Summary of Limits on Large Extra DimensionsSummary of Limits on Large Extra Dimensions

Hannestad & Raffelt, PRD (2003) [hepHannestad & Raffelt, PRD (2003) [hep--ph/0304029]ph/0304029]

SN 1987ASN 1987A
Energy lossEnergy loss

Gamma raysGamma rays
from allfrom all
cosmic SNecosmic SNe

Gamma raysGamma rays
fromfrom
close pulsarsclose pulsars

Neutron starNeutron star
excess heatexcess heat
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Loop HolesLoop Holes

BULK

A
B

C

In other than toroidal compactifications, processes such as In other than toroidal compactifications, processes such as 
G(mG(m11) ) G(mG(m22) + G(m) + G(m33))

can be much faster than radiative decays so that all KK states ccan be much faster than radiative decays so that all KK states cascade toascade to
lowerlower--mass KK states.mass KK states.

In nonIn non--toroidal geometries, toroidal geometries, 
the mode spacing can be the mode spacing can be 
much largermuch larger
→→ KK gravitons are not KK gravitons are not 
produced astrophysicallyproduced astrophysically

If there are more branes, If there are more branes, 
photons can be produced photons can be produced 
on all of them, leaving on all of them, leaving 
fewer in our world,fewer in our world,
weakening the limitsweakening the limits
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Neutrinos from the
Next Galactic Supernova

Neutrinos from the
Next Galactic Supernova

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India
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Large Detectors for Supernova NeutrinosLarge Detectors for Supernova Neutrinos

SuperSuper--Kamiokande (10Kamiokande (1044))
KamLAND (330)KamLAND (330)

MiniBooNEMiniBooNE
(190)(190)

In brackets eventsIn brackets events
for a “fiducial SN”for a “fiducial SN”
at distance 10 kpcat distance 10 kpc

LVD (400)LVD (400)
Borexino (80)Borexino (80)

IceCubeIceCube

BaksanBaksan
(70)(70)
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SSuperuperNNova ova EEarly arly WWarning arning SSystem (SNEWS)ystem (SNEWS)

Neutrino observation can alert astronomersNeutrino observation can alert astronomers
several hours in advance to a supernova.several hours in advance to a supernova.
To avoid false alarms, require alarm from atTo avoid false alarms, require alarm from at
least two experiments.least two experiments.

CoincidenceCoincidence
Server Server 
@ BNL@ BNL

SuperSuper--KK

AlertAlert
Others ?Others ?

LVDLVD

IceCubeIceCube

http://snews.bnl.govhttp://snews.bnl.gov
astroastro--ph/0406214ph/0406214

Supernova 1987ASupernova 1987A
Early Light CurveEarly Light Curve
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SuperSuper--Kamiokande Neutrino DetectorKamiokande Neutrino Detector
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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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Galactic Supernova Signal in SuperGalactic Supernova Signal in Super--KamiokandeKamiokande

MonteMonte--Carlo simulation Carlo simulation 
for Superfor Super--KamiokandeKamiokande
signal of SN at 10 kpc,signal of SN at 10 kpc,
based on a numerical based on a numerical 
model with Livermoremodel with Livermore
codecode

Total of about 8300 Total of about 8300 
events for t events for t << 18 s18 s

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

ee

OO--1616

pp
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Supernova Pointing with NeutrinosSupernova Pointing with Neutrinos

•• Beacom & Vogel: Can a supernova be located by its neutrinos?Beacom & Vogel: Can a supernova be located by its neutrinos?
[astro[astro--ph/9811350] ph/9811350] 

•• Tomàs, Semikoz, Raffelt, Kachelriess & Dighe: Supernova pointinTomàs, Semikoz, Raffelt, Kachelriess & Dighe: Supernova pointing withg with
lowlow-- and highand high--energy neutrino detectors  [hepenergy neutrino detectors  [hep--ph/0307050]ph/0307050]

ee ν→ν ee ν→ν

+→ν nepe
+→ν nepe

SKSK

SK SK ×× 3030

Neutron tagging efficiencyNeutron tagging efficiency

90 90 %%NoneNone

7.8º7.8º 3.2º3.2º

1.4º1.4º 0.6º0.6º

9595%% CL halfCL half--cone opening anglecone opening angle
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The Future: A Megatonne Detector?The Future: A Megatonne Detector?

Megatonne detector motivated byMegatonne detector motivated by
•• Long baseline neutrino oscillationsLong baseline neutrino oscillations
•• Proton decayProton decay
•• Atmospheric neutrinosAtmospheric neutrinos
•• Solar neutrinosSolar neutrinos
•• Supernova neutrinos Supernova neutrinos 

(~10(~1055 events for SN at 10 kpc)events for SN at 10 kpc)

Similar discussions inSimilar discussions in
•• US (UNO project)US (UNO project)
•• Europe (MEMPHYS project)Europe (MEMPHYS project)
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Southpole IceSouthpole Ice--Cherenkov Neutrino DetectorsCherenkov Neutrino Detectors

AMANDA II (0.1 kmAMANDA II (0.1 km33, 800 PMTs), 800 PMTs) Future IceCube (1 kmFuture IceCube (1 km33, 4800 PMTs), 4800 PMTs)
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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
< 500 Hz< 500 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
HalzenHalzen, , JacobsenJacobsen & & ZasZas
astroastro--ph/9512080ph/9512080
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Oscillations of 
Supernova Neutrinos

Oscillations of 
Supernova Neutrinos

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India

Degenerate Fermi Seas in a Supernova CoreDegenerate Fermi Seas in a Supernova Core

In true thermal equilibrium with flavor mixing,In true thermal equilibrium with flavor mixing,
only only one one chemical potential for charged leptonschemical potential for charged leptons
and and oneone for neutrinosfor neutrinos

Time scale toTime scale to
achieve flavorachieve flavor
equilibrium?equilibrium?

Trapped lepton Trapped lepton 
number is stored number is stored 
in ein e−− and and ννee

n p e- νe νµ ντ
ParticlesParticles

AntiAnti--
particlesparticles
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Flavor Relaxation in a Supernova CoreFlavor Relaxation in a Supernova Core

Neutrinos suffer collisions in a medium that can interrupt the cNeutrinos suffer collisions in a medium that can interrupt the coherence ofoherence of
flavor oscillations: The flavor content is “measured” and oscillflavor oscillations: The flavor content is “measured” and oscillations startations start
from scratch from the “collapsed state”.from scratch from the “collapsed state”.

½½ sinsin22(2(2ΘΘ) ) ΓΓ
ConversionConversion
raterate

Average oscillation probabilityAverage oscillation probability ½ sin½ sin22(2(2ΘΘ))
Collision rate ~ damping rateCollision rate ~ damping rate ΓΓ

Oscillation ofOscillation of
monochromatic nusmonochromatic nus

With energyWith energy
distributiondistribution

With collisionsWith collisions
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Flavor Conversion in a Supernova CoreFlavor Conversion in a Supernova Core

Suppression of mixing angle by medium effects responsible forSuppression of mixing angle by medium effects responsible for
flavorflavor--lepton number conservation in a supernova corelepton number conservation in a supernova core

Within ~ 1 sec Within ~ 1 sec 
flavor equilibriumflavor equilibrium
is achieved between is achieved between 
ννee and and ννµµ or or ννττ
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Resonant Oscillations in a Supernova EnvelopeResonant Oscillations in a Supernova Envelope

•• 1313--oscillations involveoscillations involve
atmospheric massatmospheric mass
differencedifference

•• Adiabatic forAdiabatic for
sinsin22(2(2ΘΘ1313) ) >> 1010−−33

Adiabatic    Adiabatic    
oscillations oscillations 
for a large for a large 
range of range of 
mixing mixing 
parametersparameters
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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 =∆ 22
sun meV60m =∆

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



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India

One detector observes SN shadowed by EarthOne detector observes SN shadowed by Earth

ModelModel--Independent Strategies for Observing Earth EffectsIndependent Strategies for Observing Earth Effects

Case 1:Case 1:
•• Another detectorAnother detector

observes SN directlyobserves SN directly
•• Identify Earth effectsIdentify Earth effects

by comparing signalsby comparing signals

Dighe, Keil & Raffelt, “Identifying Earth matterDighe, Keil & Raffelt, “Identifying Earth matter
effects on supernova neutrinos at a single detector”effects on supernova neutrinos at a single detector”
[hep[hep--ph/0304150]ph/0304150]

Case2: Identify “wiggles” in signal of single detectorCase2: Identify “wiggles” in signal of single detector
Problem: Smearing by limited energy resolutionProblem: Smearing by limited energy resolution

Water CherenkovWater Cherenkov
Need megaton detectorNeed megaton detector
with ~ 10with ~ 105 5 eventsevents

Scintillator detectorScintillator detector
~ 2000 events~ 2000 events

may be enoughmay be enough

If 13If 13--mixing angle ismixing angle is
known to be “large”,known to be “large”,
e.g.e.g. fromfrom DoubleDouble Chooz,Chooz,
observed “wiggles” inobserved “wiggles” in
energy spectrum signifyenergy spectrum signify
normal mass hierarchynormal mass hierarchy
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Galactic Distribution of CoreGalactic Distribution of Core--Collapse SupernovaeCollapse Supernovae

Mirizzi, Raffelt & Serpico, “Earth matter effects in supernova nMirizzi, Raffelt & Serpico, “Earth matter effects in supernova neutrinos:eutrinos:
Optimal detector locations”, astroOptimal detector locations”, astro--ph/0604300ph/0604300

“Surface density” depleted near center“Surface density” depleted near center
(from pulsar distribution and other indicators)(from pulsar distribution and other indicators)

Assumed verticalAssumed vertical
distribution in thedistribution in the
galactic diskgalactic disk
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Average over Right Ascension (Earth Rotation)Average over Right Ascension (Earth Rotation)

Mirizzi, Raffelt & Serpico, “Earth matter effects in supernova nMirizzi, Raffelt & Serpico, “Earth matter effects in supernova neutrinos:eutrinos:
Optimal detector locations”, astroOptimal detector locations”, astro--ph/0604300ph/0604300

Dependence on geographic latitudeDependence on geographic latitude
quite robust relative to details ofquite robust relative to details of
assumed galactic distributionassumed galactic distribution

Probability of Earth and coreProbability of Earth and core
shadowing as a function ofshadowing as a function of
geographic latitudegeographic latitude
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http://www.mppmu.mpg.de/supernova/shadowinghttp://www.mppmu.mpg.de/supernova/shadowing

Mirizzi, Raffelt & SerpicoMirizzi, Raffelt & Serpico
astroastro--ph/0604300ph/0604300
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Supernova Shock Propagation and Neutrino OscillationsSupernova Shock Propagation and Neutrino Oscillations

Schirato & Fuller:Schirato & Fuller:
Connection betweenConnection between
supernova shocks,supernova shocks,
flavor transformation,flavor transformation,
and the neutrino signaland the neutrino signal
[astro[astro--ph/0205390]ph/0205390]

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
atmm∆ 2
atmm∆
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ShockShock--Wave Propagation and Survival ProbabilityWave Propagation and Survival Probability
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Megatonne Cherenkov Detector (Inverted Hierarchy)Megatonne Cherenkov Detector (Inverted Hierarchy)
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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
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)(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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Observable Features in a Water Cherenkov DetectorObservable Features in a Water Cherenkov Detector

NormalNormal

Inverted Inverted 
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Stochastic Density FluctuationsStochastic Density Fluctuations

FogliFogli, , LisiLisi, , MirizziMirizzi & & MontaninoMontanino, “Damping of supernova neutrino transitions, “Damping of supernova neutrino transitions
in stochastic shockin stochastic shock--wave density profiles”, hepwave density profiles”, hep--ph/0603033 ph/0603033 

Assume Assume δδ--correlated noise, lengthcorrelated noise, length--scale of orderscale of order
the oscillation length (10 km), amplitude 4the oscillation length (10 km), amplitude 4%%
(line(line--width on plot)width on plot)

Schematic timeSchematic time--dependentdependent
shockshock--wave profilewave profile

Events in a 0.4 Mt water Cherenkov detectorEvents in a 0.4 Mt water Cherenkov detector
Black: no noise.   Red: with noise. Black: no noise.   Red: with noise. 
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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 ∆∆mm22

ΘΘ1313 closeclose
to Choozto Chooz
limitlimit

InvertedInverted
HierarchyHierarchy

NoNo
nunu--nu effectnu effect

NoNo
nunu--nu effectnu effect

MSWMSW
effecteffect

MSWMSW
effecteffect
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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 ∆∆mm22

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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Different Oscillation Modes in SupernovaeDifferent Oscillation Modes in Supernovae

CenterCenter
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spheresphere~15~15
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Bipolar oscillations forBipolar oscillations for
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The Galactic
Supernova Rate

The Galactic
Supernova Rate

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India
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Supernova RatesSupernova Rates

Milky Way Galaxy: Milky Way Galaxy: 
Type SbType Sb−−Sbc,    LSbc,    LBB = 2.3 = 2.3 ×× 10101010 LLsunsun,B,B,   h = 0.72 ,   h = 0.72 
About 2.0 About 2.0 ±± 1.0 core1.0 core--collapse SNe per centurycollapse SNe per century

Cappellaro & Turatto, Supernova Types and Rates, astroCappellaro & Turatto, Supernova Types and Rates, astro--ph/0012455ph/0012455

Measured in SuperNova unit:  1 SNu = 1 SN / 10Measured in SuperNova unit:  1 SNu = 1 SN / 101010 LLsunsun,B,B / 100 years/ 100 years

0.32 0.32 ±± .11.11 0.32 0.32 ±± .11.11

0.32 0.32 ±± .12.12

0.37 0.37 ±± .14.14

0.36 0.36 ±± .11.11

< 0.02< 0.02

0.20 0.20 ±± .11.11

0.25 0.25 ±± .12.12

0.14 0.14 ±± .07.07

< 0.04< 0.04

0.75 0.75 ±± .34.34

1.53 1.53 ±± .62.62

0.71 0.71 ±± .34.34

1.28 1.28 ±± .37.37

2.15 2.15 ±± .66.66

1.21 1.21 ±± .36.36

IaIa
AllAll

Ib/cIb/c IIII

Core CollapseCore Collapse
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Hubble Sequence of Galaxy TypesHubble Sequence of Galaxy Types

EllipticalsEllipticals Normal SpiralsNormal Spirals

Barred SpiralsBarred Spirals
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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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Galactic Supernova EventsGalactic Supernova Events

Adam BurrowsAdam Burrows

AnomalouslyAnomalously
large rate inlarge rate in
our galaxy?our galaxy?

SmallSmall--numbernumber
statistics?statistics?

15 kpc15 kpc
~ 83 %~ 83 %

10 kpc10 kpc
~ 53 %~ 53 %

5 kpc5 kpc
~ 10 %~ 10 %

GalacticGalactic
CenterCenter

Most historicalMost historical
supernovae insupernovae in
~ 10% of the~ 10% of the
galaxygalaxy
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Local Group of GalaxiesLocal Group of Galaxies

250250

6060

3030

Events in a detector withEvents in a detector with
30 x Super30 x Super--K fiducial volume,K fiducial volume,
e.g. Hypere.g. Hyper--KamiokandeKamiokande
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Brightest Members of Local GroupBrightest Members of Local Group

LMCLMC
Milky WayMilky Way

SMCSMC

NGC 6822NGC 6822

Triangulum (M33)Triangulum (M33)

IC 10 (UGC 192)IC 10 (UGC 192)

NGC 205NGC 205

Andromeda (M31)Andromeda (M31)
M32 (NGC 221)M32 (NGC 221)

0.110.11
11

0.0300.030

0.0110.011

0.160.16

0.0150.015

0.0160.016

1.31.3
0.0170.017

50 50 
8.58.5

6060

500500

790790

660660

760760

760760
760760

IrIr
S(B)bcS(B)bc

IrIr

IrIr

ScSc

IrIr

SphSph

SbSb
E2E2

9,600 9,600 
330,000330,000

6,6006,600

9696

5555

4242

4242

4242

3838

0.1 / 0.23 / 0.49 0.1 / 0.23 / 0.49 
11--66

0.065 / 0.120.065 / 0.12

0.040.04

0.28 / 0.35 / 0.680.28 / 0.35 / 0.68

0.0820.082--0.110.11

0.9 / 1.21 / 1.250.9 / 1.21 / 1.25

LuminLumin D D 
[kpc][kpc]TypeType NeutrinoNeutrino

events   events   
SNe (all types)SNe (all types)
per centuryper century

•• Luminosity: Visual in units of the Milky Way Luminosity: Visual in units of the Milky Way 
•• Neutrino events in 30 x SK fiducial volumeNeutrino events in 30 x SK fiducial volume
(8000 events in SK for SN at 10 kpc)(8000 events in SK for SN at 10 kpc)

•• Refs. for SN rates in Pavlidou & Fields, Ap. J. 558 (2001) 63.Refs. for SN rates in Pavlidou & Fields, Ap. J. 558 (2001) 63.
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Nearby Galaxies with Many Observed SupernovaeNearby Galaxies with Many Observed Supernovae

M83 (NGC 5236, Southern Pinwheel)M83 (NGC 5236, Southern Pinwheel)
D = 4.5 MpcD = 4.5 Mpc

Observed Supernovae: Observed Supernovae: 
1923A, 1945B, 1950B,1923A, 1945B, 1950B,
1957D, 1968L, 1983N 1957D, 1968L, 1983N 

NGC 6946 NGC 6946 
D = (5.5 ± 1) MpcD = (5.5 ± 1) Mpc

Observed Supernovae:Observed Supernovae:
1917A, 1939C, 1948B, 1968D,1917A, 1939C, 1948B, 1968D,
1969P, 1980K, 2002hh, 2004et1969P, 1980K, 2002hh, 2004et
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The Red Supergiant Betelgeuse (Alpha Orionis)The Red Supergiant Betelgeuse (Alpha Orionis)

First resolvedFirst resolved
image of a starimage of a star
other than Sunother than Sun

DistanceDistance
(Hipparcos)(Hipparcos)
130 pc (425 lyr)130 pc (425 lyr)

If Betelgeuse goes Supernova:If Betelgeuse goes Supernova:
•• 66 ××101077 neutrino events in Superneutrino events in Super--KamiokandeKamiokande
•• 2.42.4 ××101033 neutron events per day from Siliconneutron events per day from Silicon--burning phaseburning phase

(few days warning!), need neutron tagging(few days warning!), need neutron tagging
[Odrzywolek, Misiaszek & Kutschera, astro[Odrzywolek, Misiaszek & Kutschera, astro--ph/0311012] ph/0311012] 
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Neutrinos From
All Cosmic Supernovae

Neutrinos From
All Cosmic Supernovae

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India
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Diffuse Background Flux of SN NeutrinosDiffuse Background Flux of SN Neutrinos

1 SNu ~ 4 L1 SNu ~ 4 Lνν / L/ Lγγ,B,B
Average neutrinoAverage neutrino
luminosity of galaxiesluminosity of galaxies
~ photon luminosity~ photon luminosity

1 SNu 1 SNu == 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--collapse SNcollapse SN

For galaxies, averageFor galaxies, average
nuclear & gravitationalnuclear & gravitational
energy release comparableenergy release comparable

•• Photons come fromPhotons come from nuclear energynuclear energy

•• Neutrinos from Neutrinos from gravitational energygravitational energy

PresentPresent--day SN rate of  ~ 1 SNu,  extrapolated to the entire universe,day SN rate of  ~ 1 SNu,  extrapolated to the entire universe,

corresponds to  corresponds to  ννee flux of  ~  1 cmflux of  ~  1 cm−−22 ss−−11

Realistic flux is dominated by much larger early starRealistic flux is dominated by much larger early star--formation rateformation rate
•• Upper limit  ~ 54 cmUpper limit  ~ 54 cm−−22 ss−−11

[Kaplinghat et al., astro[Kaplinghat et al., astro--ph/9912391]ph/9912391]
•• “Realistic estimate” ~ 10 cm“Realistic estimate” ~ 10 cm−−22 ss−−11

[Hartmann & Woosley, Astropart. Phys. 7 (1997) 137][Hartmann & Woosley, Astropart. Phys. 7 (1997) 137]
Measurement would tell us about early history of star formationMeasurement would tell us about early history of star formation
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Experimental Limits on Relic Supernova NeutrinosExperimental Limits on Relic Supernova Neutrinos

Cline, astroCline, astro--ph/0103138ph/0103138

UpperUpper--limit flux oflimit flux of
Kaplinghat et al., Kaplinghat et al., 
astroastro--ph/9912391ph/9912391
Integrated 54 cmIntegrated 54 cm--22 ss--11

SuperSuper--K  upper limitK  upper limit
29 cm29 cm--22 ss--1   1   for  for  
Kaplinghat et al. spectrumKaplinghat et al. spectrum
[hep[hep--ex/0209028]ex/0209028]



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany JIGSAW 07, 12-23 Feb 2007, TIFR, Mumbai, India

Improved Sensitivity with Neutron TaggingImproved Sensitivity with Neutron Tagging

Detection of DSNB limited byDetection of DSNB limited by
•• Solar neutrinos for ESolar neutrinos for Eνν ≲≲ 1818 MeVMeV
•• SubSub--Cherenkov muons from atm nusCherenkov muons from atm nus

•• Solution: neutron tagging fromSolution: neutron tagging from

•• 2.2 MeV gamma from n + p 2.2 MeV gamma from n + p →→ dd
invisible in water Cherenkov detectorinvisible in water Cherenkov detector

Add gadolinium to SuperAdd gadolinium to Super--KamiokandeKamiokande
•• Efficient neutron capture on GdEfficient neutron capture on Gd
•• 8 MeV gamma cascade easily visible8 MeV gamma cascade easily visible
•• 0.1% (100 tons of Gd Cl0.1% (100 tons of Gd Cl33))

achieves  achieves  >> 90% tagging efficiency90% tagging efficiency
•• Diffuse SN nu background (DSNB):Diffuse SN nu background (DSNB):

a few events per year in Supera few events per year in Super--KK
with no background at all  with no background at all  

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

µν+ν+→µ ee µν+ν+→µ ee

nepe +→+ν + nepe +→+ν +

Status of R & D (04/2006)Status of R & D (04/2006)
[Mark Vagins, private communication] [Mark Vagins, private communication] 

Nov 05: Gd ClNov 05: Gd Cl33 added to K2K test tankadded to K2K test tank
(kiloton or KT detector)(kiloton or KT detector)
•• Gd ClGd Cl33 is easy to dissolveis easy to dissolve
•• Gd ClGd Cl33 does not significantly affectdoes not significantly affect

the light collectionthe light collection
•• Choice of detector materials criticalChoice of detector materials critical

(old rust in KT with Gd Cl(old rust in KT with Gd Cl33 badlybadly
affected transparency)affected transparency)

•• The 20 inch SuperThe 20 inch Super--K PMT's operateK PMT's operate
well in conductive waterwell in conductive water

•• Gd filtration works as designed atGd filtration works as designed at
3.6 tons/h, can easily be scaled up3.6 tons/h, can easily be scaled up

•• Looks promising for SuperLooks promising for Super--K,K,
conceivable within next few yearsconceivable within next few years

•• Capital cost negligible for futureCapital cost negligible for future
megatonnemegatonne--class detectors class detectors 
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DSNB Measurement with Neutron TaggingDSNB Measurement with Neutron Tagging

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

Future largeFuture large--scale scintillatorscale scintillator
detectors (e.g. LENA with 50 kt)detectors (e.g. LENA with 50 kt)

•• Inverse beta decay reaction taggedInverse beta decay reaction tagged
•• Location with smaller reactor fluxLocation with smaller reactor flux

(e.g. Pyh(e.g. Pyhääsalmi in Finland) couldsalmi in Finland) could
allow for lower thresholdallow for lower threshold
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SN 1006SN 1006

Looking forward to the next galactic supernova!Looking 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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