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Supernova Neutrino Observations: What Could We Learn?Supernova Neutrino Observations: What Could We Learn?

Neutrino observations of SN 1987ANeutrino observations of SN 1987A

Opportunities to observe the next galacticOpportunities to observe the next galactic
supernova in neutrinossupernova in neutrinos

Some particleSome particle--physics lessons from SN 1987Aphysics lessons from SN 1987A
and possible improvementsand possible improvements

Oscillations of supernova neutrinosOscillations of supernova neutrinos
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Selected Anniversaries at Neutrino 2006 (Selected Anniversaries at Neutrino 2006 (±± 1 year)1 year)

50 years50 years
Neutrino DiscoveryNeutrino Discovery

10 years10 years
SuperSuper--KamiokandeKamiokande

data taking (1 April 1996)data taking (1 April 1996)

1000 years1000 years
Supernova 1006 (30 April)Supernova 1006 (30 April)

20 years20 years
Supernova 1987ASupernova 1987A

23 February 198723 February 1987

20 years20 years
Leptogenesis proposedLeptogenesis proposed

M. FukugitaM. Fukugita & & T.T. YanagidaYanagida
„Baryogenesis without„Baryogenesis without

Grand Unification“ Grand Unification“ 
Phys.Phys. Lett.Lett. BB 174174 (1986)(1986) 45 45 
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Sanduleak Sanduleak −−69 20269 202

Large Magellanic Cloud Large Magellanic Cloud 
Distance 50 kpcDistance 50 kpc
(160.000 light years)(160.000 light years)

Tarantula NebulaTarantula Nebula
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Sanduleak Sanduleak −−69 20269 202

Large Magellanic Cloud Large Magellanic Cloud 
Distance 50 kpcDistance 50 kpc
(160.000 light years)(160.000 light years)

Tarantula NebulaTarantula Nebula

Supernova 1987ASupernova 1987A
23 February 198723 February 1987
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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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Energy Distribution of SN 1987A NeutrinosEnergy Distribution of SN 1987A Neutrinos

Kamiokande IIKamiokande II

IMBIMB
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Interpreting SN 1987A NeutrinosInterpreting SN 1987A Neutrinos
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95 % CL
Contours

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
antiparticlesantiparticlesSpectral  Spectral  ννee TemperatureTemperature

__

TheoryTheory
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Angular Distribution of SN 1987A NeutrinosAngular Distribution of SN 1987A Neutrinos

Main detection reactionMain detection reaction

is essentially isotropic for theis essentially isotropic for the
relevant energies.relevant energies.

Expect only a fraction of anExpect only a fraction of an
event from forwardevent from forward--peakedpeaked
reactionreaction

++→+ν enpe
++→+ν enpe

ν+→+ν −− ee ν+→+ν −− ee
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SN 1987A Signal in LSD (Mont Blanc)SN 1987A Signal in LSD (Mont Blanc) ??

LSD (Liquid Scintillator Detector)LSD (Liquid Scintillator Detector)
in the Mont Blanc Tunnelin the Mont Blanc Tunnel
(Oct. 1984 (Oct. 1984 -- March 1999)March 1999)
Supernova monitor for our galaxySupernova monitor for our galaxy
90 tons scintillator90 tons scintillator

200 tons iron (support structure)200 tons iron (support structure)

•• Observed a 5Observed a 5--event clusterevent cluster
4.72 hours before IMB/Kam4.72 hours before IMB/Kam--IIII

•• Triggered automatic SN alertTriggered automatic SN alert
•• Statistical fluctuation very unlikelyStatistical fluctuation very unlikely
•• No significant signal in IMB/KamNo significant signal in IMB/Kam--IIII

at LSD timeat LSD time
•• No significant LSD signal at IMB timeNo significant LSD signal at IMB time

•• Interpretation as “double bang”:Interpretation as “double bang”:
Huge Huge ννee flux (~ 40 MeV) at LSD timeflux (~ 40 MeV) at LSD time

•• LSD signal caused by interactionsLSD signal caused by interactions
in iron of support structurein iron of support structure

•• Second bang ordinary multiSecond bang ordinary multi--flavorflavor
signalsignal

(Imshennik & Ryazhskaya,(Imshennik & Ryazhskaya,
“A rotating collapsar and possible“A rotating collapsar and possible
interpretation of the LSD neutrinointerpretation of the LSD neutrino
signal from SN 1987A”, signal from SN 1987A”, 
astroastro--ph/0401613)  ph/0401613)  
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Supernova Neutrino Observations: What Could We Learn?Supernova Neutrino Observations: What Could We Learn?

Neutrino observations of SN 1987ANeutrino observations of SN 1987A

Opportunities to observe the next galacticOpportunities to observe the next galactic
supernova in neutrinossupernova in neutrinos

Some particleSome particle--physics lessons from SN 1987Aphysics lessons from SN 1987A
and possible improvementsand possible improvements

Oscillations of supernova neutrinosOscillations of supernova neutrinos

Opportunities to observe next the galacticOpportunities to observe next the galactic
supernova in neutrinossupernova in neutrinos
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Large Detectors for Supernova NeutrinosLarge Detectors for Supernova Neutrinos

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

SNO (800)SNO (800)
MiniBooNE (190)MiniBooNE (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)Borexino (80)Borexino (80)

IceCubeIceCube
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Large Detectors for Supernova NeutrinosLarge Detectors for Supernova Neutrinos

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

SNO (800)SNO (800)
MiniBooNE (190)MiniBooNE (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)Borexino (80)Borexino (80)

IceCubeIceCube

See Posters:See Posters:
•• Supernova detection with KamLANDSupernova detection with KamLAND

(Kazumi Ishii, #111)(Kazumi Ishii, #111)
•• Search for SN burst neutrinosSearch for SN burst neutrinos

(Atsushi Takeda, #113)(Atsushi Takeda, #113)
•• Galactic SN Monitoring at LVDGalactic SN Monitoring at LVD

(LVD Collaboratino, #107)(LVD Collaboratino, #107)
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Supernova Distance DistributionSupernova Distance Distribution

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

Average distance 10.7 kpc, rms dispersion 4.9 kpcAverage distance 10.7 kpc, rms dispersion 4.9 kpc
(11.9 kpc and 6.0 kpc for SN Ia distribution)(11.9 kpc and 6.0 kpc for SN Ia distribution)
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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
SNOSNO

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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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
SNOSNO

LVDLVD

IceCubeIceCube

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

Supernova 1987ASupernova 1987A
Early Light CurveEarly Light Curve

See Poster:See Poster:
•• SNEWS SNEWS -- The SN Early Warning SystemThe SN Early Warning System

(Clarence J. Virtue, #115)(Clarence J. Virtue, #115)
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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

Neutron tagging in a large water Cherenkov detector by gadoliniuNeutron tagging in a large water Cherenkov detector by gadolinium loading ism loading is
investigated within Superinvestigated within Super--K Collaboration, R&D apparently going well K Collaboration, R&D apparently going well 
(GADZOOKS!, for original idea see Beacom and Vagins, hep(GADZOOKS!, for original idea see Beacom and Vagins, hep--ph/0309300) ph/0309300) 
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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
< 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 proposed byMethod first proposed by
HalzenHalzen, , JacobsenJacobsen & & ZasZas
astroastro--ph/9512080ph/9512080
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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. Alekseev et al., JETP 77 (199Tammann et al., ApJ 92 (1994) 487. Alekseev et al., JETP 77 (1993) 339 and my update.3) 339 and my update.
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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. Alekseev et al., JETP 77 (199Tammann et al., ApJ 92 (1994) 487. Alekseev et al., JETP 77 (1993) 339 and my update.3) 339 and my update.
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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,
(Hyper(Hyper--K, MEMPHYS, UNO, …)K, MEMPHYS, UNO, …)
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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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Supernova Rate in Nearby GalaxiesSupernova Rate in Nearby Galaxies

Ando, Beacom & YAndo, Beacom & Yükselüksel, “Detection of neutrinos from supernovae in nearby, “Detection of neutrinos from supernovae in nearby
galaxies”,  astrogalaxies”,  astro--ph/0503321ph/0503321

Expected rates and theirExpected rates and their
uncertainties based on galaxyuncertainties based on galaxy
types and sizes, scaled withtypes and sizes, scaled with
SN statistics derived fromSN statistics derived from
external galaxiesexternal galaxies

However, observed SNe in thisHowever, observed SNe in this
volume in recent years aboutvolume in recent years about
3 times the expected rate3 times the expected rate
(9 within 10 Mpc with(9 within 10 Mpc with
2.8 expected, 4 within 4 Mpc2.8 expected, 4 within 4 Mpc
with 1.0 expected)with 1.0 expected)
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Cosmic Diffuse Supernova Neutrino Background (DSNB)Cosmic Diffuse Supernova Neutrino Background (DSNB)

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

•• About 1 SN per sec in the visibleAbout 1 SN per sec in the visible
universeuniverse

•• Diffuse SN neutrino backgroundDiffuse SN neutrino background
(DSNB) from all past SNe(DSNB) from all past SNe

•• Can be measured even in SuperCan be measured even in Super--KK
sized detector (few events/year)sized detector (few events/year)

•• Need neutron taggingNeed neutron tagging
-- Gadolinium loading of SKGadolinium loading of SK
-- Large scintillator detectorLarge scintillator detector
(LENA project, 50 kt)(LENA project, 50 kt)

12
e scmfew −−ν 12
e scmfew −−ν
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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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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] 

See Poster:See Poster:
•• Thermal neutrinos from preThermal neutrinos from pre--SNSN

((Andrzej OdrzywolekAndrzej Odrzywolek, #117), #117)
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Supernova Neutrino Observations: What Could We Learn?Supernova Neutrino Observations: What Could We Learn?

Neutrino observations of SN 1987ANeutrino observations of SN 1987A

Opportunities to observe the next galacticOpportunities to observe the next galactic
supernova in neutrinossupernova in neutrinos

Some particleSome particle--physics lessons from SN 1987Aphysics lessons from SN 1987A
and possible improvementsand possible improvements

Oscillations of supernova neutrinosOscillations of supernova neutrinos

Some particleSome particle--physics lessons from SN 1987Aphysics lessons from SN 1987A
and possible improvementsand possible improvements
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Dispersion between Neutrinos and PhotonsDispersion between Neutrinos and Photons

Total transit time ~ 5 Total transit time ~ 5 ×× 10101212 sec sec 
→→ Equal for photons and neutrinosEqual for photons and neutrinos

within within ~ 2 ~ 2 ×× 1010−−99

(Longo 1987, Stodolsky 1988)(Longo 1987, Stodolsky 1988)

Transit time for photons and neutrinos are equal to within ~ 3hTransit time for photons and neutrinos are equal to within ~ 3h

Equal within ~ 1 Equal within ~ 1 −− 4 4 ××1010−−33

Shapiro time delay for particles movingShapiro time delay for particles moving
through a gravitational potential through a gravitational potential 

(Krauss & Tremaine 1988)(Krauss & Tremaine 1988)

•• Proves directly that neutrinos respond to gravity in the standaProves directly that neutrinos respond to gravity in the standard way rd way 
•• Provides limits on parameters of certain nonProvides limits on parameters of certain non--GR theories of gravitationGR theories of gravitation
•• Could be extended to neutrinos vs. antiCould be extended to neutrinos vs. anti--neutrinos or different flavorsneutrinos or different flavors

from signal of a future galactic SN from signal of a future galactic SN 

910
cc

cc −

γν

γν <
+

− 910
cc

cc −

γν

γν <
+

−

∫ sec1062dt)]t(r[U2t 6B
AShapiro ×−≈−=∆ ∫ sec1062dt)]t(r[U2t 6B
AShapiro ×−≈−=∆
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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

mmννee ≲≲ 20 eV20 eV

•• Detailed maximumDetailed maximum--likelihoodlikelihood
analysis yields similar limitanalysis yields similar limit

•• At the time of SN 1987AAt the time of SN 1987A
competitive with tritium endcompetitive with tritium end--pointpoint
limits, today mlimits, today mννee << 2.2 eV2.2 eV

•• Cosmological limit today mCosmological limit today mνν ≲≲ 0.2 eV0.2 eV
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Next galactic SN observation:Next galactic SN observation:
TimeTime--ofof--flight dispersion not importantflight dispersion not important
for signal interpretationfor signal interpretation

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

The EnergyThe Energy--Loss ArgumentLoss Argument

NeutrinoNeutrino
spheresphere

NeutrinoNeutrino
diffusiondiffusion

LateLate--time signal most sensitive observabletime signal most sensitive observable

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

SN 1987A neutrino signalSN 1987A neutrino signal

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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

(for m(for mss ≳≳ 100 keV)100 keV)

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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Axion Emission Processes in StarsAxion Emission Processes in Stars

NucleonsNucleons NucleonNucleon
BremsstrahlungBremsstrahlung
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DirectDirect
searchsearch

DM o.k.DM o.k. Too much DMToo much DM
(String scenario)(String scenario)

Axion dark matter possibleAxion dark matter possible
(Late inflation scenario)(Late inflation scenario)

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)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

Supernova Neutrino Observations: What Could We Learn?Supernova Neutrino Observations: What Could We Learn?

Neutrino observations of SN 1987ANeutrino observations of SN 1987A

Opportunities to observe the next galacticOpportunities to observe the next galactic
supernova in neutrinossupernova in neutrinos

Some particleSome particle--physics lessons from SN 1987Aphysics lessons from SN 1987A
and possible improvementsand possible improvements

Oscillations of supernova neutrinosOscillations of supernova neutrinosOscillations of supernova neutrinosOscillations of supernova neutrinos

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

Flavor Oscillations of Supernova NeutrinosFlavor Oscillations of Supernova Neutrinos

Shortly after collapseShortly after collapse

SN CoreSN Core
(~15 km)(~15 km)

Shock WaveShock Wave
(~150 km)(~150 km)

HH--resonanceresonance
(~10(~1044 km)km)

LL--resonanceresonance
(~10(~1055 km)km)

Late time (few sec after bounce)Late time (few sec after bounce)

HH--resonanceresonance
(100(100--101033 km)km)

•• Flavor conversion suppressed in coreFlavor conversion suppressed in core
and near shockwave by large matterand near shockwave by large matter
effectseffects

•• Flavor oscillations only important forFlavor oscillations only important for
freely streaming neutrinos at large rfreely streaming neutrinos at large r

Collective effects from nuCollective effects from nu--nu interaction important in hot bubble regionnu interaction important in hot bubble region
[Pastor & Raffelt, astro[Pastor & Raffelt, astro--ph/0207281, Balantekin & Yph/0207281, Balantekin & Yüüksel, astroksel, astro--ph/0411159, ph/0411159, 
Duan, Fuller, Carlson & Qian, 2006, forthcoming paper]Duan, Fuller, Carlson & Qian, 2006, forthcoming paper]

Flavor conversion can be important forFlavor conversion can be important for
rr--process nucleosynthesis in hot bubbleprocess nucleosynthesis in hot bubble
regionregion
[Qian, Fuller & Woosley,[Qian, Fuller & Woosley,
PRL 71 (1993) 1965]PRL 71 (1993) 1965]
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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, hepneutrino burst, hep--ph/9907423ph/9907423

Normal mass hierarchyNormal mass hierarchy Inverted mass hierarchyInverted mass hierarchy

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

Spectra Emerging from SupernovaeSpectra Emerging from Supernovae

Primary fluxesPrimary fluxes
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0
x

0
e

0
e F)p1(FpF −+= 0

x
0
e

0
e F)p1(FpF −+=

0
x

0
e

0
e F)p1(FpF −+= 0

x
0
e

0
e F)p1(FpF −+=

0
e

0
e

0
xx4

1 F
4

p1
F

4
p1

F
4

pp2
F

−
+

−
+

++
=∑ 0

e
0
e

0
xx4

1 F
4

p1
F

4
p1

F
4

pp2
F

−
+

−
+

++
=∑

NormalNormal

InvertedInverted

sinsin22(2(2ΘΘ1313))

≲≲ 1010−−55

≳≳ 1010−−33

AnyAny

Mass orderingMass ordering

sinsin22((ΘΘ1212)) ≈≈ 0.30.3

00 coscos22((ΘΘ1212)) ≈≈ 0.70.7

sinsin22((ΘΘ1212)) ≈≈ 0.30.3 coscos22((ΘΘ1212)) ≈≈ 0.70.7

00

CaseCase

AA

BB

CC

Survival probabilitySurvival probability
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Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

FlavorFlavor--Dependent Neutrino Fluxes vs. Equation of StateDependent Neutrino Fluxes vs. Equation of State

Kitaura, Janka & Hillebrandt, “Explosions of OKitaura, Janka & Hillebrandt, “Explosions of O--NeNe--Mg cores, the CrabMg cores, the Crab
supernova, and subluminous Type IIsupernova, and subluminous Type II--P supernovae”, astroP supernovae”, astro--ph/0512065ph/0512065

Wolff & Hillebrandt nuclear EoS (stiff)

eν
eν

τµτµ νν ,, ,

Lattimer & Swesty nuclear EoS (soft)

eν
eν

τµτµ νν ,, ,

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

Neutronization Burst in a Mt Detector w/ Neutron TaggingNeutronization Burst in a Mt Detector w/ Neutron Tagging

After angular cuts, almostAfter angular cuts, almost
backgroundbackground--free neutronization burstfree neutronization burst
from from νν--ee--scatteringscattering

Neutrino oscillations cause aNeutrino oscillations cause a
significantly different time profilesignificantly different time profile
(absolute flux depends on distance)(absolute flux depends on distance)

KachelriessKachelriess, , TomàsTomàs, , BurasBuras, , JankaJanka, , MarekMarek & & RamppRampp, astro, astro--ph/0412082ph/0412082
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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%)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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)
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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

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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
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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

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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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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∆

See Poster:See Poster:
•• Looking at the SN shock in neutrinosLooking at the SN shock in neutrinos

((AAmol Dighe, #116)mol Dighe, #116)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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 =
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ν ,8.0
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)(Flux
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e =
ν
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MeV18E,MeV15E xe == νν MeV18E,MeV15E xe == νν

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany Neutrino 2006, 13-19 June 2006, Santa Fe, New Mexico

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 4%the 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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So what could we learn?So what could we learn?

Even smallEven small--statistics signal (e.g. SN at Andromeda distancestatistics signal (e.g. SN at Andromeda distance
with a Mt detector) useful to determine spectra and durationwith a Mt detector) useful to determine spectra and duration
better than SN 1987A (especially useful for particlebetter than SN 1987A (especially useful for particle--physicsphysics
limits and for prediction of diffuse SN neutrino background) limits and for prediction of diffuse SN neutrino background) 

HighHigh--statistics observation from galactic SN:statistics observation from galactic SN:
•• Early warning, direction and distanceEarly warning, direction and distance
•• Follow in detail stellar collapse, test SN theoryFollow in detail stellar collapse, test SN theory
•• May observe new features (e.g. collapse to black hole)May observe new features (e.g. collapse to black hole)

Neutrino oscillations:Neutrino oscillations:
•• May observe evidence for flavor oscillations andMay observe evidence for flavor oscillations and

determine mass hierarchy and/or magnitude of Thetadetermine mass hierarchy and/or magnitude of Theta--1313
•• May observe shockMay observe shock--wave propagation effectswave propagation effects

Depends on which detectors will be running, what they will see, Depends on which detectors will be running, what they will see, and whatand what
else will be known at that time, e.g. about neutrino mixing paraelse will be known at that time, e.g. about neutrino mixing parameters.meters.

Probably requires new detectors, e.g. Mton water CherenkovProbably requires new detectors, e.g. Mton water Cherenkov
(Hyper(Hyper--K, MEMPHYS, UNO), neutron tagging (GADZOOKS!)K, MEMPHYS, UNO), neutron tagging (GADZOOKS!)
large scintillator detectors (LENA), large nularge scintillator detectors (LENA), large nu--e detectore detector
(liquid argon TPC). In Europe: LAGUNA R&D initiative forming(liquid argon TPC). In Europe: LAGUNA R&D initiative forming
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Supernova 1054 PetrographSupernova 1054 Petrograph

Possible SN 1054 Petrograph by the Anasazi peoplePossible SN 1054 Petrograph by the Anasazi people
(Chaco Canyon, New Mexico)(Chaco Canyon, New Mexico)

CrescentCrescent
MoonMoon

3 concentric circles, 3 concentric circles, 
diameter diameter ∼∼ 1 foot1 foot, , 
with huge red flameswith huge red flames
trailing to the right.trailing to the right.
(Halley’s Comet(Halley’s Comet ?)?)

SN 1054SN 1054

Hand signifiesHand signifies
sacred placesacred place


