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BaryogenesisBaryogenesis in the Early Universein the Early Universe

SakharovSakharov conditions for creating the conditions for creating the 
BBaryon aryon AAsymmetry of the symmetry of the UUniverse (niverse (BAUBAU))
•• C and CP violationC and CP violation
•• Baryon number violationBaryon number violation
•• Deviation from thermal equilibriumDeviation from thermal equilibrium

ParticleParticle--physics standard modelphysics standard model
•• Violates C and CPViolates C and CP
•• Violates B and L by EWViolates B and L by EW instantoninstanton effectseffects

(B (B −− L  conserved)L  conserved)

•• However, electroweak baryogenesis not quantitativelyHowever, electroweak baryogenesis not quantitatively
possible within particlepossible within particle--physics standard modelphysics standard model

•• Works in SUSY models for small range of parametersWorks in SUSY models for small range of parameters

Andrei SakharovAndrei Sakharov
19211921−−19891989

A.Riotto & M.Trodden: A.Riotto & M.Trodden: Recent  progress in baryogenesis Recent  progress in baryogenesis 
Ann. Rev. Nucl. Part. Sci. 49 (1999) 35Ann. Rev. Nucl. Part. Sci. 49 (1999) 35
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Hubble DiagramHubble Diagram

Accelerated expansionAccelerated expansion
((ΩΩMM == 0.3, 0.3, ΩΩΛΛ == 0.7)0.7)

Decelerated expansionDecelerated expansion
((ΩΩMM == 1)1)

Supernova IaSupernova Ia
as cosmologicalas cosmological
standard candlesstandard candles

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS First Annual Meeting, 29-30 April 2004, Paris, France

Einstein’s  “Greatest Blunder”Einstein’s  “Greatest Blunder”

Friedmann equation forFriedmann equation for
Hubble’s expansion rateHubble’s expansion rate 3a
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•• Quantum field theory of elementary particlesQuantum field theory of elementary particles
inevitably implies vacuum fluctuations becauseinevitably implies vacuum fluctuations because
of Heisenberg’s uncertainty relation,of Heisenberg’s uncertainty relation,
e.g. E and B fields can not simultaneously vanish e.g. E and B fields can not simultaneously vanish 

•• Ground state (vacuum) provides gravitating energyGround state (vacuum) provides gravitating energy
•• Vacuum energy Vacuum energy ρρvacvac is equivalent to is equivalent to ΛΛ

Cosmological constant Λ
(new constant of nature)
allows for a static universe
by “global anti-gravitation”

Newton’s constantNewton’s constant

Density of gravitating mass & energyDensity of gravitating mass & energy Curvature termCurvature term
is very small or zerois very small or zero
(Euclidean spatial geometry)(Euclidean spatial geometry)
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H vs hH vs h--barbar

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany The Dark Universe in Munich, 6-7 May 2004, Munich, Germany

HH
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SmoothSmooth StructuredStructured
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Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured

Structure forms byStructure forms by
gravitational instabilitygravitational instability
of primordialof primordial
density fluctuationsdensity fluctuations

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS First Annual Meeting, 29-30 April 2004, Paris, France

Power Spectrum of Cosmic Density FluctuationsPower Spectrum of Cosmic Density Fluctuations
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Generating the Primordial Density FluctuationsGenerating the Primordial Density Fluctuations

ZeroZero--point fluctuations of quantumpoint fluctuations of quantum
fields are stretched and frozenfields are stretched and frozen

Early phase of exponential expansionEarly phase of exponential expansion
(Inflationary epoch)(Inflationary epoch)

Cosmic density fluctuations areCosmic density fluctuations are
frozen quantum fluctuationsfrozen quantum fluctuations
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Gravitational Waves from Early UniverseGravitational Waves from Early Universe

B. BarishB. Barish
TAUP 03TAUP 03
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Weakly Interacting Particles as Dark MatterWeakly Interacting Particles as Dark Matter

However, the idea ofHowever, the idea of
weakly interacting massiveweakly interacting massive
particles as dark matterparticles as dark matter
is now standardis now standard

More than 30 years ago,More than 30 years ago,
beginnings of the idea ofbeginnings of the idea of
weakly interacting particlesweakly interacting particles
(neutrinos) as dark matter(neutrinos) as dark matter

Massive neutrinos are noMassive neutrinos are no
longer a good candidatelonger a good candidate
(hot dark matter)(hot dark matter)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS First Annual Meeting, 29-30 April 2004, Paris, France

Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured
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Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured

A fraction of hot dark matter A fraction of hot dark matter 
suppresses smallsuppresses small--scale structurescale structure
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Neutrino Mass Limits from LargeNeutrino Mass Limits from Large--Scale StructureScale Structure

Statistical 95Statistical 95%% C.L. limits depend on used data and onC.L. limits depend on used data and on
priors for other parameters.priors for other parameters. For detailed analyses seeFor detailed analyses see
•• Hannestad, Hannestad, astroastro--ph/0303076ph/0303076
•• Elgaroy & Lahav, astroElgaroy & Lahav, astro--ph/0303089ph/0303089

ΣΣ mmνν << 2.1 eV 2.1 eV 

ΣΣ mmνν << 1.2 eV 1.2 eV 

ΣΣ mmνν << 1.0 eV 1.0 eV 

2dF (Galaxy2dF (Galaxy--galaxy correlation)galaxy correlation)
+ WMAP (Cosmic microwaves)+ WMAP (Cosmic microwaves)

+ Small+ Small--scale CMBRscale CMBR
(breaks degeneracy with bias) (breaks degeneracy with bias) 

+ Priors (1+ Priors (1σσ) ) 
h   h   = 0.72 = 0.72 ±± 0.080.08
ΩΩMM == 0.280.28 ±± 0.140.14
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ThreeThree--Flavor Neutrino ParametersFlavor Neutrino Parameters
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δ δ CPCP--violating phaseviolating phase12 12C cos etc.,= θ12 12C cos etc.,= θ
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Tasks and Open QuestionsTasks and Open Questions
•• Precision for Precision for θθ12 12 andand θθ2323
((θθ12 12 << 45º and 45º and θθ23 23 == 45º45º?) ?) 

•• How large is How large is θθ1313??
•• CPCP--violating phaseviolating phase??
•• Mass orderingMass ordering? ? 
(normal vs inverted)(normal vs inverted)

•• Absolute massesAbsolute masses??
(hierarchical vs degenerate)(hierarchical vs degenerate)

•• Dirac or MajoranaDirac or Majorana??

CHOOZCHOOZ Solar/KamLANDSolar/KamLAND

2 2m meV∆ 2 2m meV∆

SolarSolar
6767 −− 7777

AtmosphericAtmospheric
22002200 −− 30003000

11σσ rangesranges
hephep--ph/0306001ph/03060012341 49° < θ < °2341 49° < θ < ° 1232 36° < θ < °1232 36° < θ < °13 8θ < °13 8θ < °

Atmospheric/K2KAtmospheric/K2K
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Tritium Endpoint SpectrumTritium Endpoint Spectrum

Currently best limits from MainzCurrently best limits from Mainz
and Troitsk experimentsand Troitsk experiments

m m << 2.2 eV  (95% CL)2.2 eV  (95% CL)

•• ScaledScaled--up spectrometer (KATRIN)up spectrometer (KATRIN)
should reach 0.2should reach 0.2 eVeV

•• Currently under constructionCurrently under construction
•• Measurements to begin 2007Measurements to begin 2007

Electron spectrumElectron spectrum

EE

mm

Tritium Tritium ββ--decaydecay
3 3

eH He e−→ + + ν3 3
eH He e−→ + + ν

EndpointEndpoint
energyenergy
18.6 keV18.6 keV

http://ik1au1.fzk.de/~katrinhttp://ik1au1.fzk.de/~katrin
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Neutrinoless Neutrinoless ββββ DecayDecay

76Ge76Ge

76Se76Se

76As76As

O+O+

2–2–

2+2+

O+O+

Some nuclei decay only
by the ββ mode, e.g.
Some nuclei decay onlySome nuclei decay only
by the by the ββββ mode, e.g.mode, e.g.

Half life ~ 1021 yrHalf life Half life ~ 10~ 102121 yryr
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Improved Evidence for 0Improved Evidence for 0νν22ββ DecayDecay

H.V. KlapdorH.V. Klapdor--KleingrothausKleingrothaus et al.: Data Acquisition and Analysis of the 76Geet al.: Data Acquisition and Analysis of the 76Ge
Double Beta Experiment in Gran Sasso 1990Double Beta Experiment in Gran Sasso 1990--2003, arXiv:hep2003, arXiv:hep--ph/0403018 ph/0403018 

Possible evidence forPossible evidence for
00νν22ββ line now ~ 4line now ~ 4σσ
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LeptogenesisLeptogenesis by by MajoranaMajorana Neutrino DecaysNeutrino Decays

In seeIn see--saw models for neutrino masses, outsaw models for neutrino masses, out--ofof--equilibriumequilibrium
decays of rightdecays of right--handed heavy handed heavy MajoranaMajorana neutrinos provideneutrinos provide
source for CPsource for CP-- and Land L--violationviolation

Cosmological evolutionCosmological evolution
•• B = L = 0 early onB = L = 0 early on
•• Thermal freezeThermal freeze--out of heavy out of heavy MajoranaMajorana neutrinosneutrinos
•• OutOut--ofof--equilibrium CPequilibrium CP--violating decay creates net Lviolating decay creates net L
•• Shift L excess into B byShift L excess into B by sphaleronsphaleron effectseffects

Sufficient deviation from   Sufficient deviation from   
equilibrium distribution of equilibrium distribution of 
heavy heavy MajoranaMajorana neutrinos neutrinos 
at freezeat freeze--outout

Limits onLimits on
YukawaYukawa
couplingscouplings

Limits onLimits on
masses ofmasses of
ordinaryordinary
neutrinosneutrinos

Requires Majorana neutrino masses below 0.1 Requires Majorana neutrino masses below 0.1 eVeV
Buchmüller, Di Bari & Plümacher, hepBuchmüller, Di Bari & Plümacher, hep--ph/0209301 & hepph/0209301 & hep--ph/0302092ph/0302092
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LeeLee--WeinbergWeinberg--CurveCurve

Weakly interacting Weakly interacting 
massive particlesmassive particles
(WIMPs) possible as (WIMPs) possible as 
cold dark mattercold dark matter

•• For mFor mνν ≳≳ 1 MeV1 MeV
neutrinos freeze outneutrinos freeze out
nonrelativisticallynonrelativistically

•• Density suppressedDensity suppressed
by annihilationby annihilation
before freezebefore freeze--outout
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Supersymmetric Extension of Particle PhysicsSupersymmetric Extension of Particle Physics

In supersymmetric extensions of the particleIn supersymmetric extensions of the particle--physics standard model,physics standard model,
every boson has a fermionic partner and vice versaevery boson has a fermionic partner and vice versa

SleptonsSleptons (e,(e, ννee, …), …)
SquarksSquarks (u, d, …)(u, d, …)

SpinSpinSuperpartnerSuperpartner

00

1/21/2GluinosGluinos
WinoWino
ZinoZino
PhotinoPhotino ((γγ))

1/21/2

3/23/2

HiggsinoHiggsino

GravitinoGravitino

~~

~~ ~~
~~~~

•• If RIf R--Parity is conserved, the lightestParity is conserved, the lightest SUSYSUSY--particle (LSP) isparticle (LSP) is stablestable
•• Most plausible candidateMost plausible candidate forfor dark matter is the neutralino,dark matter is the neutralino,

similar to a massive Majoranasimilar to a massive Majorana neutrinoneutrino

NeutralinoNeutralino = C= C11 PhotinoPhotino + C+ C22 ZinoZino + C+ C33 HiggsinoHiggsino

1/21/2 Leptons (e,Leptons (e, ννee, …), …)
Quarks  (u, d, …)Quarks  (u, d, …)

11 GluonsGluons
WW±±

ZZ00

Photon (Photon (γγ))

00

22

HiggsHiggs

GravitonGraviton

SpinSpin Standard particleStandard particle
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Search for Neutralino Dark MatterSearch for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

CrystalCrystal
EnergyEnergy
depositiondeposition

Recoil energyRecoil energy
(few keV) is(few keV) is
measured bymeasured by
•• IonisationIonisation
•• ScintillationScintillation
•• CryogenicCryogenic

GalacticGalactic
dark matterdark matter
particleparticle
(e.g.neutralino)(e.g.neutralino)
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Direct Detection MethodsDirect Detection MethodsDirect Detection MethodsDirect Detection Methods
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DAMA Evidence for WIMP DetectionDAMA Evidence for WIMP Detection

Annual modulation ofAnnual modulation of
WIMP signal aWIMP signal a
“smoking gun” signature“smoking gun” signature Time (day)

DAMA experiment in Gran Sasso (NaI scintillationDAMA experiment in Gran Sasso (NaI scintillation
detector) observes an annual modulation  at adetector) observes an annual modulation  at a
6.36.3σσ statistical CL, based on statistical CL, based on 110 ton110 ton--days of data days of data 
[[Riv. N. Cim. 26 (2003) 1Riv. N. Cim. 26 (2003) 1−−73]73]

• Detector stability ?
• „Background stability“ ? 

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS First Annual Meeting, 29-30 April 2004, Paris, France

Projected WIMP SensitivitiesProjected WIMP Sensitivities
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Can We See the Dark Matter?Can We See the Dark Matter?

HESS airshowerHESS airshower
telescope, Namibiatelescope, Namibia

MAGIC airshowerMAGIC airshower
telescope, La Palmatelescope, La Palma

GLAST ProjectGLAST Project

Dark matter particles canDark matter particles can
directly annihilatedirectly annihilate

The dark halo of our galaxyThe dark halo of our galaxy
can slightly glow incan slightly glow in
highhigh--energy gamma raysenergy gamma rays

γγ→χχ γγ→χχ
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HighHigh--Energy Gamma Rays from Neutralino AnnihilationEnergy Gamma Rays from Neutralino Annihilation

Stoehr et al.,Stoehr et al.,
astroastro--ph/0307026ph/0307026

Gondolo,Gondolo,
astroastro--ph/0403064ph/0403064

γγγ→χχ Zor γγγ→χχ Zor
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Axion Physics in a Nut ShellAxion Physics in a Nut Shell

ParticleParticle--Physics MotivationPhysics Motivation

CP conservation in QCD byCP conservation in QCD by
PecceiPeccei--Quinn mechanismQuinn mechanism

For  fFor  faa ≫≫ ffππ axions are “invisible”axions are “invisible”
and very lightand very light

→→ Axions  aAxions  a ~ ~ ππ00

mmππffππ ≈≈ mmaaffaa

γγ

γγ
aa

CosmologyCosmology

CosmicCosmic
StringString

In spite of small mass, axionsIn spite of small mass, axions
are born are born nonnon--relativisticallyrelativistically
(“non(“non--thermal relics”)thermal relics”)

→→ “Cold dark matter”“Cold dark matter”
candidate candidate 
mmaa ~ 1~ 1--1000 1000 µµeVeV

Solar and Stellar AxionsSolar and Stellar Axions

Axions thermally produced in stars,Axions thermally produced in stars,
e.g. by Primakoffe.g. by Primakoff productionproduction

•• No excessive energy drain:No excessive energy drain:
mmaa << 10 meV10 meV

•• Search for solar axions (CAST)Search for solar axions (CAST)

Search for Axion Dark MatterSearch for Axion Dark Matter

SS

NN

γγaa

BBextext

Microwave resonatorMicrowave resonator
(1 GHz (1 GHz == 4 4 µµeV)eV)

PrimakoffPrimakoff
conversionconversion
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Experimental Search for GalacticExperimental Search for Galactic AxionsAxions

PowerPower

FrequencyFrequency mmaa

AxionAxion SignalSignal

Thermal noise of Thermal noise of 
cavity & detectorcavity & detector

Power of galacticPower of galactic axionaxion signalsignal
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Microwave EnergiesMicrowave Energies
(1 GHz (1 GHz ≈≈ 44 µµeVeV))

DM axionsDM axions
Velocities in galaxyVelocities in galaxy
Energies thereforeEnergies therefore

mmaa = 10= 10--3000 3000 µµeVeV
vvaa ≈≈ 1010−−33 cc
EEaa ≈≈ (1(1 ±± 1010−−66) m) maa

Axion HaloscopeAxion Haloscope (Sikivie(Sikivie 1983)1983)

BBextext ≈≈ 8 Tesla8 Tesla

Microwave Microwave 
ResonatorResonator
Q Q ≈≈ 101055

PrimakoffPrimakoff ConversionConversion
γγaa

BBextext

CavityCavity
overcomesovercomes
momentummomentum
mismatchmismatch

2 Experiments in Operation2 Experiments in Operation
•• Axion Dark Matter ExperimentAxion Dark Matter Experiment
(ADMX), Livermore, US(ADMX), Livermore, US

•• CARRACK II, Kyoto, JapanCARRACK II, Kyoto, Japan
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Search for SolarSearch for Solar AxionsAxions

γγ aa

SunSun

PrimakoffPrimakoff
productionproduction

Axion Helioscope (Sikivie 1983)Axion Helioscope (Sikivie 1983)

γγ
Magnet Magnet SS

NN
aa

AxionAxion--PhotonPhoton--OscillationOscillation

TokyoTokyo Axion HelioscopeAxion Helioscope
(Results since 1998)(Results since 1998)

CERNCERN AxionAxion Solar Telescope (CAST)Solar Telescope (CAST)
(in preparation)(in preparation)

Axion  fluxAxion  flux

Alternative Technique: Alternative Technique: 
Bragg conversion in crystalBragg conversion in crystal
Experimental limits on solar axion fluxExperimental limits on solar axion flux
from darkfrom dark--matter experimentsmatter experiments
(SOLAX, COSME, DAMA, ...)(SOLAX, COSME, DAMA, ...)

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS First Annual Meeting, 29-30 April 2004, Paris, FranceCOSMO 02, Chicago (18-21 September 2002)

Recent Picture of CAST (12 August 2002)Recent Picture of CAST (12 August 2002)
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Future
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+Gas+GasCAST SensitivityCAST Sensitivity

Limits onLimits on AxionAxion--PhotonPhoton--CouplingCoupling

PVLAS expectedPVLAS expected

SunSun
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AxionAxion--Like Particles as HighestLike Particles as Highest--Energy Cosmic Rays?Energy Cosmic Rays?

hephep--ph/0103175,  hepph/0103175,  hep--ph/0302030ph/0302030

TraverseTraverse
cosmological distance cosmological distance 
without GZK cutoffwithout GZK cutoff

Production of UHE axions in aProduction of UHE axions in a
source at cosmological distancesource at cosmological distance
(E ~ 10(E ~ 102020 eV)eV)

BackBack--conversion to UHE conversion to UHE γγ in in 
galactic Bgalactic B--field  (B ~ 1 field  (B ~ 1 µµG, G, 
coherence length Lcoherence length LBB ~ 1 kpc)~ 1 kpc)

Not totally absurd, but with Not totally absurd, but with gg1010 == 1 would need a huge primary flux1 would need a huge primary flux

Maximum transition probabilityMaximum transition probability
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Global Cosmic Ray SpectrumGlobal Cosmic Ray Spectrum
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Spectrum of HighestSpectrum of Highest--Energy AGASA EventsEnergy AGASA Events

astroastro--ph/0008102ph/0008102
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Auger ObservatoryAuger Observatory

65 km65 km
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Frontiers of HighFrontiers of High--Energy CosmicEnergy Cosmic--Ray ObservationsRay Observations
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Neutrino Beams: Heaven and EarthNeutrino Beams: Heaven and Earth

0π0π ±π±π

γγ

pp

µνµ µνµ

µννee µννee

τµνννe τµνννe

Target:Target:
Protons or PhotonsProtons or Photons

Approx. equal fluxes ofApprox. equal fluxes of
photons & neutrinosphotons & neutrinos

Equal neutrino fluxesEqual neutrino fluxes
in all flavors due toin all flavors due to
oscillationsoscillationsF. Halzen (2002)
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GammaGamma--, Neutrino, Neutrino-- and Protonand Proton--AstronomyAstronomy

GZK cutoffGZK cutoffProton magnetic field deflectionProton magnetic field deflection

CosmicCosmic--rayray
spectrum spectrum ×× EE2.72.7

Photon mean free path < few 10 MpcPhoton mean free path < few 10 MpcTeV TeV γγ
astronomyastronomy

What areWhat are
the sources ?the sources ?

•• Point back to sourcesPoint back to sources
•• No absorption (reach across the universe)No absorption (reach across the universe)

Opportunity for neutrino astronomyOpportunity for neutrino astronomy
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ANTARES ANTARES –– Neutrino Telescope in the MediterraneanNeutrino Telescope in the Mediterranean
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HighHigh--Energy Neutrino TelescopesEnergy Neutrino Telescopes

BaikalBaikal
200200 PMTsPMTs

Amanda II, 800Amanda II, 800 PMTsPMTs
IceCube ProjectIceCube Project

Antares Antares 
ProjectProject

NestorNestor
ProjectProject
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Neutrino Sky at AMANDA (2000)Neutrino Sky at AMANDA (2000)

F.Halzen, Workshop “Neutrino Telescopes”, Venice, March 03F.Halzen, Workshop “Neutrino Telescopes”, Venice, March 03
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Search for Neutralino Dark MatterSearch for Neutralino Dark Matter

Direct Method (Laboratory Experiments)

CrystalCrystal
EnergyEnergy
depositiondeposition

Recoil energyRecoil energy
(few keV) is(few keV) is
measured bymeasured by
•• IonisationIonisation
•• ScintillationScintillation
•• CryogenicCryogenic

GalacticGalactic
dark matterdark matter
particleparticle
(e.g.neutralino)(e.g.neutralino)

Indirect Method (Neutrino Telescopes)

SunSun

Galactic darkGalactic dark
mattermatter
particlesparticles
are accretedare accreted

AnnihilationAnnihilation
HighHigh--energy    energy    
neutrinosneutrinos
((GeVGeV--TeVTeV))
can be measuredcan be measured
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Future WIMP SensitivitiesFuture WIMP Sensitivities

Genius/CRESSTGenius/CRESST

Direct DetectionDirect Detection Indirect,  kmIndirect,  km33 DetectorDetector

EarthEarth SunSun
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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”.

~ 300~ 300
CherenkovCherenkov
photonsphotons
per OMper OM
from a SNfrom a SN
at 10 kpcat 10 kpc

NoiseNoise
per OMper OM
< 500 Hz< 500 Hz

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]
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Supernova Collapse and ExplosionSupernova Collapse and Explosion

Nu sourceNu source
regionregion
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Large Detectors for SN NeutrinosLarge Detectors for SN 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)

AmandaAmanda
IceCubeIceCubeIceCubeIceCube
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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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TwoTwo--Detector Sky Coverage with SuperDetector Sky Coverage with Super--K & IceCubeK & IceCube

DD
CC
BB
AAEarthEarth

effectseffects
appearappear
inin

IceCubeIceCube

SuperSuper--KK

SuperSuper--KK IceCubeIceCube

1515%%
1515%%
3535%%
3535%% Suitable for twoSuitable for two--

detector methoddetector method

Approx. same signalApprox. same signal
in both detectorsin both detectors

Dighe, Dighe, 
Keil,Keil,
Raffelt Raffelt 
hephep--ph/ph/
03032100303210
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Convection in Supernovae (2Convection in Supernovae (2--D Simulation)D Simulation)

1000 km1000 km

MoviesMovies
courtesycourtesy
H.H.--T. JankaT. Janka

EntropyEntropy
contourscontours

ArtificiallyArtificially
triggeredtriggered
explosionexplosion
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Gravitational Waves from CoreGravitational Waves from Core--Collapse SupernovaeCollapse Supernovae

MMüüller, Rampp, Buras, Janka, & Shoemaker,ller, Rampp, Buras, Janka, & Shoemaker,
“Towards gravitational wave signals from“Towards gravitational wave signals from
realistic core collapse supernova models,”realistic core collapse supernova models,”
astroastro--ph/0309833ph/0309833

The gravitationalThe gravitational--wave signal from convectionwave signal from convection
is a generic and dominating featureis a generic and dominating feature

BounceBounce

ConvectionConvection

Asymmetric neutrino emissionAsymmetric neutrino emission
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TribarTribar
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Cosmology & Dark Matter

Cosmology & Dark Matter
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A New Star is BornA New Star is Born
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