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Neutrino Masses in Astrophysics and CosmologyNeutrino Masses in Astrophysics and CosmologyNeutrino Masses in Astrophysics and Cosmology

Georg Raffelt (Max-Planck-Institut für Physik, München)Georg Raffelt (MaxGeorg Raffelt (Max--PlanckPlanck--Institut für Physik,Institut für Physik, München)München)
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Evidence for Neutrino OscillationsEvidence for Neutrino OscillationsEvidence for Neutrino Oscillations

LSND ExperimentLSND ExperimentLSND Experiment

Atmospheric NeutrinosAtmosphericAtmospheric NeutrinosNeutrinos

Solar NeutrinosSolar NeutrinosSolar Neutrinos
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Status of Evidence for Neutrino OscillationsStatus of Evidence for Neutrino OscillationsStatus of Evidence for Neutrino Oscillations

AtmosphericAtmospheric SolarSolar LSNDLSNDSystemSystemSystem

τµ νν → τµ νν → µτνν →e µτνν →e eννµ → eννµ →ChannelChannelChannel
22 eV/mδ 22 eV/mδ LMALMA 0.20.2--22310)45.1( −×− 310)45.1( −×− 410)22.0( −×− 410)22.0( −×−

θ2sin2 θ2sin2 0.90.9--11 0.0010.001--0.030.030.20.2--0.60.6

StatusStatusStatus EstablishedEstablished EstablishedEstablished UnconfirmedUnconfirmed

Mutually inconsistent with 3 mass eigenstatesMutually inconsistent with 3 mass eigenstates

TestTestTest Long BaselineLong Baseline KamLAND  2002 ?KamLAND  2002 ? MiniBooNE 2003/4?MiniBooNE 2003/4?

Three mass eigenstates withThree mass eigenstates with
mm11 << m<< m22 << m<< m33 ~ 50 meV  (hierarchical)~ 50 meV  (hierarchical)
mm11 ~ m~ m22 ~ m~ m33 >> 50 meV  (degenerate)>> 50 meV  (degenerate)

Simplest
interpre-
tation

SimplestSimplest
interpreinterpre--
tationtation

WrongWrong

What is the absolute neutrino mass scale mν?What is the absolute neutrino mass scale mWhat is the absolute neutrino mass scale mνν??
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Neutrino Masses in Astrophysics and CosmologyNeutrino Masses in Astrophysics and CosmologyNeutrino Masses in Astrophysics and Cosmology

Neutrino Dark Matter and 
Cosmic Structure Formation
Neutrino Dark Matter and Neutrino Dark Matter and 
Cosmic Structure FormationCosmic Structure Formation

Neutrino Chemical Potentials,
Big-Bang Nucleosynthesis,
and Flavor Oscillations

Neutrino Chemical Potentials,Neutrino Chemical Potentials,
BigBig--Bang Nucleosynthesis,Bang Nucleosynthesis,
and Flavor Oscillationsand Flavor Oscillations

Highest-Energy Cosmic Rays 
and the Cosmic Neutrino Sea
HighestHighest--Energy Cosmic Rays Energy Cosmic Rays 
and the Cosmic Neutrino Seaand the Cosmic Neutrino Sea

Time-Of-Flight Sensitivity
with Supernova Neutrinos
TimeTime--OfOf--Flight SensitivityFlight Sensitivity
with Supernova Neutrinoswith Supernova Neutrinos

Massive Neutrinos and the 
Cosmic Baryon Asymmetry
Massive Neutrinos and the Massive Neutrinos and the 
Cosmic Baryon AsymmetryCosmic Baryon Asymmetry
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TimeTime--OfOf--Flight SensitivityFlight Sensitivity
with Supernova Neutrinoswith Supernova Neutrinos
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Supernova 1987ASanduleak Sanduleak ––69 202    69 202    

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

Tarantula NebulaTarantula Nebula

Supernova 1987A Supernova 1987A 
23 February 198723 February 1987
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Progenitor star with
degenerate iron core: 

ρ  ≈ 109 g cm-3

T ≈ 1010 K
MFe ≈ 1.5 Msun
RFe ≈ 8000 km

Progenitor star withProgenitor star with
degenerate iron core: degenerate iron core: 

ρ  ρ  ≈≈ 101099 g cmg cm--33

TT ≈≈ 10101010 KK
MMFeFe ≈≈ 1.51.5 MMsunsun
RRFeFe ≈≈ 8000 8000 kmkm

Rebound ofRebound of
shock waveshock wave
SN ExplosionSN Explosion

Proto neutron 
star
ρ ≈ ρnuc

= 3×1014 g cm-3

T ≈ 30 MeV

Proto neutron Proto neutron 
starstar
ρρ ≈≈ ρρnucnuc

= 3= 3××101014 14 g cmg cm--33

TT ≈≈ 3030 MeVMeV ≈≈ 50 km50 km

NeutrinoNeutrino
CoolingCooling

33××10105353 ergerg
in few secin few sec

Collapse to Collapse to 
nuclear nuclear 
densitydensity

Stellar Collapse and Supernova ExplosionStellar Collapse and Supernova ExplosionStellar Collapse and Supernova Explosion
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Liberated gravitational binding energy of neutron  star:
Eb ≈ 3 × 1053 erg  ≈ 17% MSUNc2

Liberated gravitational binding energy of neutron  star:Liberated gravitational binding energy of neutron  star:
EEbb ≈≈ 3 3 ×× 10105353 erg  erg  ≈≈ 17% M17% MSUNSUNcc22

Core Collapse Supernova EnergeticsCore Collapse Supernova EnergeticsCore Collapse Supernova Energetics

This shows up as
99%      Neutrinos
1%      Kinetic energy of explosion

(1% of this into cosmic rays) 
0.01%  Photons (outshine host galaxy)

This shows up asThis shows up as
99%      Neutrinos99%      Neutrinos
1%      Kinetic energy of explosion1%      Kinetic energy of explosion

(1% of this into cosmic rays) (1% of this into cosmic rays) 
0.01%  0.01%  Photons (outshine host galaxy)Photons (outshine host galaxy)

Neutrino luminosity

Lν ≈ 3×1053 erg / 3 sec  ≈ 3×1019 LSUN

While it lasts, outshines the photon 
luminosity of the entire visible universe!

Neutrino luminosityNeutrino luminosity

LLνν ≈≈ 33××10105353 erg / 3 sec  erg / 3 sec  ≈≈ 33××10101919 LLSUNSUN

While it lasts, outshines the photon While it lasts, outshines the photon 
luminosity of the entire visible universe!luminosity of the entire visible universe!
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Supernova
Neutrino Signal
SupernovaSupernova
Neutrino SignalNeutrino Signal

1. Collapse (infall phase)
2. Shock break out
3. Matter accretion
4. Kelvin-Helmholtz cooling

1.1. Collapse (infall phase)Collapse (infall phase)
2.2. Shock break outShock break out
3.3. Matter accretionMatter accretion
4.4. KelvinKelvin--Helmholtz coolingHelmholtz cooling

DissociatedDissociated
materialmaterial
(n, p, e, (n, p, e, νν))

Traps 
neutrinos
and 
lepton
number
of outer
core 
layers

Traps Traps 
neutrinosneutrinos
and and 
leptonlepton
numbernumber
of outerof outer
core core 
layerslayers
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SN 1987A Event No.9 in Kamiokande SN 1987A Event No.9 in Kamiokande SN 1987A Event No.9 in Kamiokande 
Kamiokande DetectorKamiokande DetectorKamiokande Detector

Hirata et al., PRD 38 (1988) 448Hirata et al., PRD 38 (1988) 448Hirata et al., PRD 38 (1988) 448
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Neutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987A

Kamiokande (Japan)
Water Cherenkov detector
Clock uncertainty  ±1 min

Kamiokande (Japan)Kamiokande (Japan)
Water Cherenkov detectorWater Cherenkov detector
Clock uncertainty  Clock uncertainty  ±±1 min1 min

Irvine-Michigan-Brookhaven
(USA)
Water Cherenkov detector
Clock uncertainty  ±50 ms

IrvineIrvine--MichiganMichigan--BrookhavenBrookhaven
(USA)(USA)
Water Cherenkov detectorWater Cherenkov detector
Clock uncertainty  Clock uncertainty  ±±50 ms50 ms

Baksan Scintillator Telescope
(Soviet Union)
Clock uncertainty  +2/-54 s

Baksan Scintillator TelescopeBaksan Scintillator Telescope
(Soviet Union)(Soviet Union)
Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s

Within clock uncertainties,
signals are contemporaneous
Within clock uncertainties,Within clock uncertainties,
signals are contemporaneoussignals are contemporaneous
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TimeTime--ofof--flight delayflight delay
of massive neutrinosof massive neutrinos

Neutrino Limits by Intrinsic Signal DispersionNeutrino Limits by Intrinsic Signal DispersionNeutrino Limits by Intrinsic Signal Dispersion
22
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mνe < 20 eVmmννee < 20 eV< 20 eVE ≈ 20 MeV,  ∆t ≈ 10 s,  D ≈ 50 kpcE E ≈≈ 20 MeV,  20 MeV,  ∆∆t t ≈≈ 10 s,  D 10 s,  D ≈≈ 5050 kpckpc
SN 1987ASN 1987ASN 1987A Detailed maximum-likelihood analysis similar result

In 1987 competitive with tritium end-point limits
Detailed maximumDetailed maximum--likelihood analysis similar resultlikelihood analysis similar result
In 1987 competitive with tritium endIn 1987 competitive with tritium end--point limitspoint limits

Future 
Galactic SN
(Super-K)

Future Future 
Galactic SNGalactic SN
(Super(Super--K)K) mνe ~ 3 eVmmννee ~ 3 eV~ 3 eV

D ≈ 50 kpc,  Rise-time 0.01 sD D ≈≈ 5050 kpc,  Risekpc,  Rise--time 0.01 stime 0.01 s

Sensitivity approximatelySensitivity approximatelySensitivity approximately
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SN 1987ASN 1987ASN 1987A

Neutrino AstronomyNeutrino AstronomyNeutrino Astronomy

19701970 19751975 19801980 19851985 19901990 19951995 20002000

MACROMACROMACRO

Super KSuper KSuper K
SNOSNOSNO

AmandaAmandaAmanda
Baikal  Baikal  Baikal  

LSD (Mont Blanc)LSD (Mont Blanc)

HomestakeHomestake
SageSage

GallexGallex GNOGNO

KamlandKamland
BorexinoBorexino

LVD (Gran Sasso)LVD (Gran Sasso)

AntaresAntares

Kamiokande II+IIIKamiokande II+III
IMBIMB--33

Baksan Scintillator Telescope (BST)Baksan Scintillator Telescope (BST)
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RadioRadio
chemicalchemical

many σmany many σσ
800800800

800080008000

400400400
202020
707070

Events
from a

Supernova
at 10 kpc

EventsEvents
from afrom a

SupernovaSupernova
at 10 kpcat 10 kpc

370370
940940
240240

330330
8080

SN 1987ASN 1987A
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Large Detectors for SN NeutrinosLarge Detectors for SN NeutrinosLarge Detectors for SN Neutrinos

Super-Kamiokande
Kamland

SuperSuper--KamiokandeKamiokande
KamlandKamland

Amanda
(Antarctic ice)

AmandaAmanda
(Antarctic ice)(Antarctic ice)

SNO
MiniBooNE 

SNOSNO
MiniBooNE MiniBooNE 

LVD & 
Borexino
LVD & LVD & 

BorexinoBorexino



Ge
or

g 
Ra

ff
el

t,
 M

ax
-P

la
nc

k-
In

st
it

ut
 f

ür
 P

hy
si

k
(M

ün
ch

en
)

AMANDA – Neutrino Telescope at the SouthpoleAMANDA AMANDA –– Neutrino Telescope at the SouthpoleNeutrino Telescope at the Southpole
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Amanda as a Supernova DetectorAmanda as a Supernova DetectorAmanda as a Supernova Detector

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

Each optical module (OM) picksEach optical module (OM) picks
up Cherenkov light from itsup Cherenkov light from its
neighborhood. SN appears asneighborhood. SN appears as
correlated “noise” between OMscorrelated “noise” between OMs

SN @ 8.5 kpc
Signal in
Amanda

SN @ 8.5 kpcSN @ 8.5 kpc
Signal inSignal in
AmandaAmanda

SN @ 8.5 kpc
Signal in
Ice Cube

SN @ 8.5 kpcSN @ 8.5 kpc
Signal inSignal in
Ice CubeIce Cube

Amanda Coll.
(2001)
Amanda Coll.Amanda Coll.
(2001)(2001)
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Galactic Supernova Signal in Super-KamiokandeGalactic Supernova Signal in SuperGalactic Supernova Signal in Super--KamiokandeKamiokande
Monte-Carlo simulation 
for Super-K signal of 
SN at 10 kpc,
based on a 
numerical model 
with Livermore code

MonteMonte--Carlo simulation Carlo simulation 
for Superfor Super--K signal of K signal of 
SN at 10 kpc,SN at 10 kpc,
based on a based on a 
numerical model numerical model 
with Livermore codewith Livermore code

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

Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216Totani, Sato, Dalhed & Wilson, ApJ 496 (1998) 216
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Neutrino Mass from a Future Galactic SNNeutrino Mass from a Future Galactic SNNeutrino Mass from a Future Galactic SN

Use correlation 
between energy & 
time of arrival as a 
statistical measure 
of first Ncut events 
in Monte Carlo 
simulation of SN 
signal in SuperK

Use correlation Use correlation 
between energy & between energy & 
time of arrival as a time of arrival as a 
statistical measure statistical measure 
of first Nof first Ncut cut events events 
in Monte Carlo in Monte Carlo 
simulation of SN simulation of SN 
signal in SuperKsignal in SuperK

T.Totani, 
PRL 80 (1998) 2040
T.Totani, T.Totani, 
PRL 80 (1998) 2040PRL 80 (1998) 2040

For SN at 10 kpc 
sensitive to approx. 
3 eV

For SN at 10 kpc For SN at 10 kpc 
sensitive to approx. sensitive to approx. 
3 eV3 eV

95% CL
limits
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SN Neutrino Mass from Early Black Hole FormationSN Neutrino Mass from Early Black Hole FormationSN Neutrino Mass from Early Black Hole Formation

Beacom, Boyd & 
Mezzacappa,
hep-ph/0006015

Beacom, Boyd & Beacom, Boyd & 
Mezzacappa,Mezzacappa,
hephep--ph/0006015ph/0006015

Black Hole FormationBlack Hole FormationBlack Hole Formation

Tail of neutrino Tail of neutrino 
signal in SuperKsignal in SuperK

Super-Kamiokande
sensitivity 
mν ~ 1.8 eV 

SuperSuper--KamiokandeKamiokande
sensitivity sensitivity 
mmνν ~ 1.8 eV ~ 1.8 eV 
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No galactic
neutrino bursts
No galacticNo galactic
neutrino burstsneutrino bursts

Progenitor count
in galaxy
Progenitor countProgenitor count
in galaxyin galaxy

Historical
galactic SNe
HistoricalHistorical
galactic SNegalactic SNe

SN statistics
in external
galaxies

SN statisticsSN statistics
in externalin external
galaxiesgalaxies

Estimates of the Galactic SN RateEstimates of the Galactic SN RateEstimates of the Galactic SN Rate

Cappellaro et al. (1993)Cappellaro et al. (1993)
van den Bergh (1993)van den Bergh (1993)
Muller et al. (1992)Muller et al. (1992)
Cappellaro et al. (1999)Cappellaro et al. (1999)

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

Ratnatunga & vdB (1989)Ratnatunga & vdB (1989)
Tammann et al. (1994)Tammann et al. (1994)

90 % CL for 21 years observation90 % CL for 21 years observation

SNe (all types) per centurySNe (all types) per centurySNe (all types) per century
00 11 22 33 44 55 66 77 88 99 1010 1111 1212

(Only core (Only core 
collapse SNe)collapse SNe)
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The Future: A Megatonne Detector?The Future: A Megatonne Detector?The Future: A Megatonne Detector?
Megatonne detector motivated by
• Long baseline neutrino oscillations
• Proton decay
• Atmospheric neutrinos
• Solar neutrinos
• Supernova neutrinos 

(~105 events for SN at 10 kpc)

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 in
• USA (UNO project)
• Europe (Frejus Tunnel)

Similar discussions inSimilar discussions in
•• USA (UNO project)USA (UNO project)
•• Europe (Frejus Tunnel)Europe (Frejus Tunnel)
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Local Group of GalaxiesLocal Group of GalaxiesLocal Group of Galaxies

250250

6060

3030

Events in a detector with
30 x SuperK fiducial volume
(8000 events in SK at 10 kpc)

Events in a detector withEvents in a detector with
30 x SuperK fiducial volume30 x SuperK fiducial volume
(8000 events in SK at 10 kpc)(8000 events in SK at 10 kpc)



Ge
or

g 
Ra

ff
el

t,
 M

ax
-P

la
nc

k-
In

st
it

ut
 f

ür
 P

hy
si

k
(M

ün
ch

en
)

Brightest Members of Local GroupBrightest Members of Local GroupBrightest Members of Local Group

LMCLMCLMC
Milky WayMilky WayMilky Way

SMCSMCSMC
NGC 6822NGC 6822NGC 6822

Triangulum (M33)Triangulum (M33)Triangulum (M33)

IC 10 (UGC 192)IC 10 (UGC 192)IC 10 (UGC 192)
NGC 205NGC 205NGC 205

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

0.110.110.11
111

0.0300.0300.030
0.0110.0110.011

0.160.160.16

0.0150.0150.015
0.0160.0160.016

1.31.31.3
0.0170.0170.017

50 50 50 
8.58.58.5

606060
500500500

790790790

660660660
760760760

760760760
760760760

IrIrIr
S(B)bcS(B)bcS(B)bc

IrIrIr
IrIrIr

ScScSc

IrIrIr
SphSphSph

SbSbSb
E2E2E2

9,600 9,600 9,600 
330,000330,000330,000

6,6006,6006,600
969696
555555
424242
424242
424242
383838

0.1 / 0.23 / 0.49 0.1 / 0.23 / 0.49 0.1 / 0.23 / 0.49 
1-611--66

0.065 / 0.120.065 / 0.120.065 / 0.12
0.040.040.04

0.28 / 0.35 / 0.680.28 / 0.35 / 0.680.28 / 0.35 / 0.68

0.082-0.110.0820.082--0.110.11

0.9 / 1.21 / 1.250.9 / 1.21 / 1.250.9 / 1.21 / 1.25

LumLumLum D 
kpc
D D 
kpckpcTypeTypeType Neutrino

events   
NeutrinoNeutrino
events   events   

SN (all types)
per century
SN (all types)SN (all types)
per centuryper century

• Luminosity: Visual in units of the Milky Way 
• Neutrino events in 30 x SK fiducial vol. (8000 events in SK for SN at 10 kpc)
• Refs. for SN rates in Pavlidou & Fields, Ap. J. 558 (2001) 63.

•• Luminosity: Visual in units of the Milky Way Luminosity: Visual in units of the Milky Way 
•• Neutrino events in 30 x SK fiducial vol. (8000 events in SK forNeutrino events in 30 x SK fiducial vol. (8000 events in SK for SN at 10 kpc)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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TimeTime--ofof--flight delayflight delay
of massive neutrinosof massive neutrinos

Neutrino Limits by Intrinsic Signal DispersionNeutrino Limits by Intrinsic Signal DispersionNeutrino Limits by Intrinsic Signal Dispersion
22
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mνe < 20 eVmmννee < 20 eV< 20 eVE ≈ 20 MeV,  ∆t ≈ 10 s,  D ≈ 50 kpcE E ≈≈ 20 MeV,  20 MeV,  ∆∆t t ≈≈ 10 s,  D 10 s,  D ≈≈ 5050 kpckpc
SN 1987ASN 1987ASN 1987A Detailed maximum-likelihood analysis similar result

In 1987 competitive with tritium end-point limits
Detailed maximumDetailed maximum--likelihood analysis similar resultlikelihood analysis similar result
In 1987 competitive with tritium endIn 1987 competitive with tritium end--point limitspoint limits

Future 
Galactic SN
(Super-K)

Future Future 
Galactic SNGalactic SN
(Super(Super--K)K) mνe ~ 3 eVmmννee ~ 3 eV~ 3 eV

D ≈ 50 kpc,  Rise-time 0.01 sD D ≈≈ 5050 kpc,  Risekpc,  Rise--time 0.01 stime 0.01 s

Sensitivity approximatelySensitivity approximatelySensitivity approximately

Future SN
in Andromeda
(Megatonne)

Future SNFuture SN
in Andromedain Andromeda
(Megatonne)(Megatonne) mνe ~ 1-2 eVmmννee ~ 1~ 1--2 eV2 eV

D ≈ 750 kpc,  ∆t ≈ 10 s D D ≈≈ 750750 kpc,  kpc,  ∆∆t t ≈≈ 10 s 10 s 

Sensitivity approximatelySensitivity approximatelySensitivity approximately
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Neutrino Mass and SNe – Good or Bad News?Neutrino Mass and SNe Neutrino Mass and SNe –– Good or Bad News?Good or Bad News?

Tritium Limits < 2-3 eV
Future < 0.3 eV
Cosmological LSS similar limits
Oscillations: All mass differences < 0.1 eV

Tritium Limits < 2Tritium Limits < 2--3 eV3 eV
Future < 0.3 eVFuture < 0.3 eV
Cosmological LSS similar limitsCosmological LSS similar limits
Oscillations: All mass differences < 0.1 eVOscillations: All mass differences < 0.1 eV

All active flavors 
likely to have
sub-eV masses
or less

All active flavors All active flavors 
likely to havelikely to have
subsub--eV masseseV masses
or lessor less

Measure pristine
neutrino light 
curve, unspoilt 
by dispersion 
effects

Measure pristineMeasure pristine
neutrino light neutrino light 
curve, unspoilt curve, unspoilt 
by dispersion by dispersion 
effectseffects

Supernova time-of-flight dispersionSupernova timeSupernova time--ofof--flight dispersionflight dispersion
22
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Neutrino Dark Matter andNeutrino Dark Matter and
Cosmic Structure FormationCosmic Structure Formation
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Cosmological Limit on Neutrino MassesCosmological Limit on Neutrino MassesCosmological Limit on Neutrino Masses

A classic paper:
Gershtein & Zeldovich
JETP Lett. 4 (1966) 120

A classic paper:A classic paper:
GershteinGershtein && ZeldovichZeldovich
JETPJETP LettLett. 4 (1966) 120. 4 (1966) 120

4.0
eV94

m
h2 <=Ω ∑

ν
ν 4.0

eV94
m

h2 <=Ω ∑
ν

ν

Cosmic neutrino “sea”: 
Approximately 112 cm-3 neutrinos + antineutrinos per flavor
Cosmic neutrino “sea”: Cosmic neutrino “sea”: 
Approximately Approximately 112 cm112 cm--33 neutrinos + antineutrinos per flavorneutrinos + antineutrinos per flavor

mν < 40 eVmmνν < 40< 40 eVeV For allFor all
stable flavorsstable flavors



Ge
or

g 
Ra

ff
el

t,
 M

ax
-P

la
nc

k-
In

st
it

ut
 f

ür
 P

hy
si

k
(M

ün
ch

en
)

Fermion
Mass Spectrum
FermionFermion
Mass SpectrumMass Spectrum

Cosmological limit on all Cosmological limit on all 
stable flavorsstable flavors
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Weakly Interacting
Particles 
as Dark Matter

Weakly InteractingWeakly Interacting
Particles Particles 
as Dark Matteras Dark Matter

Almost 30 years ago:

Beginnings of the idea of  
weakly interacting particles 
(neutrinos) as dark matter.

Massive neutrinos are no 
longer thought to be a good 
dark matter candidate.

However, the idea of weakly 
interacting massive particles 
constituting the cosmic dark 
matter is now standard.

Almost 30 years ago:Almost 30 years ago:

Beginnings of the idea of  Beginnings of the idea of  
weakly interacting particles weakly interacting particles 
(neutrinos) as dark matter.(neutrinos) as dark matter.

Massive neutrinos are no Massive neutrinos are no 
longer thought to be a good longer thought to be a good 
dark matter candidate.dark matter candidate.

However, the idea of weakly However, the idea of weakly 
interacting massive particles interacting massive particles 
constituting the cosmic dark constituting the cosmic dark 
matter is now standard.matter is now standard.
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What is wrong with neutrino dark matter?What is wrong with neutrino dark matter?What is wrong with neutrino dark matter?

Galactic Phase Space (“Galactic Phase Space (“TremaineTremaine--GunnGunn--Limit”)Limit”)
Maximum mass density of a Fermi gas:Maximum mass density of a Fermi gas:
ρρmaxmax == mmνν nnmaxmax == mmνν ppmaxmax

33/3/3ππ2 2 == mmνν ((mmννvvescapeescape))33/3/3ππ22

mν > (20 – 40) eVmmνν > (20 > (20 –– 40)40) eVeV Spiral galaxies, more restrictiveSpiral galaxies, more restrictive
from dwarf galaxies:from dwarf galaxies: mmνν > 100> 100--200200 eVeV

overover--densitydensity

NeutrinosNeutrinosNeutrinosNeutrinosNeutrinosNeutrinos

Neutrinos are
“Hot Dark Matter”,
excluded by 
structure formation

Neutrinos areNeutrinos are
“Hot Dark Matter”,“Hot Dark Matter”,
excluded by excluded by 
structure formationstructure formation

Neutrino Free Streaming (Neutrino Free Streaming (CollisionlessCollisionless Phase Mixing)Phase Mixing)
At  T < 1At  T < 1 MeVMeV neutrino scattering ineffective, streamneutrino scattering ineffective, stream
freely untilfreely until nonrelativisticnonrelativistic, wash out density contrasts   , wash out density contrasts    
on small scales.on small scales.
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Hot dark matter ruled out in 1983Hot dark matter ruled out in 1983Hot dark matter ruled out in 1983

1000 particle simulation by Frenk, White & Davis, ApJ 271 (1983) 4171000 particle simulation by1000 particle simulation by FrenkFrenk, White & Davis,, White & Davis, ApJApJ 271 (1983) 417271 (1983) 417

The coherence length of the neutrino distribution ... is too large to be
consistent with the observed clustering scale of galaxies ... 
The conventional neutrino-dominated picture appears to be ruled out.
[White, Frenk & Davis, ApJ 274 (1983) L1]

The coherence length of the neutrino distribution ... is too larThe coherence length of the neutrino distribution ... is too large to bege to be
consistent with the observed clustering scale of galaxies ... consistent with the observed clustering scale of galaxies ... 
The conventional neutrinoThe conventional neutrino--dominated picture appears to be ruled out.dominated picture appears to be ruled out.
[White,[White, FrenkFrenk & Davis,& Davis, ApJApJ 274 (1983) L1]274 (1983) L1]
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COBE Sky Map of the CMBR Temperature COBE Sky Map of the CMBR Temperature 

T = 2.728 K (uniform on the sky)T = 2.728 K (uniform on the sky)
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COBE Sky Map of the CMBR Temperature COBE Sky Map of the CMBR Temperature 

T = 2.728 K (uniform on the sky)T = 2.728 K (uniform on the sky)
Dynamical rangeDynamical range ∆∆T = 3.353 mKT = 3.353 mK

Dipole temperature distribution from Doppler effect due Dipole temperature distribution from Doppler effect due 
to our motion relative to the cosmic frameto our motion relative to the cosmic frame
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COBE Sky Map of the CMBR Temperature COBE Sky Map of the CMBR Temperature 

T = 2.728 K (uniform on the sky)T = 2.728 K (uniform on the sky)
Dynamical rangeDynamical range ∆∆T = 3.353 mKT = 3.353 mK

Dipole temperature distribution from Doppler effect due Dipole temperature distribution from Doppler effect due 
to our motion relative to the cosmic frameto our motion relative to the cosmic frame

Dynamical rangeDynamical range ∆∆T = 18 T = 18 µµKK
Primordial temperature fluctuations!Primordial temperature fluctuations!
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11
33

2020
10

00
10

00
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00
15

00

Redshift zRedshift z

Here & NowHere & Now

Horizon
Horizon

ΘΘ
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Galaxy Galaxy 
distributiondistribution
in thein the
skysky
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SmoothSmooth StructuredStructured
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Formation of StructureFormation of StructureFormation of Structure Formation of Structure 
[Numerical Simulation Max[Numerical Simulation Max--PlanckPlanck--Institut für Astrophysik, Garching]Institut für Astrophysik, Garching]
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Power Spectrum of Density FluctuationsPower Spectrum of Density FluctuationsPower Spectrum of Density Fluctuations

Gaussian random field
fully characterized
by power spectrum

Gaussian random fieldGaussian random field
fully characterizedfully characterized
by power spectrumby power spectrum
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Fitting the Cosmological Model - NeutrinosFitting the Cosmological Model Fitting the Cosmological Model -- NeutrinosNeutrinos

Max Tegmark, 
www.hep.upenn.edu/
~max/concordance.html

Max TegmarkMax Tegmark, , 
www.www.hephep..upennupenn..eduedu//
~max/concordance.html~max/concordance.html

Ionization parameterIonization parameterIonization parameter

CurvatureCurvatureCurvature

Cosmological constantCosmological constantCosmological constant

Dark Matter (ΩMh2)Dark Matter (Dark Matter (ΩΩMMhh22))

Baryons (ΩBh2)Baryons (Baryons (ΩΩBBhh22))

Neutrino fraction of DMNeutrino fraction of DMNeutrino fraction of DM

Scalar power-law indexScalar powerScalar power--law indexlaw index

Tensor power-law indexTensor powerTensor power--law indexlaw index

Scalar AmplitudeScalar AmplitudeScalar Amplitude

Tensor AmplitudeTensor AmplitudeTensor Amplitude

Biasing parameterBiasing parameterBiasing parameter

Hubble constantHubble constantHubble constant
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Fitting the Cosmological Model - NeutrinosFitting the Cosmological Model Fitting the Cosmological Model -- NeutrinosNeutrinos

Max Tegmark, 
www.hep.upenn.edu/
~max/concordance.html

Max TegmarkMax Tegmark, , 
www.www.hephep..upennupenn..eduedu//
~max/concordance.html~max/concordance.html

Ionization parameterIonization parameterIonization parameter

CurvatureCurvatureCurvature

Cosmological constantCosmological constantCosmological constant

Dark Matter (ΩMh2)Dark Matter (Dark Matter (ΩΩMMhh22))

Baryons (ΩBh2)Baryons (Baryons (ΩΩBBhh22))

Neutrino fraction of DMNeutrino fraction of DMNeutrino fraction of DM

Scalar power-law indexScalar powerScalar power--law indexlaw index

Tensor power-law indexTensor powerTensor power--law indexlaw index

Scalar AmplitudeScalar AmplitudeScalar Amplitude

Tensor AmplitudeTensor AmplitudeTensor Amplitude

Biasing parameterBiasing parameterBiasing parameter

Hubble constantHubble constantHubble constant
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Fitting the Cosmological Model - NeutrinosFitting the Cosmological Model Fitting the Cosmological Model -- NeutrinosNeutrinos

Max Tegmark, 
www.hep.upenn.edu/
~max/concordance.html

Max TegmarkMax Tegmark, , 
www.www.hephep..upennupenn..eduedu//
~max/concordance.html~max/concordance.html

Ionization parameterIonization parameterIonization parameter

CurvatureCurvatureCurvature

Cosmological constantCosmological constantCosmological constant

Dark Matter (ΩMh2)Dark Matter (Dark Matter (ΩΩMMhh22))

Baryons (ΩBh2)Baryons (Baryons (ΩΩBBhh22))

Neutrino fraction of DMNeutrino fraction of DMNeutrino fraction of DM

Scalar power-law indexScalar powerScalar power--law indexlaw index

Tensor power-law indexTensor powerTensor power--law indexlaw index

Scalar AmplitudeScalar AmplitudeScalar Amplitude

Tensor AmplitudeTensor AmplitudeTensor Amplitude

Biasing parameterBiasing parameterBiasing parameter

Hubble constantHubble constantHubble constant
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Multiple Peaks in CMBR Angular Power SpectrumMultiple Peaks in CMBR Angular Power SpectrumMultiple Peaks in CMBR Angular Power Spectrum

CBICBI
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A Slice of the UniverseA Slice of the UniverseA Slice of the Universe

Galaxy distribution from the CfA redshift survey
[ApJ 302 (1986) L1]

Galaxy distribution from the CfA redshift surveyGalaxy distribution from the CfA redshift survey
[ApJ 302 (1986) L1][ApJ 302 (1986) L1]

Cosmic 
“Stick Man”

Cosmic Cosmic 
“Stick Man”“Stick Man”

~ 185 Mpc

~ 185 Mpc

~ 185 Mpc
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Las Campanas Redshift SurveyLas Campanas Redshift SurveyLas Campanas Redshift Survey

~ 800 Mpc

~ 800 Mpc

~ 800 Mpc
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2dF Galaxy Redshift Survey (15 May 2002)2dF Galaxy Redshift Survey (15 May 2002)2dF Galaxy Redshift Survey (15 May 2002)

~ 1300 Mpc

~ 1300 Mpc

~ 1300 Mpc
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2dF Galaxy Redshift Survey 2dF Galaxy Redshift Survey 

Ge
or

g 
Ra

ff
el

t,
 M

ax
-P

la
nc

k-
In

st
it

ut
 f

ür
 P

hy
si

k 
(M

ün
ch

en
)

Animations from 2dFGRS Homepage http://www.mso.anu.edu.au/2dFGRSAnimations from 2dFGRS Homepage http://www.mso.anu.edu.au/2dFGRS//
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Neutrino Mass Limit from 2dF Galaxy SurveyNeutrino Mass Limit from 2dF Galaxy SurveyNeutrino Mass Limit from 2dF Galaxy Survey

Elgaroy et al., 
astro-ph/0204152
Elgaroy et al., Elgaroy et al., 
astroastro--ph/0204152ph/0204152

Ων = 0.01ΩΩν ν = 0.01= 0.01

Ων = 0ΩΩν ν = 0= 0

Ων = 0.05ΩΩν ν = 0.05= 0.05 Σ mν < 2.2 eV  
at 95% CL

ΣΣ mmνν < 2.2 eV  < 2.2 eV  
at 95% CLat 95% CL

For a similar limit
based on the
2dF data 
see Hannestad,
astro-ph/0205223

For a similar limitFor a similar limit
based on thebased on the
2dF data 2dF data 
see see Hannestad,Hannestad,
astroastro--ph/0205223ph/0205223
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Neutrino Mass Limits from Cosmic StructureNeutrino Mass Limits from Cosmic StructureNeutrino Mass Limits from Cosmic Structure

• Global fits to CMBR and LSS data,  
• 3 flavors of equal-mass neutrinos
•• Global fits to CMBR and LSS data,  Global fits to CMBR and LSS data,  
•• 3 flavors of equal3 flavors of equal--mass neutrinosmass neutrinos

mν < 2.8 eV  at 95% CLmmνν < 2.8 eV  at 95% CL< 2.8 eV  at 95% CL Novosyadlyj, Durrer & Apunevych,
astro-ph/0011055
Novosyadlyj, Durrer & Apunevych,Novosyadlyj, Durrer & Apunevych,
astroastro--ph/0011055ph/0011055

mν < 0.8 eV  at 95% CLmmνν < 0.8 eV  at 95% CL< 0.8 eV  at 95% CL Elgaroy et al., astro-ph/0204152
Hannestad, astro-ph/0205223 
Elgaroy et al., astroElgaroy et al., astro--ph/0204152ph/0204152
Hannestad, astroHannestad, astro--ph/0205223 ph/0205223 

For similar older limits see
• Croft, Hu & Davé,   PRL 83 (1999) 1092
• Fukugita, Liu & Sugiyama,   PRL 84 (2000) 1082
• Gawiser,   astro-ph/0005475

For similar older limits seeFor similar older limits see
•• Croft, Hu & Davé,   PRL 83 (1999) 1092Croft, Hu & Davé,   PRL 83 (1999) 1092
•• Fukugita, Liu & Sugiyama,   PRL 84 (2000) 1082Fukugita, Liu & Sugiyama,   PRL 84 (2000) 1082
•• Gawiser,   astroGawiser,   astro--ph/0005475ph/0005475

mν < 1.4 eV  at 95% CLmmνν < 1.4 eV  at 95% CL< 1.4 eV  at 95% CL Wang, Tegmark & Zaldarriaga,
astro-ph/0105091
Wang, Tegmark & Zaldarriaga,Wang, Tegmark & Zaldarriaga,
astroastro--ph/0105091ph/0105091
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Matter Inventory of the UniverseMatter Inventory of the UniverseMatter Inventory of the Universe

Dark Energy
(Cosmological Constant)
Dark EnergyDark Energy
(Cosmological Constant)(Cosmological Constant)

Dark
Matter
DarkDark
MatterMatter

Baryonic Matter
(of this about
10% luminous) 

Baryonic MatterBaryonic Matter
(of this about(of this about
10% luminous) 10% luminous) 

Neutrinos
min. 0.1%
max. 6%

NeutrinosNeutrinos
min. 0.1%min. 0.1%
max. 6%max. 6%
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Neutrino Mass Limits and Future SensitivityNeutrino Mass Limits and Future SensitivityNeutrino Mass Limits and Future Sensitivity

20 eV20 eV20 eV

3 eV3 eV3 eV

2 eV2 eV2 eV

1 eV1 eV1 eV

Super-KamiokandeSuperSuper--KamiokandeKamiokande

SN 1987ASN 1987ASN 1987A

with gravity waveswith gravity waveswith gravity waves

with black holewith black holewith black hole

2.5 eV2.5 eV2.5 eV

0.3 eV0.3 eV0.3 eV

Mainz/TroitskMainz/TroitskMainz/Troitsk

mν < 0.8 eVmmν ν < 0.8 eV< 0.8 eV

mν < 0.3 eVmmν ν < 0.3 eV< 0.3 eV

2DF Redshift Survey2DF Redshift Survey2DF Redshift Survey

Tritium endpointTritium endpointTritium endpoint

Supernova
Neutrinos
Time-of-flight

SupernovaSupernova
NeutrinosNeutrinos
TimeTime--ofof--flightflight

Cosmic structureCosmic structureCosmic structure

KATRINKATRINKATRIN

Sloan Digital Sky SurveySloan Digital Sky SurveySloan Digital Sky Survey
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Neutrino Chemical Potentials,Neutrino Chemical Potentials,
BigBig--Bang Nucleosynthesis,Bang Nucleosynthesis,

and Flavor Oscillationsand Flavor Oscillations
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How Many Relic Neutrinos?How Many Relic Neutrinos?How Many Relic Neutrinos?

Standard thermal population in one flavor:Standard thermal population in one flavor:Standard thermal population in one flavor: 3
11
3 cm112nn −

γνν ≈= 3
11
3 cm112nn −

γνν ≈=

Sterile (right-handed) states, populated by νL→ νRSterile (rightSterile (right--handed) states, populated byhanded) states, populated by ννLL→→ ννRR

Electromagnetic dipole momentsElectromagnetic dipole momentsElectromagnetic dipole moments

Right-handed currentsRightRight--handed currentshanded currents

Oscillations/collisionsOscillations/collisionsOscillations/collisions

Excluded by energy loss of 
globular cluster stars
Excluded by energy loss of Excluded by energy loss of 
globular cluster starsglobular cluster stars

Excluded by energy loss of SN 87A Excluded by energy loss of SN 87A Excluded by energy loss of SN 87A 

o.k., hot/warm DM possibleo.k., hot/warm DM possibleo.k., hot/warm DM possible

Dirac massDiracDirac massmass Too small in eV rangeToo small inToo small in eVeV rangerange

Additional familiesAdditional familiesAdditional families Excluded by Z0 width: Nν = 3 Excluded by ZExcluded by Z00 width:width: NNνν = 3 = 3 

Additional active neutrinos beyond standard population of νe, νµ, ντAdditional active neutrinos beyond standard population ofAdditional active neutrinos beyond standard population of ννee, , ννµµ,, ννττ

Chemical potentials for νe, νµ, ντChemical potentials forChemical potentials for ννee, , ννµµ,, ννττ o.k.o.k.o.k.
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BBN ConcordanceBBN ConcordanceBBN Concordance
[astro-ph/9903300][[astroastro--ph/9903300]ph/9903300]

Helium 4Helium 4Helium 4

DeuteriumDeuteriumDeuterium

LithiumLithiumLithium

Cosmic baryon 
density implied by 
deuterium abundance:

ΩBh2 = 0.019 ± 0.0024

Cosmic baryon Cosmic baryon 
density implied by density implied by 
deuterium abundance:deuterium abundance:

ΩΩBBhh22 = 0.019 = 0.019 ±± 0.00240.0024
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BBN Limits on Neutrino FlavorsBBN Limits on Neutrino FlavorsBBN Limits on Neutrino Flavors

[astro-ph/9903300][[astroastro--ph/9903300]ph/9903300]

At BBN one flavor 
contributes about 
16% to cosmic mass-
energy density. 
Extra  flavors modify 
expansion parameter
accordingly.

At BBN one flavor At BBN one flavor 
contributes about contributes about 
16% to cosmic mass16% to cosmic mass--
energy density. energy density. 
Extra  flavors modify Extra  flavors modify 
expansion parameterexpansion parameter
accordingly.accordingly.

Conservative limit:
|∆Neff| < 1
Conservative limit:Conservative limit:
||∆∆NNeffeff|| < 1< 1
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BBN and Neutrino Chemical PotentialsBBN and Neutrino Chemical PotentialsBBN and Neutrino Chemical Potentials
Expansion-rate effect:
Energy density in one neutrino flavor with degeneracy parameter ξ = η/T
ExpansionExpansion--rate effect:rate effect:
Energy density in one neutrino flavor with degeneracy parameter Energy density in one neutrino flavor with degeneracy parameter ξξ = = ηη/T/T
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Beta equilibrium effect for electron flavor:
Helium abundance essentially fixed by n/p ratio at beta freeze-out

Numerically effect on helium analogous to ∆Neff ∼ -18 ξνe.
|∆Neff| < 1   |ξνe| < 0.057 

Beta equilibrium effect for electron flavor:Beta equilibrium effect for electron flavor:
Helium abundance essentially fixed by n/p ratio at beta freezeHelium abundance essentially fixed by n/p ratio at beta freeze--outout

Numerically effect on helium analogous to Numerically effect on helium analogous to ∆∆NNeffeff ∼∼ --18 18 ξξννee..
||∆∆NNeffeff|| < 1   < 1   ||ξξννee|| < 0.057 < 0.057 

( ) T/T/mm pne
p
n η−−−=

( ) T/T/mm pne
p
n η−−−=

−+↔ν+ epn e
−+↔ν+ epn e

Beta effect of νe can compensate expansion-rate effect of νµ or ντ
No significant BBN limit on neutrino number density
Beta effect ofBeta effect of ννee can compensate expansioncan compensate expansion--rate effect ofrate effect of ννµµ oror ννττ
No significant BBN limit on neutrino number densityNo significant BBN limit on neutrino number density
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Chemical Potentials and Flavor OscillationsChemical Potentials and Flavor OscillationsChemical Potentials and Flavor Oscillations

Flavor mixing (neutrino oscillations)Flavor mixing (neutrino oscillations)Flavor mixing (neutrino oscillations)

Flavor lepton numbers not conservedFlavor lepton numbers not conservedFlavor lepton numbers not conserved

Only one common chemical potential ξOnly one common chemical potential Only one common chemical potential ξξ

Stringent ξνe limit applies to all flavorsStringent Stringent ξξννe e limit applies to all flavorslimit applies to all flavors

Extra neutrino density ∆Neff < 0.0064Extra neutrino density Extra neutrino density ∆∆NNeffeff << 0.00640.0064

For all flavors |ξνe,µ,τ| < 0.07For all flavors |For all flavors |ξξννee,,µ,τµ,τ|| << 0.070.07

Cosmic neutrino density very close to standard value.
Neutrino-mass experiments indeed measure or 
constrain cosmic neutrino density

Cosmic neutrino density very close to standard value.Cosmic neutrino density very close to standard value.
NeutrinoNeutrino--mass experiments indeed measure or mass experiments indeed measure or 
constrain cosmic neutrino densityconstrain cosmic neutrino density

Chain of arguments only valid if relaxation to flavor equilibrium obtains
before n/p freeze-out, i.e. before T ~ 1 MeV
Chain of arguments only valid if relaxation to flavor equilibriuChain of arguments only valid if relaxation to flavor equilibrium obtainsm obtains
before n/p freezebefore n/p freeze--out, i.e. before T ~ 1out, i.e. before T ~ 1 MeVMeV
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Flavor Equilibrium Before N/P Freeze-Out ?Flavor Equilibrium Before N/P FreezeFlavor Equilibrium Before N/P Freeze--Out ?Out ?

yesyesyes • Atmospheric neutrinos: Maximally mixed νµ → ντ oscillations 
• Solar neutrinos by LMA solution
•• Atmospheric neutrinos: Maximally mixed Atmospheric neutrinos: Maximally mixed ννµµ →→ ννττ oscillations oscillations 
•• Solar neutrinos by LMA solutionSolar neutrinos by LMA solution

maybemaybemaybe Solar LOW solution
(Quasi-equilibrium depends on unknown third mixing angle 13)
Solar LOW solutionSolar LOW solution
(Quasi(Quasi--equilibrium depends on unknown third mixing angle 13)equilibrium depends on unknown third mixing angle 13)

nonono Solar SMA solutionSolar SMA solutionSolar SMA solution

Our knowledge of the cosmic neutrino density depends on the solution of
the solar neutrino problem: KamLAND most relevant current experiment
Our knowledge of the cosmic neutrino density depends on the soluOur knowledge of the cosmic neutrino density depends on the solution oftion of
the solar neutrino problem:the solar neutrino problem: KamLANDKamLAND most relevant current experimentmost relevant current experiment

• Lunardini & Smirnov, hep-ph/0012056
• Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287
• Abazajian, Beacom & Bell, astro-ph/0203442
• Wong, hep-ph/0203180 

•• LunardiniLunardini & Smirnov,& Smirnov, hephep--ph/0012056ph/0012056
•• DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287
•• AbazajianAbazajian,, BeacomBeacom & Bell,& Bell, astroastro--ph/0203442ph/0203442
•• Wong,Wong, hephep--ph/0203180 ph/0203180 
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Two-Flavor Neutrino OscillationsTwoTwo--Flavor Neutrino OscillationsFlavor Neutrino Oscillations
Evolution of neutrino ensemble described in terms of density matrices:Evolution of neutrino ensemble described in terms of density matEvolution of neutrino ensemble described in terms of density matrices:rices:
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Flavor oscillations in vacuum:Flavor oscillations in vacuum:Flavor oscillations in vacuum:
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Vacuum Oscillations with Distribution of EnergiesVacuum Oscillations with Distribution of EnergiesVacuum Oscillations with Distribution of Energies
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Two-Flavor Oscillations in MediaTwoTwo--Flavor Oscillations in MediaFlavor Oscillations in Media
Neutrinos propagating in a medium suffer refraction (Wolfenstein 1978)Neutrinos propagating in a medium suffer refraction (Neutrinos propagating in a medium suffer refraction (WolfensteinWolfenstein 1978)1978)

νν νν
ZZ

ff

νν ff νν

W, ZW, Z

Effect is usually different for different flavorsEffect is usually different for different flavors

Equation of motion in early universe (ignoring neutrino background)Equation of motion in early universe (ignoring neutrino backgrouEquation of motion in early universe (ignoring neutrino background)nd)
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Oscillations begin when background medium is sufficiently diluted to
avoid large medium effect compared to vacuum mixing
Oscillations begin when background medium is sufficiently diluteOscillations begin when background medium is sufficiently diluted tod to
avoid large medium effect compared to vacuum mixingavoid large medium effect compared to vacuum mixing



Ge
or

g 
Ra

ff
el

t,
 M

ax
-P

la
nc

k-
In

st
it

ut
 f

ür
 P

hy
si

k
(M

ün
ch

en
)

Flavor Equilibration: LMA SolutionFlavor Equilibration: LMA SolutionFlavor Equilibration: LMA Solution

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287
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Flavor Equilibration: LMA With Non-Zero Θ13Flavor Equilibration: LMA With NonFlavor Equilibration: LMA With Non--Zero Zero ΘΘ1313

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287
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Flavor Equilibration: LOW SolutionFlavor Equilibration: LOW SolutionFlavor Equilibration: LOW Solution

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287

n/p freeze outn/p freeze out
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Flavor Equilibration: SMA With Non-Zero Θ13Flavor Equilibration: SMA With NonFlavor Equilibration: SMA With Non--Zero Zero ΘΘ1313

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287
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Synchronized Oscillations by Self-InteractionsSynchronized Oscillations by SelfSynchronized Oscillations by Self--InteractionsInteractions

“Magnetic field” caused by neutrinos themselves much larger than
vacuum or medium terms.
Couples “magnetic moments” to one large dipole which precesses with
a single frequency.

“Magnetic field” caused by neutrinos themselves much larger than“Magnetic field” caused by neutrinos themselves much larger than
vacuum or medium terms.vacuum or medium terms.
Couples “magnetic moments” to one large dipole whichCouples “magnetic moments” to one large dipole which precessesprecesses withwith
a single frequency.a single frequency.

Equation of motion in early universe with neutrino backgroundEquation of motion in early universe with neutrino backgroundEquation of motion in early universe with neutrino background
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with the integrated neutrino polarization vectorswith the integrated neutrino polarization vectors
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antianti--neutrinosneutrinos

andand

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011Pastor,Pastor, RaffeltRaffelt && SemikozSemikoz, PRD 65 (2002) 053011, PRD 65 (2002) 053011
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Synchronized Oscillations by Self-InteractionsSynchronized Oscillations by SelfSynchronized Oscillations by Self--InteractionsInteractions

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011Pastor,Pastor, RaffeltRaffelt && SemikozSemikoz, PRD 65 (2002) 053011, PRD 65 (2002) 053011
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Synchronized Oscillations by Self-InteractionsSynchronized Oscillations by SelfSynchronized Oscillations by Self--InteractionsInteractions

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011Pastor,Pastor, RaffeltRaffelt && SemikozSemikoz, PRD 65 (2002) 053011, PRD 65 (2002) 053011
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Zero-Frequency Synchronized OscillationsZeroZero--Frequency Synchronized OscillationsFrequency Synchronized Oscillations

Pastor, Raffelt & Semikoz, PRD 65 (2002) 053011Pastor,Pastor, RaffeltRaffelt && SemikozSemikoz, PRD 65 (2002) 053011, PRD 65 (2002) 053011

Synchronized oscillation frequency, assuming all polarization vectors
initially parallel or antiparallel to z-axis

Only neutrinos (no anti-neutrinos):

Equal distribution of neutrinos of one flavor and anti-neutrinos of the
other:

Oscillations completely suppressed

Synchronized oscillation frequency, assuming all polarization veSynchronized oscillation frequency, assuming all polarization vectorsctors
initially parallel orinitially parallel or antiparallelantiparallel to zto z--axisaxis

Only neutrinos (no antiOnly neutrinos (no anti--neutrinos):neutrinos):

Equal distribution of neutrinos of one flavor and antiEqual distribution of neutrinos of one flavor and anti--neutrinos of theneutrinos of the
other:other:

Oscillations completely suppressedOscillations completely suppressed
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Flavor Equilibration: LMA and ξ(νµ) = −ξ(ντ) Flavor Equilibration: LMA and Flavor Equilibration: LMA and ξξ((ννµµ) = ) = −−ξξ((ννττ) ) 

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287
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Zero-Frequency Synchronized OscillationsZeroZero--Frequency Synchronized OscillationsFrequency Synchronized Oscillations

In a three-flavor system with dominant self-term, oscillations are 
suppressed (or infinitesimally slow) when

|ξ(νe)| = |ξ(νµ)| = |ξ(ντ)|

Therefore, “equilibrium” in a strict sense not assured, but in that case
number densities anyway equal between all flavors.

This situation requires a nonvanishing total lepton number.
If total lepton number is zero, oscillation suppression by self-term
not possible. 

In a threeIn a three--flavor system with dominant selfflavor system with dominant self--term, oscillations are term, oscillations are 
suppressed (or infinitesimally slow) whensuppressed (or infinitesimally slow) when

||ξξ((ννee)| = |)| = |ξξ((ννµµ)| = |)| = |ξξ((ννττ)|)|

Therefore, “equilibrium” in a strict sense not assured, but in tTherefore, “equilibrium” in a strict sense not assured, but in that casehat case
number densities anyway equal between all flavors.number densities anyway equal between all flavors.

This situation requires aThis situation requires a nonvanishingnonvanishing total lepton number.total lepton number.
If total lepton number is zero, oscillation suppression by selfIf total lepton number is zero, oscillation suppression by self--termterm
not possible. not possible. 

Dolgov, Hansen, Pastor, Petcov, Raffelt & Semikoz, hep-ph/0201287DolgovDolgov, Hansen, Pastor,, Hansen, Pastor, PetcovPetcov,, RaffeltRaffelt && SemikozSemikoz,, hephep--ph/0201287ph/0201287
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SummarySummarySummary

If KamLAND confirms LMA solar oscillation solution,
BBN implies

that the total number density of relic neutrinos agrees 
with the standard value to better than 1%

IfIf KamLANDKamLAND confirms LMA solar oscillation solution,confirms LMA solar oscillation solution,
BBN impliesBBN implies

that the total numberthat the total number density ofdensity of relic neutrinos agrees relic neutrinos agrees 
with the standard value to better than 1%with the standard value to better than 1%

Strict relation between cosmological limits on
hot dark matter component

and neutrino mass

Strict relation between cosmological limits onStrict relation between cosmological limits on
hot dark matter componenthot dark matter component

and neutrino massand neutrino mass
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HighestHighest--Energy Cosmic RaysEnergy Cosmic Rays
and the Cosmic Neutrino Sea and the Cosmic Neutrino Sea 
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Global Cosmic  
Ray Spectrum
Global Cosmic  Global Cosmic  
Ray SpectrumRay Spectrum
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Greisen-Zatsepin-Kuzmin
(GZK) Cutoff

GreisenGreisen--ZatsepinZatsepin--KuzminKuzmin
((GZK) CutoffGZK) Cutoff

JETP Lett. 
4 (1966) 78
JETPJETP LettLett. . 
4 (1966) 784 (1966) 78

PRL 16 (1966) 748PRL PRL 16 (1966) 74816 (1966) 748

p + γ → ∆+ → p + π0p + p + γγ →→ ∆∆++ →→ p + p + ππ00

One event (1962) 
with 1020 eV

One event (1962) One event (1962) 
with 10with 102020 eVeV
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Spectrum of Highest-Energy AGASA EventsSpectrum of HighestSpectrum of Highest--Energy AGASA EventsEnergy AGASA Events

astro-ph/0008102astroastro--ph/0008102ph/0008102
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Neutrino energy
on resonance
Neutrino energyNeutrino energy
on resonanceon resonance

Z-Bursts and Highest-Energy Cosmic RaysZZ--Bursts and HighestBursts and Highest--Energy Cosmic RaysEnergy Cosmic Rays

Neutrinos 
Eν ~ 1021 - 1022 eV
from unknown sources

Neutrinos Neutrinos 
EEνν ~ 10~ 1021 21 -- 10102222 eVeV
from unknown sourcesfrom unknown sources

Cosmic relic 
neutrinos
mν ~ 1 eV

Cosmic relic Cosmic relic 
neutrinosneutrinos
mmνν ~ 1~ 1 eVeV

Resonant
Z-Boson

Production

ResonantResonant
ZZ--BosonBoson

ProductionProduction

Decay
(Z-Burst)
2 Nucleons
10 π0 → 20 γ
17 π± → e± ν ν

DecayDecay
(Z(Z--Burst)Burst)
2 Nucleons2 Nucleons
10 10 ππ00 →→ 20 20 γγ
17 17 ππ±± →→ ee±± νν νν
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Measured cosmic raysMeasured cosmic raysMeasured cosmic rays
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• Fodor, Katz, Ringwald
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For example:For example:
•• WeilerWeiler
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Fitting the Cosmic Ray Spectrum with Z-BurstsFitting the Cosmic Ray Spectrum with ZFitting the Cosmic Ray Spectrum with Z--BurstsBursts

Fodor, Katz & Ringwald, hep-ph/0203198Fodor, Katz &Fodor, Katz & RingwaldRingwald,, hephep--ph/0203198ph/0203198

Cosmic ray spectrum near cutoff can be fit for 
a wide range of allowed neutrino masses
Cosmic ray spectrum near cutoff can be fit for Cosmic ray spectrum near cutoff can be fit for 
a wide range of allowed neutrino massesa wide range of allowed neutrino masses

Main problems:

• Huge source flux of 
EHE neutrinos
required

• No plausible sources
known

• Accompanying 
photons must be
perfectly obscured

Main problems:Main problems:

•• Huge source flux of Huge source flux of 
EHE neutrinosEHE neutrinos
requiredrequired

•• No plausible sourcesNo plausible sources
knownknown

•• Accompanying Accompanying 
photons must bephotons must be
perfectly obscuredperfectly obscured

Kalashev et al.
hep-ph/0112351
KalashevKalashev et al.et al.
hephep--ph/0112351ph/0112351
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Discovery Potential for Required Neutrino FluxesDiscovery Potential for Required Neutrino FluxesDiscovery Potential for Required Neutrino Fluxes

Fodor, Katz & Ringwald, hep-ph/0203198Fodor, Katz &Fodor, Katz & RingwaldRingwald,, hephep--ph/0203198ph/0203198

Discovering an EHE neutrino flux
at this level might allow one to
see evidence for cosmic relic
neutrinos

Discovering an EHE neutrino fluxDiscovering an EHE neutrino flux
at this level might allow one toat this level might allow one to
see evidence for cosmic relicsee evidence for cosmic relic
neutrinosneutrinos
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Massive Neutrinos and theMassive Neutrinos and the
Cosmic Baryon Asymmetry Cosmic Baryon Asymmetry 
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Baryogenesis in the Early UniverseBaryogenesisBaryogenesis in the Early Universein the Early Universe

Sakharov conditions for creating the Baryon Asymmetry 
of the Universe (BAU)
• C and CP violation
• Baryon number violation
• Deviation from thermal equilibrium

SakharovSakharov conditions for creating the Baryon Asymmetry conditions for creating the Baryon Asymmetry 
of the Universe (BAU)of the Universe (BAU)
•• C and CP violationC and CP violation
•• Baryon number violationBaryon number violation
•• Deviation from thermal equilibriumDeviation from thermal equilibrium

Particle-physics standard model
• Violates B and L by electroweak instanton effects   
• Conserves  B – L

ParticleParticle--physics standard modelphysics standard model
•• Violates B and L by electroweakViolates B and L by electroweak instantoninstanton effects   effects   
•• Conserves  B Conserves  B –– LL

In cosmological evolution
• Pre-existing B+L erased at EW phase transition
• Creation of BAU at phase transition not possible, 
except for special parameters in SUSY models

In cosmological evolutionIn cosmological evolution
•• PrePre--existing B+L erased at EW phase transitionexisting B+L erased at EW phase transition
•• Creation of BAU at phase transition not possible, Creation of BAU at phase transition not possible, 
except for special parameters in SUSY modelsexcept for special parameters in SUSY models
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Leptogenesis by Majorana Neutrino DecaysLeptogenesisLeptogenesis byby MajoranaMajorana Neutrino DecaysNeutrino Decays

A classic paper:A classic paper:A classic paper:
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NeutrinosNeutrinosNeutrinosCharged LeptonsCharged LeptonsCharged Leptons

See-Saw Model for Neutrino MassesSeeSee--Saw Model for Neutrino MassesSaw Model for Neutrino Masses

Lagrangian for
particle masses
Lagrangian forLagrangian for
particle massesparticle masses .c.hMNN

2
1NggL R

c
RRLRLmass +−φ−φ−= νlll l .c.hMNN

2
1NggL R

c
RRLRLmass +−φ−φ−= νlll l
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Dirac massesDirac masses
from couplingfrom coupling
to standardto standard
Higgs field Higgs field φφ
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DiagonalizeDiagonalizeDiagonalize

Light Majorana massLight Majorana mass
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Leptogenesis by Out-of-Equilibrium DecayLeptogenesis by OutLeptogenesis by Out--ofof--Equilibrium DecayEquilibrium Decay

Equilibrium abundance of
heavy Majorana neutrinos
Equilibrium abundance ofEquilibrium abundance of
heavy Majorana neutrinosheavy Majorana neutrinos

Real non-equilibrium abundance
determined by decay rate
Real nonReal non--equilibrium abundanceequilibrium abundance
determined by decay ratedetermined by decay rate

Lepton-number abundance
created by CP-violating decays
LeptonLepton--number abundancenumber abundance
created by CPcreated by CP--violating decaysviolating decays

CP-violating decays by
interference of tree-level
with one-loop diagram

CPCP--violating decays byviolating decays by
interference of treeinterference of tree--levellevel
with onewith one--loop diagramloop diagram

πν=Γ 8
M2

Decay g πν=Γ 8
M2

Decay g
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Connection to Neutrino MassConnection to Neutrino MassConnection to Neutrino Mass

Pl

2

m
M

eff
2 g

8
Mg <
πν Pl

2

m
M

eff
2 g

8
Mg <
πν

Pl
eff

m
g82

M
g πν <

Pl
eff

m
g82

M
g πν <

πν=Γ 8
M2

Decay g πν=Γ 8
M2

Decay g Decay rate of heavy Majorana
neutrino
Decay rate of heavy MajoranaDecay rate of heavy Majorana
neutrinoneutrino

Pl

2
m
T

effgH ≈
Pl

2
m
T

effgH ≈ Cosmic expansion rateCosmic expansion rateCosmic expansion rate

MTDecay H =<Γ MTDecay H =<Γ Requirement for strong deviation
from equilibrium ...
Requirement for strong deviationRequirement for strong deviation
from equilibrium ...from equilibrium ...

eV10~
M

gm 32
m

g822

Pl
eff −πν

ν φ<
φ

= eV10~
M

gm 32
m

g822

Pl
eff −πν

ν φ<
φ

=
... translates into a limit on the

observable neutrino mass
... translates into a limit on the... translates into a limit on the

observable neutrino massobservable neutrino mass
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Leptogenesis by Majorana Neutrino DecaysLeptogenesisLeptogenesis byby MajoranaMajorana Neutrino DecaysNeutrino Decays

In see-saw models of neutrino masses, right-handed 
heavy Majorana neutrinos provide source for L-violation
In seeIn see--saw models of neutrino masses, rightsaw models of neutrino masses, right--handed handed 
heavyheavy MajoranaMajorana neutrinos provide source for Lneutrinos provide source for L--violationviolation

Cosmological evolution:
• B = L = 0 early on
• Thermal freeze-out of heavy Majorana neutrinos
• Out-of-equilibrium decay creates net L
• Shift L excess into B at EW phase transition

Cosmological evolution:Cosmological evolution:
•• B = L = 0 early onB = L = 0 early on
•• Thermal freezeThermal freeze--out of heavyout of heavy MajoranaMajorana neutrinosneutrinos
•• OutOut--ofof--equilibrium decay creates net Lequilibrium decay creates net L
•• Shift L excess into B at EW phase transitionShift L excess into B at EW phase transition

Sufficient deviation from   
equilibrium distribution of 
heavy Majorana neutrinos 
at freeze-out

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

Limits
on
Yukawa
couplings

LimitsLimits
onon
YukawaYukawa
couplingscouplings

Limits
on light
neutrino
masses

LimitsLimits
on on lightlight
neutrinoneutrino
massesmasses

Consistent with hierarchical masses below 0.1 eVConsistent with hierarchical masses below 0.1Consistent with hierarchical masses below 0.1 eVeV
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ConclusionsConclusionsConclusions

Large-scale galaxy redshift surveys:
• Best limit of mν < 0.8 eV,
• Future sensitivity ~ 0.3 eV 
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If solar LMA solution applies,
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precisely determined by BBN
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• But not sub-eV range 
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Majorana neutrino masses in the favored 
range may indicate a leptogenesis scenario 
for generating cosmic baryon asymmetry
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