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Where do Neutrinos Appear in Nature?Where do Neutrinos Appear in Nature?

Nuclear ReactorsNuclear Reactors SunSun

Particle AcceleratorsParticle Accelerators

SupernovaeSupernovae
(Stellar Collapse)(Stellar Collapse)

SN 1987ASN 1987A

Earth AtmosphereEarth Atmosphere
(Cosmic Rays)(Cosmic Rays)

AstrophysicalAstrophysical
Accelerators         Accelerators         Soon ?Soon ?

Earth Crust  Earth Crust  
(Natural         (Natural         
Radioactivity)Radioactivity)

Cosmic Big Bang   Cosmic Big Bang   
(Today 330 (Today 330 νν/cm/cm33))

Indirect EvidenceIndirect Evidence
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Neutrinos from the SunNeutrinos from the Sun

Solar radiation: 98 %  lightSolar radiation: 98 %  light
2 %  neutrinos2 %  neutrinos

At Earth 66 billion neutrinos/cmAt Earth 66 billion neutrinos/cm22 secsec

Hans Bethe (1906Hans Bethe (1906−−2005, Nobel prize 1967)2005, Nobel prize 1967)
Thermonuclear reaction chains (1938)Thermonuclear reaction chains (1938)

ReactionReaction--
chainschains

EnergyEnergy
26.7 MeV26.7 MeV

HeliumHelium
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Bethe’s Classic Paper on Nuclear Reactions in StarsBethe’s Classic Paper on Nuclear Reactions in Stars

No neutrinosNo neutrinos
from nuclear reactionsfrom nuclear reactions

in 1938 … in 1938 … 
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Gamow & Schoenberg, Phys. Rev. 58:1117 (1940)Gamow & Schoenberg, Phys. Rev. 58:1117 (1940)
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Sun Glasses for Neutrinos?Sun Glasses for Neutrinos?

100 light years of lead 100 light years of lead 
needed to shield solarneeded to shield solar
neutrinosneutrinos

Bethe & Peierls 1934:Bethe & Peierls 1934:
“… this evidently means“… this evidently means
that one will never be ablethat one will never be able
to observe a neutrino.”to observe a neutrino.”

8.3 light minutes8.3 light minutes
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First Detection (1954 First Detection (1954 -- 1956)1956)

Fred ReinesFred Reines
(1918 (1918 –– 1998)1998)

Nobel prize 1995Nobel prize 1995

Clyde CowanClyde Cowan
(1919 (1919 –– 1974)1974)

Detector prototypeDetector prototype

AntiAnti--Electron Electron 
NeutrinosNeutrinos
from from 
Hanford Hanford 
Nuclear ReactorNuclear Reactor

3 Gammas3 Gammas
in coincidencein coincidenceeνeν ppp

nnn CdCdCd

e+ee++ e-ee-- γγγ

γγγ

γγγ
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First Measurement of Solar NeutrinosFirst Measurement of Solar Neutrinos

Inverse beta decayInverse beta decay
of chlorineof chlorine

600 tons of600 tons of
PerchloroethylenePerchloroethylene

Homestake solar neutrinoHomestake solar neutrino
observatory (1967observatory (1967−−2002)2002)
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Cherenkov EffectCherenkov EffectCherenkov Effect

WaterWater

Elastic scattering or Elastic scattering or 
CC reactionCC reaction

Neutrino

Neutrino
LightLight

LightLight

Cherenkov Cherenkov 
RingRing

Electron or MuonElectron or Muon
(Charged Particle)(Charged Particle)
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SuperSuper--Kamiokande Neutrino DetectorKamiokande Neutrino Detector

42 m42 m

39.3 m39.3 m
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SuperSuper--Kamiokande: Sun in the Light of NeutrinosKamiokande: Sun in the Light of Neutrinos
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SuperSuper--Kamiokande: Sun in the Light of NeutrinosKamiokande: Sun in the Light of Neutrinos

Season

N
eu

tr
in

o-
Si

gn
al

Angle relative to Sun
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I. Stellar EvolutionI. Stellar Evolution
and Particle Limitsand Particle Limits

II. Neutrinos and AxionsII. Neutrinos and Axions
from the Sunfrom the Sun

III. SupernovaIII. Supernova
NeutrinosNeutrinos
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Basics of Stellar EvolutionBasics of Stellar Evolution
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Equations of Stellar StructureEquations of Stellar Structure

Assume spherical symmetry and static structure (neglect kineAssume spherical symmetry and static structure (neglect kinetic energy)tic energy)
Excludes: Rotation, convection, magnetic fields, supernovaExcludes: Rotation, convection, magnetic fields, supernova--dynamics, …dynamics, …

LiteratureLiterature
•• Clayton:  Principles of stellar evolution andClayton:  Principles of stellar evolution and

nucleosynthesis (Univ. Chicago Press 1968)nucleosynthesis (Univ. Chicago Press 1968)
•• Kippenhahn & Weigert: Stellar structureKippenhahn & Weigert: Stellar structure

and evolution (Springer 1990)and evolution (Springer 1990)

Hydrostatic equilibriumHydrostatic equilibrium 2
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−= 2
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Energy conservationEnergy conservation ερπ= 2r r4
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Newton’s constantNewton’s constant
Mass densityMass density
Integrated mass up to rIntegrated mass up to r
Luminosity (energy flux)Luminosity (energy flux)
Local rate of energyLocal rate of energy
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Convection in MainConvection in Main--Sequence StarsSequence Stars

Kippenhahn & Weigert, Stellar Structure and EvolutionKippenhahn & Weigert, Stellar Structure and Evolution

SunSun
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Virial Theorem and Hydrostatic EquilibriumVirial Theorem and Hydrostatic Equilibrium

Most important tool to understandMost important tool to understand
selfself--gravitating systemsgravitating systems

Hydrostatic equilibriumHydrostatic equilibrium 2
rN

r

MG
dr
dP ρ

−= 2
rN

r

MG
dr
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−=

Average energy of singleAverage energy of single
“atoms” of the gas“atoms” of the gas Virial TheoremVirial Theoremgrav2

1
kin EE −= grav2

1
kin EE −=

L.h.s. partial integrationL.h.s. partial integration
with P = 0 at surface Rwith P = 0 at surface R
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Classical monatomic gas: Classical monatomic gas: 
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Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters

Coma ClusterComa Cluster

A gravitationally boundA gravitationally bound
system of many particlessystem of many particles
obeys the virial theoremobeys the virial theorem

gravkin EE2 −= gravkin EE2 −=

r
mMG

2
mv

2 rN
2

=
r

mMG
2

mv
2 rN

2
=

1
rN

2 rMGv −≈ 1
rN

2 rMGv −≈

Velocity dispersionVelocity dispersion
from Doppler shiftsfrom Doppler shifts
and geometric sizeand geometric size

Total MassTotal Mass



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

Dark Matter in Galaxy ClustersDark Matter in Galaxy Clusters

FritzFritz Zwicky:Zwicky:
DieDie RotverschiebungRotverschiebung vonvon
Extragalaktischen NebelnExtragalaktischen Nebeln
(The redshift of extragalactic(The redshift of extragalactic
nebulae)nebulae)

HelvHelv. Phys.. Phys. ActaActa 6 (1933) 1106 (1933) 110

In order to obtain the observed average Doppler effect ofIn order to obtain the observed average Doppler effect of
1000 km/s or more, the average density of the Coma cluster1000 km/s or more, the average density of the Coma cluster
would have to be at least 400 times larger than what is foundwould have to be at least 400 times larger than what is found
from observations of the luminous matter.from observations of the luminous matter.
Should this be confirmed one would find the surprising resultShould this be confirmed one would find the surprising result
that that dark matterdark matter is far more abundant than luminous matter.is far more abundant than luminous matter.
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Virial Theorem Applied to the SunVirial Theorem Applied to the Sun

Virial TheoremVirial Theorem

Approximate Sun as a homogeneousApproximate Sun as a homogeneous
sphere withsphere with

Mass    Mass    

RadiusRadius

Gravitational potential energy of aGravitational potential energy of a
proton near center of the sphereproton near center of the sphere

Thermal velocity distributionThermal velocity distribution

Estimated temperatureEstimated temperature

T = 1.1 keVT = 1.1 keV
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Nuclear Binding EnergyNuclear Binding Energy

Mass Number

Fe
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Hydrogen burning: ProtonHydrogen burning: Proton--Proton ChainsProton Chains

<< 0.420 MeV0.420 MeV
e

2 eHpp ν++→+ +
e

2 eHpp ν++→+ +

1.442 MeV1.442 MeV
e

2Hpep ν+→++ −
e

2Hpep ν+→++ −

γ+→+ HepH 32 γ+→+ HepH 32

PPIPPI

p2HeHeHe 433 +→+ p2HeHeHe 433 +→+

<< 18.8 MeV18.8 MeV

hephep

e
43 eHepHe ν++→+ +

e
43 eHepHe ν++→+ +

0.862 MeV0.862 MeV
e

77 LieBe ν+→+ −
e

77 LieBe ν+→+ −

0.384 MeV0.384 MeV
e

*77 LieBe ν+→+ −
e

*77 LieBe ν+→+ −

<< 15 MeV15 MeV

γ+→+ BpBe 87 γ+→+ BpBe 87

e
*88 eBeB ν++→ +

e
*88 eBeB ν++→ +

PPIIPPII HeHepLi 447 +→+ HeHepLi 447 +→+ PPIIIPPIII HeHeBe 44*8 +→ HeHeBe 44*8 +→

15%15%85%85%

0.02%0.02%90%90% 10%10%

0.24%0.24%100%100%

γ+→+ BeHeHe 743 γ+→+ BeHeHe 743
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Hydrogen Burning: CNO CycleHydrogen Burning: CNO Cycle
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Thermonuclear Reactions and Gamow PeakThermonuclear Reactions and Gamow Peak
Maxwell-Boltzmann

distribution
Tunneling
probability

Coulomb repulsion prevents nuclearCoulomb repulsion prevents nuclear
reactions, except for Gamow tunnelingreactions, except for Gamow tunneling

Tunneling probabilityTunneling probability

With Sommerfeld parameterWith Sommerfeld parameter

Parameterize cross section withParameterize cross section with
astrophysical Sastrophysical S--factor factor 
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LUNA Collaboration, nuclLUNA Collaboration, nucl--ex/9902004ex/9902004

p2HeHeHe 433 +→+
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Main Nuclear BurningsMain Nuclear Burnings

Hydrogen burningHydrogen burning 4p + 2e4p + 2e−− →→ 44He + 2He + 2ννee
•• Proceeds by pp chains and CNO cycleProceeds by pp chains and CNO cycle
•• No higher elements are formed becauseNo higher elements are formed because

no stable isotope with mass number 8no stable isotope with mass number 8
•• Neutrinos from  p Neutrinos from  p →→ n  conversionn  conversion
•• Typical temperatures: Typical temperatures: 101077 K (~1 keV)K (~1 keV)

Helium burningHelium burning
44He + He + 44He + He + 44He He ↔↔ 88Be + Be + 44He He →→ 1212CC

“Triple alpha reaction” because “Triple alpha reaction” because 88Be unstable,Be unstable,
builds up with concentration ~ 10builds up with concentration ~ 10−−99

1212C + C + 44He He →→ 1616OO
1616O + O + 44He He →→ 2020NeNe

Typical temperatures:Typical temperatures: 101088 K  (~10 keV)K  (~10 keV)

Carbon burningCarbon burning
Many reactions, for exampleMany reactions, for example

1212C + C + 1212C C →→ 2323Na + p  Na + p  oror 2020Ne + Ne + 44He  He  etcetc

Typical temperatures:Typical temperatures: 101099 K (~100 keV)K (~100 keV)

•• Each type of burning occursEach type of burning occurs
at a very different T but aat a very different T but a
broad range of densitiesbroad range of densities

•• Never coNever co--exist in the sameexist in the same
locationlocation
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Hydrogen ExhaustionHydrogen Exhaustion

MainMain--sequence starsequence star

Hydrogen BurningHydrogen Burning

HeliumHelium--burning starburning star

HeliumHelium
BurningBurning

HydrogenHydrogen
BurningBurning
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Burning Phases of a 15 SolarBurning Phases of a 15 Solar--Mass StarMass Star

HydrogenHydrogen 33H H →→ HeHe −−2.12.15.95.9 1.21.2 ××101077

DurationDuration
[years][years]LLνν/L/Lγγ

ρρcc
[g/cm[g/cm33]]

TTcc
[keV][keV]

DominantDominant
ProcessProcessBurning PhaseBurning Phase

LLγγ [10[1044 LLsunsun]]

HeliumHelium 1414He He →→ C, OC, O 1.71.7 ××1010−−556.06.01.31.3××101033 1.31.3 ××101066

CarbonCarbon C C →→ Ne, MgNe, Mg 5353 1.71.7××101055 8.68.6 1.01.0 6.36.3 ××101033

NeonNeon Ne Ne →→ O, MgO, Mg 110110 1.61.6××101077 9.69.6 1.81.8 ××101033 7.07.0

OxygenOxygen O O →→ SiSi 160160 9.79.7××101077 9.69.6 2.12.1 ××101044 1.71.7

SiliconSilicon Si Si →→ Fe, NiFe, Ni 270270 2.32.3××101088 9.69.6 9.29.2 ××101055 6 days6 days
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Neutrinos from Thermal Plasma ProcessesNeutrinos from Thermal Plasma Processes

These processes firstThese processes first
discussed in 1961discussed in 1961--6363
after Vafter V−−A theoryA theory

Photo (Compton)Photo (Compton) Plasmon decayPlasmon decay Pair annihilationPair annihilation

BremsstrahlungBremsstrahlung
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Effective Neutrino NeutralEffective Neutrino Neutral--Current CouplingsCurrent Couplings

E E ≪≪ MMW,ZW,Z

ChargedCharged
currentcurrent

NeutralNeutral
currentcurrent EffectiveEffective
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Neutrino Energy Loss RatesNeutrino Energy Loss Rates
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Existence of Direct NeutrinoExistence of Direct Neutrino--Electron CouplingElectron Coupling
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SelfSelf--Regulated Nuclear BurningRegulated Nuclear Burning

MainMain--Sequence StarSequence Star

Small Contraction Small Contraction 
→→ HeatingHeating
→→ Increased nuclear burningIncreased nuclear burning
→→ Increased pressureIncreased pressure
→→ ExpansionExpansion

Additional energy loss (“cooling”)Additional energy loss (“cooling”)
→→ Loss of pressureLoss of pressure
→→ ContractionContraction
→→ HeatingHeating
→→ Increased nuclear burningIncreased nuclear burning

Hydrogen burning at a nearly fixed THydrogen burning at a nearly fixed T
→→ Gravitational potential nearly fixed:Gravitational potential nearly fixed:

GGNNM/R ~ constantM/R ~ constant
→→ R R ∝∝ M  (More massive stars bigger)M  (More massive stars bigger)

Virial TheoremVirial Theorem grav2
1

kin EE −= grav2
1

kin EE −=
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Modification of Stellar Properties by Particle EmissionModification of Stellar Properties by Particle Emission

HomologousHomologous
changes ofchanges of
stellar structurestellar structure

Assume that some small perturbation (e.g. axion emission)Assume that some small perturbation (e.g. axion emission)
leads to “homologous” modification of stellar structure, i.e.leads to “homologous” modification of stellar structure, i.e.
every point is mapped to a new positionevery point is mapped to a new position
Requires powerRequires power--law relations for constitutive relationslaw relations for constitutive relations

•• Nuclear burning rateNuclear burning rate

•• Mean opacityMean opacity

Implies for other quantities:Implies for other quantities:

•• DensityDensity

•• PressurePressure

•• Temperature gradientTemperature gradient

yrr =′ yrr =′

)r(py)r(p 4−=′′ )r(py)r(p 4−=′′
)r(y)r( 3ρ=′ρ′ − )r(y)r( 3ρ=′ρ′ −

dr)r(dTyrd)r(Td 2−=′′′ dr)r(dTyrd)r(Td 2−=′′′

mnTρ∝ε mnTρ∝ε
tsTρ∝κ tsTρ∝κ

Impact of smallImpact of small
exotic energy lossexotic energy loss

Modified nuclear burning rateModified nuclear burning rate

Assume Kramers opacity lawAssume Kramers opacity law

Hydrogen burningHydrogen burning

nucx)1( εδ−∝ε nucx)1( εδ−∝ε
5.3t,1s −== 5.3t,1s −==
64m,1n −== 64m,1n −==
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Degenerate Stars (“White Dwarfs”)Degenerate Stars (“White Dwarfs”)

Assume T very small Assume T very small 
→→ No thermal pressureNo thermal pressure
→→ Electron degeneracy is pressure sourceElectron degeneracy is pressure source

Pressure ~ Momentum density x VelocityPressure ~ Momentum density x Velocity

•• Electron density Electron density 

•• Momentum Momentum ppFF (Fermi momentum)(Fermi momentum)

•• VelocityVelocity

•• PressurePressure

•• DensityDensity
(Stellar mass M and radius R)(Stellar mass M and radius R)

)3(pn 23
Fe π= )3(pn 23
Fe π=

eF mpv ∝ eF mpv ∝
535355

F RMpP −∝ρ∝∝ 535355
F RMpP −∝ρ∝∝

3MR−∝ρ 3MR−∝ρ

Hydrostatic equilibriumHydrostatic equilibrium

With dP/dr ~ With dP/dr ~ −−P/R we have approximatelyP/R we have approximately

2
rN

r

MG
dr
dP ρ

−= 2
rN

r

MG
dr
dP ρ

−=

42
N

1
N RMGRMGP −− ∝ρ∝ 42

N
1

N RMGRMGP −− ∝ρ∝

(Y(Yee electrons per nucleon)electrons per nucleon)

35
e

31
sun )Y2(

M
M6.0

km500,10R ⎟
⎠
⎞

⎜
⎝
⎛= 35

e
31

sun )Y2(
M
M6.0

km500,10R ⎟
⎠
⎞

⎜
⎝
⎛=

For sufficiently large mass,For sufficiently large mass,
electrons become relativisticelectrons become relativistic

•• Velocity = speed of lightVelocity = speed of light

•• PressurePressure

No stable configurationNo stable configuration

434344
F RMpP −∝ρ∝∝ 434344
F RMpP −∝ρ∝∝

Chandrasekhar mass limitChandrasekhar mass limit
2

esunCh )Y2(M457.1M = 2
esunCh )Y2(M457.1M =

Inverse massInverse mass--radius relationshipradius relationship

for degenerate stars:   R for degenerate stars:   R ∝∝ MM−−1/31/3
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Degenerate Stars (“White Dwarfs”)Degenerate Stars (“White Dwarfs”)

Inverse massInverse mass--radius relationshipradius relationship

for degenerate stars:   R for degenerate stars:   R ∝∝ MM−−1/31/3

Chandrasekhar mass limitChandrasekhar mass limit
2

esunCh )Y2(M457.1M = 2
esunCh )Y2(M457.1M =
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Stellar CollapseStellar Collapse

HeliumHelium--burning starburning star

HeliumHelium
BurningBurning

HydrogenHydrogen
BurningBurning

MainMain--sequence starsequence star

Hydrogen BurningHydrogen Burning
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Stellar CollapseStellar Collapse

HeliumHelium--burning starburning star

HeliumHelium
BurningBurning

HydrogenHydrogen
BurningBurning

MainMain--sequence starsequence star

Hydrogen BurningHydrogen Burning

Onion structureOnion structure

Degenerate iron core:Degenerate iron core:
ρρ ≈≈ 101099 g cmg cm−−33

T   T   ≈≈ 101010 10 KK
MMFeFe ≈≈ 1.5 M1.5 Msunsun
RRFeFe ≈≈ 8000 km8000 km

Collapse (implosion)Collapse (implosion)
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Giant StarsGiant Stars

HeliumHelium--burning star 1Mburning star 1M⊙⊙
MainMain--sequence star 1Msequence star 1M⊙⊙

(Hydrogen burning)(Hydrogen burning)

1R⊙1R1R⊙⊙

10 R⊙10 R10 R⊙⊙

0.03 R⊙0.03 R0.03 R⊙⊙

Large surface areaLarge surface area
→→ low temperaturelow temperature
→→ “red giant”“red giant”
Large luminosityLarge luminosity
→→ mass lossmass loss

“Envelope”“Envelope”
fully convectivefully convective

εεnucnuc(H) relates to(H) relates to

T T ∝∝ ΦΦgrav grav ∝∝ M/RM/R

of full starof full star

εεnucnuc(He) relates to(He) relates to

T T ∝∝ ΦΦgrav grav ∝∝ M/RM/R

of coreof core

εεnucnuc(H) determined by(H) determined by

T T ∝∝ ΦΦgrav grav of coreof core

→→ huge L(H)huge L(H)
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Evolution of a LowEvolution of a Low--Mass StarMass Star

HH

MainMain--SequenceSequence

MSMS

HorizontalHorizontal
BranchBranch

HH

HeHe

HBHB

GedGed--Giant BranchGiant Branch

HH

HeHe

RGBRGB

Asymptotic Asymptotic 
Giant Branch Giant Branch 

HH
HeHe
CC
OO

AGBAGB
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Planetary NebulaePlanetary Nebulae

Hour
Glass
Nebula

Hour
Glass
Nebula

Planetary
Nebula IC 418
Planetary
Nebula IC 418

Planetary
Nebula NGC 3132
Planetary
Nebula NGC 3132

Eskimo
Nebula
Eskimo
Nebula
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Evolution of StarsEvolution of Stars

M  M  << 0.08 M0.08 Msunsun
Never ignites hydrogen Never ignites hydrogen →→ coolscools
(“hydrogen white dwarf”)(“hydrogen white dwarf”) Brown dwarfBrown dwarf

0.080.08 << M  M  ≲≲ 0.8 M0.8 Msunsun
Hydrogen burning not completedHydrogen burning not completed
in Hubble timein Hubble time

LowLow--massmass
mainmain--squence starsquence star

22 ≲≲ M  M  ≲≲ 55−−8 M8 Msunsun Helium ignition nonHelium ignition non--degeneratedegenerate

0.8  0.8  ≲≲ M  M  ≲≲ 2 M2 Msunsun
Degenerate helium coreDegenerate helium core
after hydrogen exhaustionafter hydrogen exhaustion •• CarbonCarbon--oxygenoxygen

white dwarfwhite dwarf

•• Planetary nebulaPlanetary nebula

55−−8 M8 Msun sun ≲≲ M  M  << ??????

All burning cyclesAll burning cycles
→→ Onion skinOnion skin

structure withstructure with
degenerate irondegenerate iron
corecore

CoreCore
collapsecollapse
supernovasupernova

•• Neutron starNeutron star
(often pulsar)(often pulsar)

•• Sometimes Sometimes 
black hole?black hole?

•• SupernovaSupernova
remnant (SNR),remnant (SNR),
e.g. crab nebulae.g. crab nebula
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Globular Clusters of the Milky WayGlobular Clusters of the Milky Way

The galactic globular cluster M3

http://www.dartmouth.edu/~chaboyer/mwgc.htmlhttp://www.dartmouth.edu/~chaboyer/mwgc.html

Globular clusters on top of theGlobular clusters on top of the
FIRAS 2.2 micron map of the Galaxy  FIRAS 2.2 micron map of the Galaxy  
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ColorColor--magnitude diagram synthesized from several lowmagnitude diagram synthesized from several low--metallicity globularmetallicity globular
clusters and compared with theoretical isochrones (W.Harris, 20clusters and compared with theoretical isochrones (W.Harris, 2000)00)

Hot, blueHot, blue cold, redcold, red

ColorColor--Magnitude Diagram for Globular ClustersMagnitude Diagram for Globular Clusters

HH

MainMain--SequenceSequence

Mass

•• Stars with MStars with M
so large thatso large that
they have burntthey have burnt
out in a Hubbleout in a Hubble
timetime

•• No new starNo new star
formation information in
globularglobular
clustersclusters
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ColorColor--Magnitude Diagram for Globular ClustersMagnitude Diagram for Globular Clusters

ColorColor--magnitude diagram synthesized from several lowmagnitude diagram synthesized from several low--metallicity globularmetallicity globular
clusters and compared with theoretical isochrones (W.Harris, 20clusters and compared with theoretical isochrones (W.Harris, 2000)00)

Hot, blueHot, blue cold, redcold, red

HH

MainMain--SequenceSequence

HH

HeHe

Red GiantRed Giant

HH
HeHe

CC
OO

Asymptotic GiantAsymptotic Giant

HH

HeHe

Horizontal BranchHorizontal Branch

CC
OO WhiteWhite

DwarfsDwarfs
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Particle-Physcis Limits from
Globular Cluster Stars:

Axions

Particle-Physcis Limits from
Globular Cluster Stars:

Axions

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

Flux of weakly interacting particlesFlux of weakly interacting particles

StarStar

•• Invisible axions have very small massInvisible axions have very small mass
•• Emission from stellar plasma not suppressed by threshold effectEmission from stellar plasma not suppressed by threshold effectss
(analogous to neutrinos)(analogous to neutrinos)

•• New energyNew energy--loss channelloss channel
•• BackBack--reaction on stellar properties and evolutionreaction on stellar properties and evolution

•• What are the emission processes?What are the emission processes?
•• What are the observable consequences?What are the observable consequences?
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AxionAxion PropertiesProperties

Gluon couplingGluon coupling
(Generic property)(Generic property)
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Nucleon couplingNucleon coupling
(axial vector)(axial vector)
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Axion or Graviton Emission Processes in StarsAxion or Graviton Emission Processes in Stars

NucleonsNucleons NucleonNucleon
BremsstrahlungBremsstrahlung

a
f2

C
N5N

a

N µ
µ ∂ΨγγΨ a

f2
C

N5N
a

N µ
µ ∂ΨγγΨ

PhotonsPhotons PrimakoffPrimakoffaBE
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C
a

rr
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π
α

γ aBE
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C
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π
α

γ

ElectronsElectrons

ComptonCompton

PairPair
AnnihilationAnnihilation

ElectromagneticElectromagnetic
BremsstrahlungBremsstrahlung
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C
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Primakoff Process in StarsPrimakoff Process in Stars

InteractionInteraction
LagrangianLagrangian aBEgaF~FgL aa4
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•• G. Raffelt, “Astrophysical axion bounds diminished by screeningG. Raffelt, “Astrophysical axion bounds diminished by screening effects”,effects”,
Phys. Rev. D 33 (1986) 897  (Part of GR’s Ph.D. Thesis)Phys. Rev. D 33 (1986) 897  (Part of GR’s Ph.D. Thesis)

•• Consistent with results from FTD methods, see Consistent with results from FTD methods, see AltherrAltherr, , PetitgirardPetitgirard &&
del Rio Gaztelurrutiadel Rio Gaztelurrutia, Astropart. Phys. 2 (1994) 175, Astropart. Phys. 2 (1994) 175
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EnergyEnergy--Loss Rate of the SunLoss Rate of the Sun

Conversion rateConversion rate
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ColorColor--magnitude diagram synthesized from several lowmagnitude diagram synthesized from several low--metallicity globularmetallicity globular
clusters and compared with theoretical isochrones (W.Harris, 20clusters and compared with theoretical isochrones (W.Harris, 2000)00)

Hot, blueHot, blue cold, redcold, red

ColorColor--Magnitude Diagram for Globular ClustersMagnitude Diagram for Globular Clusters

HH

MainMain--SequenceSequence

HH

HeHe

Red GiantRed Giant

HH
HeHe

CC
OO

Asymptotic GiantAsymptotic Giant

HH

HeHe

Horizontal BranchHorizontal Branch

CC
OO WhiteWhite

DwarfsDwarfs

Particle emission reducesParticle emission reduces
helium burning lifetime,helium burning lifetime,
i.e. number of  HB starsi.e. number of  HB stars
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HeliumHelium--Burning Lifetime of HorizontalBurning Lifetime of Horizontal--Branch StarsBranch Stars

Number ratio of HBNumber ratio of HB--Stars/Red Giants in 15 galactic globular clusters Stars/Red Giants in 15 galactic globular clusters 
(Buzzoni et al. 1983)(Buzzoni et al. 1983)

HeliumHelium--burning lifetime established within burning lifetime established within ±±10%10%
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Globular Cluster DataGlobular Cluster Data
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GlobularGlobular--Cluster Limit on AxionCluster Limit on Axion--Photon CouplingPhoton Coupling

HeliumHelium--burning starburning star

HeliumHelium
BurningBurning

HydrogenHydrogen
BurningBurning

•• HeliumHelium--burning luminosityburning luminosity
LL33αα ≈≈ 20 L20 L⊙⊙
T T ≈≈ 10 keV10 keV
ρρ ≈≈ 10104 4 g cmg cm−−33

•• CoreCore--average nuclear energyaverage nuclear energy
generation rategeneration rate

  εε33αα ≈≈ 80 erg g80 erg g−−11 ss−−11

•• CoreCore--average Primakoffaverage Primakoff
emission rateemission rate

  εεPrimakoffPrimakoff ≈≈ g    30 erg g g    30 erg g −−11 ss−−11

•• Reduction of heliumReduction of helium--burningburning
lifetimelifetime

•• Adopt nominal limit  gAdopt nominal limit  g1010 < 1< 1
(More restrictive limit if using(More restrictive limit if using
10% precision for helium10% precision for helium
burning lifetime)burning lifetime)
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CAST Phase I Results (2003CAST Phase I Results (2003−−2004)2004)

CAST Collaboration:CAST Collaboration:

An improved limit onAn improved limit on
the axionthe axion--photonphoton
coupling from the coupling from the 
CAST experimentCAST experiment

hephep--ex/0702006ex/0702006
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Free Streaming vs Trapping of New ParticlesFree Streaming vs Trapping of New Particles

Free StreamingFree Streaming
Mean Free Path Mean Free Path ≫≫ Stellar RadiusStellar Radius

TrappingTrapping
Mean Free Path Mean Free Path ≪≪ Stellar RadiusStellar Radius

Weakly interacting particles constituteWeakly interacting particles constitute
a new a new energyenergy--loss channelloss channel in additionin addition
to neutrinos and thus violate “energyto neutrinos and thus violate “energy
conservation,” reducing  the availableconservation,” reducing  the available
nuclear energynuclear energy

ε ε == εεnuc nuc −− εενν −− εεxx

Strong effect on stellar evolution whenStrong effect on stellar evolution when

εεxx comparable tocomparable to εεnucnuc

Energy conservationEnergy conservation Hydrostatic EquilibriumHydrostatic Equilibrium Energy transferEnergy transfer
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r κρ
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Weakly interacting particles achieveWeakly interacting particles achieve
local thermal equilibrium and thuslocal thermal equilibrium and thus
contribute an contribute an energyenergy--transfer channeltransfer channel
in addition to photons and conductionin addition to photons and conduction

Relation to average mean free pathRelation to average mean free path

Strong effect on stellar structure whenStrong effect on stellar structure when
λλxx ≳≳ λλγγ
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−
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Strongest effect of new particles when mean free path ~ stellar Strongest effect of new particles when mean free path ~ stellar radiusradius
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What if axionWhat if axion--like particles are “trapped”?like particles are “trapped”?

Radiative energy transferRadiative energy transfer
Photons transport energy over a distance ~ 1 mean free path (mfpPhotons transport energy over a distance ~ 1 mean free path (mfp))

To be harmless, a “trapped” lowTo be harmless, a “trapped” low--mass particle species, e.g., axionmass particle species, e.g., axion--like particles,like particles,
must have a mfp approximately less than photons (in the Sun ~ femust have a mfp approximately less than photons (in the Sun ~ few cm)w cm)

T

r

γγ

A new lowA new low--mass particle has the strongest effect on a starmass particle has the strongest effect on a star
when its mfp is of order the geometric dimensions of the star!when its mfp is of order the geometric dimensions of the star!

Raffelt & Starkman, “Stellar energy transfer by keVRaffelt & Starkman, “Stellar energy transfer by keV--mass scalars”,mass scalars”,
Phys. Rev. D 40, 942 (1989)Phys. Rev. D 40, 942 (1989)
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Particle-Physcis Limits from
Globular Cluster Stars:
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Particle-Physcis Limits from
Globular Cluster Stars:

Neutrino Dipole Moments
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Neutrinos from Thermal Plasma ProcessesNeutrinos from Thermal Plasma Processes

Photo (Compton)Photo (Compton) Plasmon decayPlasmon decay Pair annihilationPair annihilationPlasmon decayPlasmon decay

BremsstrahlungBremsstrahlung



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

Plasmon Decay in NeutrinosPlasmon Decay in Neutrinos

Vacuum:Vacuum:
•• Photon masslessPhoton massless
•• Can not decay into otherCan not decay into other

particles, even if theyparticles, even if they
themselves are masslessthemselves are massless

Vacuum:Vacuum:
•• Massless neutrinos doMassless neutrinos do

not couple to photonsnot couple to photons
•• May have dipole momentsMay have dipole moments

or even “millicharges”or even “millicharges”Plasmon decayPlasmon decay

Propagation in a medium:Propagation in a medium:
•• Photon acquires a “refractive index”Photon acquires a “refractive index”
•• In a nonIn a non--relativistic plasmarelativistic plasma
(e.g. Sun, white dwarfs, core of red(e.g. Sun, white dwarfs, core of red
giant before helium ignition, …)giant before helium ignition, …)
behaves like massive particle:behaves like massive particle:

Plasma frequencyPlasma frequency
(electron density n(electron density nee))

•• Degenerate helium coreDegenerate helium core

((ρρ = 10= 1066 g cmg cm−−33, T = 8.6 keV), T = 8.6 keV)

2
pl

22 k ω=−ω 2
pl

22 k ω=−ω

e

e2
pl m

n4πα
=ω

e

e2
pl m

n4πα
=ω

keV18pl =ω keV18pl =ω

In a medium:In a medium:
•• Neutrinos interact coherently withNeutrinos interact coherently with

the charged particles whichthe charged particles which
themselves couple to photonsthemselves couple to photons

•• Induces an “effective charge”Induces an “effective charge”
•• In a degenerate plasmaIn a degenerate plasma

(electron Fermi energy E(electron Fermi energy EFF andand
Fermi momentum pFermi momentum pFF))

•• Degenerate helium core (and CDegenerate helium core (and CV V = 1)= 1)

FFFV pEGC216
e

e
=ν

FFFV pEGC216
e

e
=ν

e106e 11−
ν ×= e106e 11−
ν ×=
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NeutrinoNeutrino--PhotonPhoton--Coupling in a PlasmaCoupling in a Plasma

For vectorFor vector--currentcurrent
analogous to photonanalogous to photon
polarization tensorpolarization tensor

Neutrino effectiveNeutrino effective
inin--medium couplingmedium coupling

µνΛ

UsuallyUsually
negligiblenegligible

1F 5eff 2L 2G (1 ) Aαβ
α β= − Ψ − ΨΛγ γ1F 5eff 2L 2G (1 ) Aαβ
α β= − Ψ − ΨΛγ γ

V
VC (K)
e

µν= ΠV
VC (K)
e

µν= Π

A

23
A e e3 2 2 21

4

K P Kd p(K) 2ieC f (p) f (p)
2E(2 ) (PK) (K )

− +
⌠
⎮
⎮
⌡

α βµν µναβ ⎡ ⎤Λ = ε −⎣ ⎦π −

r
r r

A

23
A e e3 2 2 21

4

K P Kd p(K) 2ieC f (p) f (p)
2E(2 ) (PK) (K )

− +
⌠
⎮
⎮
⌡

α βµν µναβ ⎡ ⎤Λ = ε −⎣ ⎦π −

r
r r

3 2 2
VV e e3 2 2 21

4

d p (PK) g K P P (PK)(P K K P )(K) 4eC f (p) f (p)
2E(2 ) (PK) (K )

− +
⌠
⎮
⎮
⌡

µν µ ν µ ν µ ν
µν + − +⎡ ⎤Λ = +⎣ ⎦π −

r
r r3 2 2

VV e e3 2 2 21
4

d p (PK) g K P P (PK)(P K K P )(K) 4eC f (p) f (p)
2E(2 ) (PK) (K )

− +
⌠
⎮
⎮
⌡

µν µ ν µ ν µ ν
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NeutralNeutral--Current Couplings and Plasmon DecayCurrent Couplings and Plasmon Decay

StandardStandard--modelmodel
plasmon decayplasmon decay
processprocess

StandardStandard--modelmodel
plasmon decayplasmon decay
produces almostproduces almost
exclusively exclusively 

A neutralA neutral--current process that wascurrent process that was
never useful for “neutrino counting”never useful for “neutrino counting”
unlike bigunlike big--bang nucleosynthesisbang nucleosynthesis
(of course today Z(of course today Z00--decay widthdecay width
fixes Nfixes Nνν = 3)= 3)

4
1

W
2sin ≈Θ 4

1
W

2sin ≈Θ

2
VC∝ 2
VC∝

eeνν eeνν

25
F

GeV10166.1

G
−−×

=
25

F

GeV10166.1

G
−−×

=

231.0sin W
2 =Θ 231.0sin W
2 =Θ

ν
µ

νµ Ψ−ΨΨ−Ψ= γγγγ )1()CC(
2

G
H 5f5AVf

F
int ν

µ
νµ Ψ−ΨΨ−Ψ= γγγγ )1()CC(

2
G

H 5f5AVf
F

int

NeutrinoNeutrino FermionFermion CCVV

NeutronNeutron

CCAA

ProtonProton

ElectronElectron
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τµ νν , τµ νν ,

τµ ννν ,,e τµ ννν ,,e
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1+ 2
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2
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2
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Plasmon Decay vs. Cherenkov EffectPlasmon Decay vs. Cherenkov Effect

Photon dispersion inPhoton dispersion in
a medium can bea medium can be

“Time“Time--like”like”

ωω22 −− kk22 >> 00

“Space“Space--like”like”

ωω22 −− kk22 << 00

Refractive index nRefractive index n
(k = n (k = n ωω)) n n << 11 n n >> 11

ExampleExample
•• Ionized plasmaIonized plasma
•• Normal matter forNormal matter for

large photon energieslarge photon energies

Water (n Water (n ≈≈ 1.3),1.3),
air, glassair, glass

for visible frequenciesfor visible frequencies

Allowed process Allowed process 
that is forbiddenthat is forbidden
in vacuumin vacuum

Plasmon decay toPlasmon decay to
neutrinosneutrinos

Cherenkov effectCherenkov effect

νν→γ νν→γ γ+→ ee γ+→ ee
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Neutrino Electromagnetic Form FactorsNeutrino Electromagnetic Form Factors

EffectiveEffective
coupling ofcoupling of
electromagneticelectromagnetic
field to afield to a
neutral fermionneutral fermion

Charge eCharge eνν == FF11(0) (0) == 00

Anapole moment GAnapole moment G11(0)(0)

Magnetic dipole moment Magnetic dipole moment µµ = = FF22(0) (0) 

Electric dipole moment Electric dipole moment εε = = GG22(0) (0) 

1effL F Aµ
µ= − ψγ ψ1effL F Aµ
µ= − ψγ ψ

51G Fµν
µ ν− ψγ γ ψ∂51G Fµν
µ ν− ψγ γ ψ∂

1 22F Fµν
µν− ψσ ψ1 22F Fµν
µν− ψσ ψ

5
1 22 G Fµν

µν− ψσ γ ψ5
1 22 G Fµν

µν− ψσ γ ψ

•• Charge form factor FCharge form factor F11(q(q22) and anapole G) and anapole G11(q(q22) are short) are short--range interactionsrange interactions
if charge Fif charge F11(0) (0) == 0 0 

•• Connect states of equal chiralityConnect states of equal chirality
•• In standard model they represent radiative corrections to weak In standard model they represent radiative corrections to weak interaction interaction 

•• Dipole moments connect states of opposite chiralityDipole moments connect states of opposite chirality
•• Violation of individual flavor lepton numbers (neutrino mixing)Violation of individual flavor lepton numbers (neutrino mixing)

→→ Magnetic or electric dipole moments can connect different flavorMagnetic or electric dipole moments can connect different flavorss
or different mass eigenstates or different mass eigenstates (“Transition moments”) (“Transition moments”) 

•• Usually measured in “Bohr magnetons”  Usually measured in “Bohr magnetons”  µµBB = = e/(2me/(2mee))
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Consequences of Neutrino Dipole MomentsConsequences of Neutrino Dipole Moments

SpinSpin
precessionprecession
in externalin external
E or B fieldsE or B fields

L LT
R RT

0 B
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Plasmon Decay And Stellar Energy Loss Rates Plasmon Decay And Stellar Energy Loss Rates 

Assume photon dispersion relation like aAssume photon dispersion relation like a
massive particle (nonrelativistic plasma) massive particle (nonrelativistic plasma) 

2 2 2 e
pl e

4 nE p
mγ γ
πα

− = ω =2 2 2 e
pl e

4 nE p
mγ γ
πα

− = ω =

( )
( )

( )
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3 2 23 23
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2 2 32V F
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⎪Γ ζ µ⎪γ → νν = = × ω π⎨ππ ⎪−
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r

EnergyEnergy--lossloss
rate of rate of 
stellar plasmastellar plasma
(temperature T(temperature T
and plasmaand plasma
frequency frequency ωωplpl))
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Decay rate ofDecay rate of
photonphoton
(transverse(transverse
plasmon)plasmon)

with energy Ewith energy Eγγ

MillichargeMillicharge

Dipole momentDipole moment

Standard modelStandard model
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ColorColor--magnitude diagram synthesized from several lowmagnitude diagram synthesized from several low--metallicity globularmetallicity globular
clusters and compared with theoretical isochrones (W.Harris, 20clusters and compared with theoretical isochrones (W.Harris, 2000)00)

Hot, blueHot, blue cold, redcold, red

ColorColor--Magnitude Diagram for Globular ClustersMagnitude Diagram for Globular Clusters

HH

MainMain--SequenceSequence

HH

HeHe

Red GiantRed Giant

HH
HeHe

CC
OO

Asymptotic GiantAsymptotic Giant

HH

HeHe

Horizontal BranchHorizontal Branch

CC
OO WhiteWhite

DwarfsDwarfs

Particle emissionParticle emission
delays He ignition, i.e.delays He ignition, i.e.

core mass increasedcore mass increased
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Measurements of Globular Cluster ObservablesMeasurements of Globular Cluster Observables

Number ratio of HB vs. RGB stars inNumber ratio of HB vs. RGB stars in
15 globular clusters 15 globular clusters 

Brightness difference between HBBrightness difference between HB
(RR Lyrae stars) and brightest red(RR Lyrae stars) and brightest red
giant in 26 globular clustersgiant in 26 globular clusters
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G.Raffelt, Stars as LaboratoriesG.Raffelt, Stars as Laboratories
for Fundamental Physics (1996)for Fundamental Physics (1996)

Catalan et al., Catalan et al., 
astroastro--ph/9509062ph/9509062

CoreCore--Mass at Helium IgnitionMass at Helium Ignition

Primordial helium (observations & implied by CMBR acoustic peaks)

Core mass at helium ignition established to Core mass at helium ignition established to ±± 0.02 M0.02 Msun sun oror ±± 4%4%
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Globular Cluster Limits on Neutrino Dipole MomentsGlobular Cluster Limits on Neutrino Dipole Moments

GlobularGlobular--cluster limit on neutrino dipole momentcluster limit on neutrino dipole moment

Compare magneticCompare magnetic--dipoledipole
plasma emission withplasma emission with
standard casestandard case

For redFor red--giant core beforegiant core before
helium ignition  helium ignition  ωωpl pl = 18 keV= 18 keV

Require this to be  Require this to be  << 11
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Neutrino Radiative Lifetime LimitsNeutrino Radiative Lifetime Limits

PlasmonPlasmon
decaydecay

RadiativeRadiative
decaydecay

′ν → ν + γ′ν → ν + γ

For lowFor low--massmass
neutrinos,neutrinos,
plasmon decayplasmon decay
in globularin globular
cluster starscluster stars
yields mostyields most
restrictive limitsrestrictive limits

3
2
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Standard Dipole Moments for Massive NeutrinosStandard Dipole Moments for Massive Neutrinos

In standard electroweak model,In standard electroweak model,
neutrino dipole andneutrino dipole and
transition moments transition moments 
are induced at higher orderare induced at higher order

Massive neutrinos Massive neutrinos ννi  i  (i = 1,2,3),(i = 1,2,3),
mixed to form weak eigenstatesmixed to form weak eigenstates

3
i i

i 1
U

=
= νν ∑ ll

3
i i

i 1
U

=
= νν ∑ ll

Explicit evaluation for DiracExplicit evaluation for Dirac
neutrinosneutrinos
(Magnetic moments (Magnetic moments µµijij
electric moments electric moments εεijij))

F
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Standard Dipole Moments for Massive NeutrinosStandard Dipole Moments for Massive Neutrinos

Diagonal caseDiagonal case
(Magnetic moments(Magnetic moments
of Dirac neutrinos)of Dirac neutrinos)

i19F
ii i B2

3e 2G m 3.20 10
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OffOff--diagonal casediagonal case
(Transition moments)(Transition moments)

First term inFirst term in
f(mf(mλλ/m/mWW) does not) does not
contributecontribute
(“GIM cancellation”)(“GIM cancellation”)
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Largest neutrino mass eigenstate   0.05 eV Largest neutrino mass eigenstate   0.05 eV << m m << 0.7 eV0.7 eV
For Dirac neutrino expectFor Dirac neutrino expect
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Limits on MilliLimits on Milli--Charged ParticlesCharged Particles

Davidson,Davidson,
Hannestad &Hannestad &
RaffeltRaffelt
JHEP 5 (2000) 3JHEP 5 (2000) 3

GlobularGlobular
cluster limitcluster limit
most restrictivemost restrictive
for small massesfor small masses
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Bernstein et al.Bernstein et al.
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Further Reading on Particle Limits from StarsFurther Reading on Particle Limits from Stars

Georg Raffelt:Georg Raffelt:

Stars as Laboratories for Fundamental PhysicsStars as Laboratories for Fundamental Physics
(University of Chicago Press, 1996)(University of Chicago Press, 1996)

Particle Physics from StarsParticle Physics from Stars
Annu. Rev. Nucl. Part. Sci. 49 (1999) 163Annu. Rev. Nucl. Part. Sci. 49 (1999) 163--216216
[[hephep--ph/9903472ph/9903472]]

Astrophysical Methods to Constrain AxionsAstrophysical Methods to Constrain Axions
and Other Novel Particle Phenomenaand Other Novel Particle Phenomena
Phys. Rept. 198 (1990) 1Phys. Rept. 198 (1990) 1--113 113 
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