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

<< 0.420 MeV0.420 MeV
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1.442 MeV1.442 MeV
e
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γ+→+ BeHeHe 743 γ+→+ BeHeHe 743
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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

BremsstrahlungBremsstrahlung

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

Gluon couplingGluon coupling
(Generic property)(Generic property)
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Axion or Graviton Emission Processes in StarsAxion or Graviton Emission Processes in Stars

NucleonsNucleons NucleonNucleon
BremsstrahlungBremsstrahlung
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Primakoff  Process in the SunPrimakoff  Process in the Sun
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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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Solar Axion SpectrumSolar Axion Spectrum
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For For αα = 2 the fit is identical with= 2 the fit is identical with
a Maxwella Maxwell--Boltzmann distributionBoltzmann distribution

Deviation between fitDeviation between fit
and numerical axion fluxand numerical axion flux

Determine  A, Determine  A, α, α, and E such thatand E such that
the total axion flux, the total axion flux, 〈〈EE〉〉 andand 〈〈EE22〉〉
are exactly reproducedare exactly reproduced

With 2004 solar modelWith 2004 solar model
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481.2=α 481.2=α
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Search for SolarSearch for Solar AxionsAxions

γγ aa

SunSun

PrimakoffPrimakoff
productionproduction

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

γγ
Magnet Magnet SS

NN
aa

AxionAxion--PhotonPhoton--OscillationOscillation

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

CERNCERN AxionAxion Solar Telescope (CAST)Solar Telescope (CAST)
(Results since 2003)(Results since 2003)

Axion  fluxAxion  flux

Alternative technique: Alternative technique: 
Bragg conversion in crystalBragg conversion in crystal
Experimental limits on solar axion fluxExperimental limits on solar axion flux
from darkfrom dark--matter experimentsmatter experiments
(SOLAX, COSME, DAMA, ...)(SOLAX, COSME, DAMA, ...)
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Basics ofBasics of
Stellar EvolutionStellar 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)
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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
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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
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Velocity dispersionVelocity dispersion
from Doppler shiftsfrom Doppler shifts
and geometric sizeand geometric size

Total MassTotal Mass
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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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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 sameexist in 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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SelfSelf--Regulated Nuclear BurningRegulated Nuclear Burning

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 −=

MainMain--Sequence StarSequence Star
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Modification of Stellar Properties by Axion EmissionModification of Stellar Properties by Axion 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 −==

5m2
2

R
R x

+
δ−

=
δ

5m2
2

R
R x

+
δ−

=
δ

5m2L

L x
+

δ
=

δ

γ

γ
5m2L

L x
+

δ
=

δ

γ

γ

5m2T
T x

+
δ

=
δ

5m2T
T x

+
δ

=
δ
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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

Inverse massInverse mass--radius relationshipradius relationship

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

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 =
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Degenerate StarsDegenerate Stars

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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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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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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GlobularGlobular--Cluster LimitCluster Limit
on Axionon Axion--Photon CouplingPhoton Coupling
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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

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

core mass increasedcore mass increased
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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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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)

2
10
2
10

2
100 g4.01

1

+
≈

τ
τ

2
100 g4.01

1

+
≈

τ
τ
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Limits onLimits on AxionAxion--PhotonPhoton--CouplingCoupling

1010--44

1010--66

1010--88

1010--1010

1010--1212

1010--1414

1010--1616

1010--661010--77 1010--55 1010--44 1010--33 1010--22 1010--11 11 1010 100100

AxionAxion mass mmass maa [[eVeV]]

Ax
io

n
Ax

io
n --

ph
ot

on
ph

ot
on

-- c
ou

pl
in

g 
g

co
up

lin
g 

g aa
γγγγ

[[ G
eV

G
eV

-- 11
]]

Future
Future

DM DM 
SearchSearch

HBHB
StarsStars

+Gas+GasCAST SensitivityCAST Sensitivity

PVLAS expectedPVLAS expected

SunSun
BraggBragg

PVLAS expectedPVLAS expected HelioHelio
seisseis

mologymology

PVLAS expectedPVLAS expected

Tokyo HelioscopeTokyo Helioscope

LaserLaser
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e
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KSVZ model

KSVZ modelDFSZ model

DFSZ model

Axion LineAxion Line
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ModelModel--Dependence of AxionDependence of Axion--Photon CouplingPhoton Coupling

Translating limits on the axionTranslating limits on the axion--photon coupling into limits on the Pecceiphoton coupling into limits on the Peccei--QuinnQuinn
scale or axion mass depends on model uncertaintiesscale or axion mass depends on model uncertainties

Light quarkLight quark
mass ratiomass ratio

7.03.0
m
m

z
d

u −== 7.03.0
m
m

z
d

u −==

56.0z = 56.0z = “Canonical value”“Canonical value”
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f
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m
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Gluon anomalyGluon anomaly
coefficient Ncoefficient N

ElectromagneticElectromagnetic
anomalyanomaly
coefficient Ecoefficient E

E/N = 0 (KSVZ), E/N = 8/3 (DFSZ), or many other …E/N = 0 (KSVZ), E/N = 8/3 (DFSZ), or many other …
But requires fineBut requires fine--tuning to strongly suppress gtuning to strongly suppress gaaγγ
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DirectDirect
searchsearch

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

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

TeleTele
scopescopeExperimentsExperiments

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

Astrophysical Axion BoundsAstrophysical Axion Bounds

101033 101066 101099 10101212 [[GeVGeV]] ffaa

eVeVkeVkeV meVmeV µµeVeVmmaa
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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

2
rN

r

MG
dr
dP ρ

−= 2
rN

r

MG
dr
dP ρ

−=ερπ= 2r r4
dr
dL ερπ= 2r r4
dr
dL

dr
)aT(d

3
r4

L
42

r κρ
π

=
dr

)aT(d
3

r4
L

42
r κρ

π
=

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

1
x

11
c

1 −−
γ

−− κ+κ+κ=κ 1
x

11
c

1 −−
γ

−− κ+κ+κ=κ

Rosseland
1)( γ

−
γ λ=ρκ

Rosseland
1)( γ

−
γ λ=ρκ

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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Supernova 1987A LimitsSupernova 1987A Limits
on the Axionon the Axion--Nucleon CouplingNucleon Coupling

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland
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Sanduleak Sanduleak −−69 20269 202

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

Tarantula NebulaTarantula Nebula

Supernova 1987ASupernova 1987A
23 February 198723 February 1987

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland
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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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Stellar Collapse and Supernova ExplosionStellar Collapse and Supernova Explosion

Collapse (implosion)Collapse (implosion)ExplosionExplosionNewborn Neutron StarNewborn Neutron Star

~ 50 km~ 50 km

ProtoProto--Neutron StarNeutron Star
ρρ ≈≈ ρρnucnuc == 33 ××10101414 g cmg cm−−33

T T ≈≈ 30 MeV30 MeV

NeutrinoNeutrino
CoolingCooling
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Stellar Collapse and Supernova ExplosionStellar Collapse and Supernova Explosion

Newborn Neutron StarNewborn Neutron Star

~ 50 km~ 50 km

ProtoProto--Neutron StarNeutron Star
ρρ ≈≈ ρρnucnuc == 33 ××10101414 g cmg cm−−33

T T ≈≈ 30 MeV30 MeV

NeutrinoNeutrino
CoolingCooling

Gravitational binding energyGravitational binding energy

EEbb ≈≈ 3 3 ×× 10105353 erg  erg  ≈≈ 17% M17% MSUN SUN cc22

This shows up as  This 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%  Photons, outshine host galaxy0.01%  Photons, outshine host galaxy

Neutrino luminosityNeutrino luminosity

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

While it lasts, outshines the entireWhile it lasts, outshines the entire
visible universevisible universe
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Neutrino Signal of Supernova 1987ANeutrino Signal of Supernova 1987A

Within clock uncertainties,Within clock uncertainties,
signals are contemporaneoussignals are contemporaneous

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

IrvineIrvine--MichiganMichigan--Brookhaven (US)Brookhaven (US)
Water Cherenkov detectorWater Cherenkov detector
Clock uncertainty  Clock uncertainty  ±±50 ms50 ms

Baksan Scintillator TelescopeBaksan Scintillator Telescope
(Soviet Union)(Soviet Union)
Clock uncertainty  Clock uncertainty  +2/+2/--54 s54 s
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Angular Distribution of SN 1987A NeutrinosAngular Distribution of SN 1987A Neutrinos

Main detection reactionMain detection reaction

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

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

Observed signal compatible withObserved signal compatible with
isotropy only at approx. 0.1% CL, isotropy only at approx. 0.1% CL, 
but no alternative knownbut no alternative known

++→+ν enpe
++→+ν enpe

ν+→+ν −− ee ν+→+ν −− ee
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Energy Distribution of SN 1987A NeutrinosEnergy Distribution of SN 1987A Neutrinos

Kamiokande IIKamiokande II

IMBIMB
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Trigger Efficiencies at the Detectors Trigger Efficiencies at the Detectors 

Fiducial volumes for Fiducial volumes for 
SN 1987A detectionSN 1987A detection

Kamiokande IIKamiokande II
2140 tons water2140 tons water
(1.43(1.43××10103232 protons)protons)

IMBIMB
6800 tons water6800 tons water
(4.6(4.6××10103232 protons)protons)

BSTBST
200 tons scintillator200 tons scintillator
(1.88(1.88××10103131 protons)protons)
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Interpreting SN 1987A NeutrinosInterpreting SN 1987A Neutrinos
To
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95 % CL
Contours

Jegerlehner, Jegerlehner, 
Neubig & Raffelt,Neubig & Raffelt,
PRD 54 (1996) 1194PRD 54 (1996) 1194

Assume thermalAssume thermal
spectra andspectra and
equipartition ofequipartition of
energy between energy between 
the six degrees the six degrees 
of freedom  of freedom  
ννee,, ννµµ,, ννττ and theirand their
antiparticlesantiparticles

Spectral  Spectral  ννee TemperatureTemperature
__

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

The EnergyThe Energy--Loss ArgumentLoss Argument

NeutrinoNeutrino
spheresphere

NeutrinoNeutrino
diffusiondiffusion

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

Volume emissionVolume emission
of novel particlesof novel particles

SN 1987A neutrino signalSN 1987A neutrino signal

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

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

for  for  ρρ ≈≈ 3 3 ×× 10101414 g cmg cm−−33 and  T and  T ≈≈ 30 MeV30 MeV
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The EnergyThe Energy--Loss Argument in the Trapping LimitLoss Argument in the Trapping Limit

NeutrinoNeutrino
spheresphere

NeutrinoNeutrino
diffusiondiffusion

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

than geometric dimension of starthan geometric dimension of star

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

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

AxionAxion--nucleon interactionnucleon interaction
is of currentis of current--current form:current form:

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

Expect LPMExpect LPM--type destructive interference effectstype destructive interference effects

NN

NN

NN

NN
VV

NucleonNucleon--NucleonNucleon
BremsstrahlungBremsstrahlung

+ ...+ ...

aa Energy loss rate (erg cmEnergy loss rate (erg cm−−33 ss−−11)) AxionAxion
energyenergy

DynamicalDynamical
structurestructure
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Axion Emission from a Nuclear MediumAxion Emission from a Nuclear Medium

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

Expect LPMExpect LPM--type destructive interference effectstype destructive interference effects

NN

NN

NN

NN
VV

NucleonNucleon--NucleonNucleon
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•• Fundamentally the dynamical structure function isFundamentally the dynamical structure function is
a correlator of the nucleon axial currenta correlator of the nucleon axial current

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

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

Nucleon spinNucleon spin--density density 
autocorrelation functionautocorrelation function
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Spin Relaxation RateSpin Relaxation Rate

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

Generic form for singleGeneric form for single
collisions & small energiescollisions & small energies

22)(S ωΓ=ω 22)(S ωΓ=ω

NN

NN

NN

NN
VV

NucleonNucleon--NucleonNucleon
BremsstrahlungBremsstrahlung

+ ...+ ...

aa

A spin immersed in a bath of scatterers with spinA spin immersed in a bath of scatterers with spin--dependent forces  dependent forces  
relaxes exponentially for uncorrelated kicks (Markov chain)relaxes exponentially for uncorrelated kicks (Markov chain)

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

for small densityfor small density

for large densityfor large density

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

Including LPM effectIncluding LPM effect

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

T
MeV30

cmg10
25.1

T 314 −
ρ

≈
Γ

T
MeV30

cmg10
25.1

T 314 −
ρ

≈
Γ
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Axion Emission RateAxion Emission Rate

for small densityfor small density

for large densityfor large density

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

Including LPM effectIncluding LPM effect

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

T
MeV30

cmg10
25.1

T 314 −
ρ

≈
Γ

T
MeV30

cmg10
25.1

T 314 −
ρ

≈
Γ

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

ExcludedExcluded

SN coreSN coreSN coreSN core

NeutrinoNeutrino
diffusiondiffusion

NeutrinoNeutrino
diffusiondiffusion

TrappingTrapping

AxionAxion
diffusiondiffusion

Free streamingFree streaming

Volume emissionVolume emission
of axionsof axions
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DirectDirect
searchsearch

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

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

TeleTele
scopescopeExperimentsExperiments

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

Too manyToo many
eventsevents

Too muchToo much
energy lossenergy loss

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

Astrophysical Axion BoundsAstrophysical Axion Bounds

101033 101066 101099 10101212 [[GeVGeV]] ffaa

eVeVkeVkeV meVmeV µµeVeVmmaa
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Portion of the Hubble Ultra Deep FieldPortion of the Hubble Ultra Deep Field

StructureStructure--Formation LimitsFormation Limits
on Hot Darkon Hot Dark--Matter AxionsMatter Axions

Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland
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Portion of the Hubble Ultra Deep FieldPortion of the Hubble Ultra Deep Field
Dark Energy 73%Dark Energy 73%
(Cosmological Constant)(Cosmological Constant)

NeutrinosNeutrinos
0.10.1−−2%2%

Dark MatterDark Matter
23%23%

Ordinary Matter 4%Ordinary Matter 4%
(of this only about(of this only about
10% luminous) 10% luminous) 
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Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured

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



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland

Formation of StructureFormation of Structure

SmoothSmooth StructuredStructured

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

A fraction of hot dark matter A fraction of hot dark matter 
suppresses smallsuppresses small--scale structurescale structure
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Neutrino Free Streaming Neutrino Free Streaming –– Transfer FunctionTransfer Function

Hannestad, Neutrinos in Cosmology, hepHannestad, Neutrinos in Cosmology, hep--ph/0404239ph/0404239

Transfer functionTransfer function

P(k) = T(k) PP(k) = T(k) P00(k)(k)

Effect of neutrino freeEffect of neutrino free
streaming on small scalesstreaming on small scales

T(k) = 1 T(k) = 1 −− 88ΩΩνν//ΩΩM M 

valid forvalid for

88ΩΩνν//ΩΩM M ≪≪ 11

Power suppression for Power suppression for λλFSFS ≲≲ 100 Mpc/h100 Mpc/h

ΣΣmmνν = 0= 0

ΣΣmmνν = 0.3 eV= 0.3 eV

ΣΣmmνν = 1 eV= 1 eV
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Power Spectrum of Cosmic Density FluctuationsPower Spectrum of Cosmic Density Fluctuations



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland

Recent Cosmological Limits on Neutrino MassesRecent Cosmological Limits on Neutrino Masses

ΣΣmmνν/eV/eV
(limit 95%CL)(limit 95%CL) Data / PriorsData / Priors

Spergel et al. (WMAP) 2003Spergel et al. (WMAP) 2003
[astro[astro--ph/0302209] ph/0302209] 0.690.69 WMAP, CMB, 2dF, HST, WMAP, CMB, 2dF, HST, σσ88

Hannestad 2003Hannestad 2003
[astro[astro--ph/0303076]ph/0303076] 1.011.01 WMAP, CMB, 2dF, HSTWMAP, CMB, 2dF, HST

Tegmark et al. 2003Tegmark et al. 2003
[astro[astro--ph/0310723]ph/0310723] 1.81.8 WMAP, SDSSWMAP, SDSS

Barger et al. 2003Barger et al. 2003
[hep[hep--ph/0312065]ph/0312065] 0.750.75 WMAP, CMB, 2dF, SDSS, HSTWMAP, CMB, 2dF, SDSS, HST

Crotty et al. 2004Crotty et al. 2004
[hep[hep--ph/0402049]ph/0402049]

1.01.0
0.60.6

WMAP, CMB, 2dF, SDSSWMAP, CMB, 2dF, SDSS
& HST, SN& HST, SN

Hannestad 2004Hannestad 2004
[hep[hep--ph/0409108]ph/0409108] 0.650.65 WMAP, SDSS, SN Ia gold sample,WMAP, SDSS, SN Ia gold sample,

LyLy--αα data from Keck sample data from Keck sample 

Seljak et al. 2004Seljak et al. 2004
[[astroastro--ph/0407372]ph/0407372] 0.420.42 WMAP, SDSS, Bias,WMAP, SDSS, Bias,

LyLy--αα data from SDSS sample data from SDSS sample 

IchikawaIchikawa, , FukugitaFukugita, , KawasakiKawasaki
2004           [astro2004           [astro--ph/0409768]ph/0409768] 2.02.0 WMAPWMAP



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland

Sensitivity Forecasts for Future LSS ObservationsSensitivity Forecasts for Future LSS Observations

LesgourguesLesgourgues, , PastorPastor
& & PerottoPerotto,,
hephep--ph/0403296 ph/0403296 

Planck & SDSSPlanck & SDSS ΣΣmmνν > 0.21 eV detectable> 0.21 eV detectable
at 2at 2σσ

ΣΣmmνν > 0.13 eV detectable> 0.13 eV detectable
at 2at 2σσIdeal CMB & 40 x SDSSIdeal CMB & 40 x SDSS

Abazajian & DodelsonAbazajian & Dodelson
astroastro--ph/0212216ph/0212216

Future weak lensingFuture weak lensing
survey 4000 degsurvey 4000 deg22 σσ(m(mνν) ~ 0.1 eV) ~ 0.1 eV

Kaplinghat, Knox & Song,Kaplinghat, Knox & Song,
astroastro--ph/0303344ph/0303344

σσ(m(mνν) ~ 0.15 eV  ) ~ 0.15 eV  (Planck)(Planck)

σσ(m(mνν) ~ 0.044 eV (CMBpol)) ~ 0.044 eV (CMBpol)
CMB lensingCMB lensing

WangWang, , HaimanHaiman, , HuHu, , 
KhouryKhoury & & MayMay,,
astroastro--ph/0505390ph/0505390

WeakWeak--lensing selectedlensing selected
sample of > 10sample of > 105 5 clustersclusters σσ(m(mνν) ~ 0.03 eV) ~ 0.03 eV



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland

Extending the Mass Bound to Other LowExtending the Mass Bound to Other Low--Mass Particles Mass Particles 

Assume a generic hot dark matter particle that was in thermal eqAssume a generic hot dark matter particle that was in thermal equilibrium atuilibrium at
some cosmological epochsome cosmological epoch
•• Internal particle degrees of freedom (e.g. spin states)  Internal particle degrees of freedom (e.g. spin states)  ggXX
•• Mass  Mass  mmXX
•• Effective number of thermal degrees of freedom at freezeEffective number of thermal degrees of freedom at freeze--out out gg**
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Perform maximum likelihood analysis for different choices of  gPerform maximum likelihood analysis for different choices of  gXX and  gand  g**
to derive cosmological limit on mto derive cosmological limit on mXX
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Axion FreezeAxion Freeze--OutOut

FreezeFreeze--out temperatureout temperature

Cosmic thermal degrees ofCosmic thermal degrees of
freedom at axion freezefreedom at axion freeze--outout

Cosmic thermal degrees ofCosmic thermal degrees of
freedom freedom 
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Mass Limits on Hot Dark Matter Axions and NeutrinosMass Limits on Hot Dark Matter Axions and Neutrinos

9595%% CLCL 9595%% CLCL

Σ

Hannestad, Mirizzi & RaffeltHannestad, Mirizzi & Raffelt
hephep--ph/0504059ph/0504059

Hannestad, astroHannestad, astro--ph/0409108ph/0409108
(Seesaw proceedings, Paris, 2004)(Seesaw proceedings, Paris, 2004)

AxionsAxions

mmaa < 1.05 eV (95< 1.05 eV (95%% CL)CL)

NeutrinosNeutrinos

ΣΣmmνν < 0.65 eV (95< 0.65 eV (95%% CL)CL)



Georg Raffelt, Max-Planck-Institut für Physik, München, Germany ILIAS Axion Training, 30 Nov-2 Dec 2005, CERN, Geneva, Switzerland

LeeLee--Weinberg Curve for Neutrinos andWeinberg Curve for Neutrinos and AxionsAxions
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