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Abstract:
Various extensionsof thestandardmodel of elementaryparticle interactionspredict theexistenceof new particlessuchasaxions,or “exotic”

propertiesof knownparticlessuchasneutrinomagneticmoments.If theseparticlesaresufficiently light, they emergein largenumbersfrom thehot
and denseinterior of stellarbodies.For appropriaterangesof particle parameters.this “invisible” energyloss would lead to observablechangesin
theevolutionof stars.We review thetheoreticalmethodsaswell astheobservationaldatathat havebeenemployedin orderto usestarsas “particle
physics laboratories” in the spirit of this argument.The resulting constraintson the propertiesof axionsaresystematicallyexplored, and the
applicationof thegeneralmethodsto othercasesarementionedand referenced.Cosmologicalaxionboundsandexperimentsinvolving galacticor
solar axions are briefly reviewed.

1. Introduction

1.1. Prologue

Fifty yearsago,in 1940,GamowandSchoenberg[1, 2] usheredin the adventof particleastrophysics
when they pointedout that neutrinos,the most elusive of all known particles,must play an important
role in stellar evolution, particularly in the collapseof evolvedstars.However, they consideredonly
nuclearconversionsof the type (A, Z) + e —~(A,Z — 1) + Ve and (A, Z — 1)—~(A,Z) + e + ~e’ the
“urca” reactionswhich becomeimportant only at very high temperaturesbecauseof their energy
threshold.In 1958,FeynmanandGell-Mannas well as Sudarshanand Marshakproposedthe universal
V—A interaction law which predictedthe existenceof a direct neutrino—electroninteractionwith the
strengthof the universalFermi constant.In 1959,Pontecorvo[3] realizedalmostimmediatelythat this
interactionwould allow for the bremsstrahlungradiation of neutrinopairs by electrons,and that the
absenceof athresholdrendersthis processan importantenergyloss mechanismfor stars. In the same
year,Gandel’manandPinaev[4] calculatedthe approximateconditionsfor which neutrinolosseswould
“outshine” the photon luminosity of starsand subsequentlythe neutrinoemissivity of stellarplasmas
was calculatedby manyauthors.*)Onthe basisof astrophysicalevidence,Stothersandhiscollaborators
[34—42]establishedin the late1960’s the existenceand approximatemagnitudeof the direct neutrino—
electroninteractionwhich was experimentallymeasured[431in 1976.

While neutrino physics today is an integral part of stellar evolution andsupernovatheory, new
conceptsof particle physics haveemergedthat could be equally importantdespitethe relatively low
energiesavailable in stellar interiors. In various extensionsof the standardmodel, the spontaneous
breakdownof a symmetry of the Lagrangianof the fundamentalinteractionsby somelarge vacuum
expectationvalue of a new field leads to the predictionof masslessparticles,the Nambu—Goldstone
bosonsof the brokensymmetry.The mostwidely discussedexampleis the axion [44,45] which arisesas
the Nambu—Goldstonebosonof the Peccei—Quinnsymmetrywhich explainsthe puzzling absenceof a

*) ImmediatelyafterPontecorvo[3]andGandel’manandPinaev[4]hadcalculatedtheneutrinolossesby pair-bremsstrahlung,Chiu andStabler

[5] andRitus [6] calculatedthephotoneutrinoprocess,-y + e- —p e + v, + i~,followed by Adams,Rudermanand Woo [7] who consideredthe
plasmondecayy~—~v,i~,.The statusof thetheoryof stellarneutrinoemissionof themid-1960’swassummarizedby Feinberg181,Ruderman[9)and
Chiu [10],and widely usednumericaltableswereprovided by Beaudet,Petrosianand Salpeter[11].After thediscoveryof weakneutralcurrents,
themodifiedemissionrateswere first calculatedby Dicusandhiscollaborators[12,13], andthestatusof thetheoryof themid-1970’swasreviewed
by Barkat [141.Recently, two groupsof authorshave provided updatednumericaltables[15—17].A recentdiscussionof neutrino emissionfrom
nuclearmatter was provided by Friman and Maxwell [18]. Neutrino emissionby electronsin strongmagnetic fields (synchrotronradiationof vi~
pairs) wasfirst discussedby Landstreet[19]— for otherprocessesin thepresenceof strongmagneticfields seerefs. [20—22].Theprocess-y’y--~v1 was
first discussedby Chiu and Morrison [23]who thoughtit would substantiallycontributeto the emissionrate,but Gell-Mann [24]showedthat it
vanishesidentically in theV—A theory.The emergenceof the intermediateW-boson hypothesisrevivedthis process[25—28],but gauge-invariant
calculations,especiallyin theframeworkof thestandardmodel,yield negligiblerates [29—31],evenif oneallowsfor small neutrinomasses[32].This
processwould be significant if thereexistedexotic scalaror pseudoscalarweak interactions[33].
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neutron electric dipole moment, i.e., it explains CP-conservationin strong interactions[46. 47]. The
production of axionsin stars,like that of neutrinos,is not impededby thresholdeffects.

The existenceof axionsor otherNambu—Goldstonebosonswould be a low-energymanifestationof
new physics at energyscalesmuch larger than can be probed in the laboratory.Equally, anomalous
propertiesof neutrinossuch as electromagneticdipole momentswould point to new physics beyond
currentlaboratoryenergies.Thereforethe physicsof neutrinosandNambu—Goldstonebosonsoffers a
window to high-energyphysics, a window to be explored by astrophysicalmethodsin addition to
laboratory experiments.

In this review I will summarizethe recentdiscussionof the possible role of axions and other
hypothetical particles in astrophysics,and I will reviewthe constraintson the particle propertiesthat
have been obtained.There havebeen a numberof recentreviews on the physics of axions [48—53]
which mention the astrophysicalresults. The focus of thesepapers,however, is the particle-physics
aspectof the CF problemor the numericalboundson the Peccei—Quinnscale,and they offer little
insight into the methodsthat havebeenusedto derive theseresults, leaving uncleartheir significance
and reliability. My review, in contrast,is intendedas an overviewover the astrophysicalmethodswhich
havebeenused to derive such constraints.Because“invisible axions” are perhapsthe most interesting
caseof hypothetical low-mass particles, becausetheir propertiesare particularly well-defined, and
becauseof a personalchoice I use their caseas a precedentto illustrate thesemethods.However,for
eachargumentdiscussedI will summarizethe resultsfor otherparticles,especiallyneutrinos,that have
beenderived by the sameor similar reasoning.

1.2. The stellar energyloss argument

The main astrophysicalmethodto constrainparticlepropertiesthat I will exploreis the energyloss
argument: novel, low-mass particles or neutrinos with novel propertieswould be producedin the
interior of stars and, becauseof their assumedweak interaction with matter and radiation, would
escapealmostfreely, draining the star of energyand therebychangingthe courseof stellar evolution
that would be expectedotherwise. While the historical emergenceof theseideasin the context of
neutrinophysicswas mentionedabove, it should be addedthat the first applicationof this argumentto
otherparticleswasprovidedby Sato andSato [54]in 1975 to deriveboundson the couplingstrengthof
light Higgs particles.

Subsequently,the lifetime of the Sun and of horizontal branchstars, the white dwarf luminosity
function, boundson the surfaceX-ray emissionof pulsars,the neutrino signal from SN 1987A, and
other argumentswere used to constrain the interaction strength of axions [55—100]and other
Nambu—Goldstonebosonssuch as majorons[101—114]and familons [115], of light scalarand vector
bosons [116—121],and of light supersymmetricparticles [122—1291,to constrain anomalouselec-
tromagneticpropertiesof neutrinos[130—146],neutrinoright-handedinteractions[92, 129, 147, 148],
Dirac neutrinomasses[92, 149—152],andexotic neutrino—photoncouplings[153,154]. Also, thestellar
graviton emissionrate was estimated,but naturally it turns out to be too small to haveany effect on
stellar evolution (for a reviewsee ref. [155]while morerecentpapersare refs. [156—158]).

Relatedto theenergyloss argumentis the energytransferargument:if our low-massparticlesinteract
so strongly that they are producedand reabsorbedor rescatteredin the stellar medium, they do not
drain the star of energy, ratherthey contributeto the energytransfer, again changingthe standard
courseof evolution. The energytransfer by neutrinosis an integral part of supernovaphysics (for a
recentreview see ref. [1591)while the contributionto the effective opacity in the Sun and horizontal
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branchstarsof hypotheticalkeV-massscalarshas beenusedto excludea large rangeof parameters[160,
161], see chapter5 and section7.1.

In order to establisha connectionbetweenastronomicalobservablesandthe relevantparticlephysics
model in the frameworkof the energyloss argument,onegenerallyhasto takefour distinct steps,each
of which involves its own methodsandproblems.

1.2.1. StepI: phenomenologicalinteraction law
The questionsto be addressedby stellarenergyloss argumentstypically involve new particlephysics

at large energyscales,while the astrophysicalmethodslendthemselvesto probelow-energyphenomena
relatedto thesenew theories.For invisible axions,the ultimate goal is to identify or constrainthe value
of the axion decay constant,fa’ which representsthe spontaneousbreaking of the Peccei—Quinn
symmetry,while the astrophysicalmethodsallow one to derive boundson the stellar axion emission
ratesand henceon the effectivecouplingstrengthof axionsto photons,electrons,andnucleons.The
Lagrangianfor the interactionwith photonsis*)

~as= ~ (1.1)

whereg~is a phenornenologicalcoupling constantof dimension(energy) ~, F is the electromagnetic
field-strengthtensor,F its dual,anda is the pseudoscalaraxion field. For the interactionwith a fermion
speciesj the Lagrangianis

= —ig51~y~i/i1a, (1.2)

where gaj is a dimensionlessYukawacoupling constant.ThesephenomenologicalLagrangiansarethe
only particle physics ingredientsentering the subsequentdiscussion.In order to establishthe precise
connectionbetweeng~,gae, gaN, ma, andfa I review in chapter 2 the physics of invisible axions which
will allow me to establishthe connectionbetweenthe low-energyphenomenologyandthe fundamental
physicaltheory.

For neutrinos I will discuss constraintson anomalouselectromagneticproperties,especiallyon
magneticand electric dipole and transition moments,p~and re,. In this casethe phenomenological
Lagrangianwhich describesthe interactionof the neutrinofields, t/i~~with the electromagneticfield, F,
is E ~(~11+y5r11)~F~. (1.3)

i.j=

1

~ We always use natural units with 6 = c = kB = 1. Moreover,we use the rationalizedsystemfor the definition of chargesand field strengths
wherethe fine structure constantis a = e2/4ir— 1/137 so that the electricchargeis e = 0.30. The energydensity of an electromagneticfield is
(E2+ B2) /2. In theunrationalizedsystemthedefinitions of chargesandfield strengthsaresuchthata = e2— 1/137so that e= 0.085 andtheenergy
densityof an electromagneticfield is (E2 + B2) /8sr. Usuallyone refersto the two systemsas rationalizedand unrationalizedunits,although the
physicalunits arethesamein both cases— for example,using 6 = c = 1, field strengthscan be expressedin eV2, cm2,or manyotherunits in both
systems.What is different in the two systemsis thedefinition of what onemeanswith field strengthbecauseonly the productof chargetimes field
strength,the force on a test particle, hasan operationalmeaningand is numerically the samein both systems.Still, certain units are always
understoodto refer to a certainsystem.Especiallythecgs-unit“Gauss”for magneticfields is understoodto refer to an unrationalizedsystem,while
theMKSA unit “Tesla” is understoodto refer to a rationalizedsystem.Thus, while theseunits areunderstoodto refer to different definitions of
field strength,it is correctto saythat a field of 1 T is iO~timesstrongerthanoneof 1 G, meaningthat theLorentzforce on amoving electronwould
be i04 timesstrongeror that theenergydensityof thefield is 108 timeslarger,eventhoughit hasto be evaluatedaccordingto differentformulae.A
given field of 1 0 correspondsto a field strengthof 1.95 x 102 eV2 if the latter number is understoodin a rationalizedsystem(a = e2/4sr),used
throughout this report, while it correspondsto 6.9 x 10_2 eV2 in an unrationalizedsystem(a = e2). Note that in theparticle-physicsliterature
rationalizedunits are alwaysused,while in the plasma-physicsliterature unrationalizedunits are generallyemployed.
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However,in this caseI do not discussthe connectionbetweenthe dipole momentsand the underlying
nonstandardparticle-physicsmodelsbecausethis would increasethe volume of this review beyond
reason.

1.2.2. Stepii: particle emissionrates
Oncethe phenomenologicalLagrangianfor the interactionbetweenthe new particlesandmatterand

radiationhasbeenestablished,it mayseemlike a simple exercisein the evaluationof Feynmangraphs
to determinethe rate of productionof theseparticlesfrom a stellar plasma.However, in the hot and
dense stellar medium, many-body effects and the collective behavior of the medium render these
calculations much more involved than the correspondingcross-sectioncalculations for laboratory
conditions.Indeed,certainprocessessuch as the plasmondecayinto neutrinos,-y~---*vi~,are possible
only in a mediumwherephotons(“plasmons”)havean “effective mass”,while suchdecayswould not
occur in vacuum.Of morerelevanceto axions,correlationor screeningeffectssubstantiallyreducethe
naive interactionrates,in oneimportantcase(the Primakoff effect) by two ordersof magnitude.In the
dense medium of neutron stars, the role of many-body effects for axion emission is not fully
understood.The very stateof matter at supernucleardensitiesis not known— the occurrenceof new
phasessuch as a pion-condensateor strangequark matter is possible.Even the vacuum transition
betweenaxionsand photonsin externalmagneticfields is affectedby the magneticallyinducedphoton
refractive index. Therefore, naive calculations of emission rates which ignore the presenceof the
ambientfields or mediacan be trusted,at best,as order of magnitudeestimates.In chapter4 we will
discussthe stellar energy loss rates which are to be expectedon the basis of the interactions,eqs.
(1.1)—(1.3).

1.2.3. StepIII: theoreticalpath of stellar evolution
Next, one hasto discussthe evolutionarypatternof stars that is to be expectedif axionsor other

particles drain energyor contribute to the energy transfer. The effect of energy transfer hasbeen
discussedonly for somespecialcasessincetypically oneis interestedin very weaklyinteractingparticles
wherethemeanfree pathfar exceedsstellarradii. The energydrain by axionsor otherparticlesleadsto
an accelerationof certainphasesof stellarevolution. In order to understandthisone hasto distinguish
carefully betweentwo broadclassesof stars— “active” starswhich burn nuclearfuel and “dead” stars
which do not. A typical examplefor the former class is our Sun andothermain-sequence(MS) stars
which burn hydrogenin their center,or horizontalbranch(HB) starswhich burn helium in their core.
These stars support themselvesagainst their own gravity by thermal pressure,resulting in a close
interplay betweenpressure,temperature,energytransfer,and the nuclearburning rates,an interplay
which stabilizesthe stellar structure:any deviation from equilibrium results in a restoring force.

The energy drain by axions is equivalent to a local energysink, i.e., at a given density and
temperaturethe effective energygenerationrate is the true nuclear burning rate, r,~,reducedby
neutrinoand axion losses,Eeff = — — e. Becausethe effective burning rate, Eeff~ is fixed by the
equilibrium stellar structure,the inclusion of axion lossesmeansthat the true burning rate, ~ must
be larger than in the absenceof axions, requiring an increasedtemperaturebecause~ is a steeply
rising function of T. Hencea self-consistentstellarstructurewhich includesaxion lossesis characterized
by an increasedinternal temperatureand an increasednuclear burning rate, trendswhich can be
analyticallyunderstood(chapter6). The increaseof ~ leadsto an increasedconsumptionof nuclear
fuel, reducingthe durationof the relevantphase:the centralhydrogenburning phasefor MS starsor
the centralhelium burningphasefor HB stars. (The term “axion cooling” which sometimeshasbeen
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usedis somewhatof a misnomerbecausethe temperaturein “active” starsactually increases.If axion
losseswere importantin the Sun,the increasedcentraltemperaturewould result in an increasedflux of
neutrinos,exacerbatingthe solar neutrinoproblem.)

When stars run out of nuclearfuel they inevitably must collapse.Dependingupon their mass,this
collapseleadsto one of threepossible end statesof stellarevolution: white dwarfs, neutronstars,or
black holes. White dwarfs arise from progenitorstars of up to several solar masses.They are so
compactthat the electronsin their interior aredegenerate,and it is the electrondegeneracypressure
which supportstheseobjects from furthercollapse.The structuralpropertiesof white dwarfs andtheir
thermalpropertiesarelargely decoupled,the previousinterplay betweenpressureand temperatureis
now absent.Moreover, the degenerateelectronstransportenergyso efficiently that thesestarshavea
practically isothermal core which is insulated from the surrounding space by a surface layer of
nondegeneratematter.The cooling rate of the interior is governedby the “thermal resistance”of this
skin, andneutrinoandaxion lossescould “shorten out” this insulator. It is nowfully justified to speak
of “axion cooling” becausethe energydrain wouldactually acceleratethe speedof white dwarfcooling
(chapter9).

Neutron stars form after the implosion of more massivestars in type II supernovaeleading to the
ejectionof their surfacelayers. Immediatelyafter the collapsea hot and dense“proto-neutronstar”
forms in thecenterof theprogenitor.The cooling rateof this objectis determinedby the diffusion time
scale of neutrinoswhose mean free path is short comparedto the radius of about 50 km of the
supernovacore. Axions or otherparticleswhich interactmoreweakly thanneutrinoswould shortenout
this “thermal resistance”and acceleratethe cooling of a nascentneutron star. The weak interaction
cross sections, which keep the neutrinostrapped in a neutron star, scale as E~so that, as the
temperaturedrops, the star becomestransparentto neutrinoswhich dominatethe cooling to an ageof

yr after formation. Later, photonemissionfrom the surfacetakesover, andthe generalpicture
becomessimilar to a white dwarf: a degenerate,almostisothermalinterior, insulatedby a nondegener-
ate surfacemantle. Bounds from SN 1987A and from late neutronstar cooling will be discussedin
chapter10.

There is one special case where axion emission would lead to an extension rather than an
accelerationof an evolutionaryphase.A redgiant is a combinationbetweenan “active” anda “dead”
star: it consistsof a degeneratecore, essentiallya helium white dwarf, and a nondegenerateextended
hydrogenenvelope.At the interfacebetweencore andenvelope,hydrogenburnsin a thin shell,with
no nuclearburning in the core. However, as the burning front movesout, the core massgrows, its
radius shrinks, and it becomeshotter and denser,until helium ignites and the star entersa helium
burning phase: it becomesa horizontalbranchstar. The emissionof axions from the red giant core
lowers thecentraltemperatureand delaysthe ignition of helium, therebyextendingthe redgiant phase.
This argumentleadsto the most restrictiveboundon neutrinodipole moments(section8.6).

1.2.4. StepIV: comparisonwith observations
If axion emissionsignificantly changesthe standardpicture of stellarevolution or the theoretically

expecteddurationsof certainevolutionaryphases,this result in itself doesnot provide anyinsight into
axion properties.Only a comparisonwith observationsallows one to arrive at definite conclusions
concerningthe rangeof allowed parameters.Therearevery few caseswherewe havedirect evidence
for the time scales of stellar evolution. The age of the Sun, 4.5x i09 yr, can be inferred from
radio-chemicaldating of terrestrial,lunar, and meteoriticmaterial.Hencewe havedirect evidencefor
the time scaleof main-sequenceevolution. The measurementof the neutrinoburst of SN 1987Agave
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direct evidencefor the cooling rate of nascentneutronstars— their binding energyis radiatedaway in
thermal neutrinoswithin a few seconds.The historical record of supernovaexplosions,notably the
famoussupernovaof 1054AD. whichgaverise to the Crabnebulaandpulsar,yields a direct measure
for the cooling rates of these individual objects if combined with X-ray measurementsof their
present-daysurfacetemperature.

Othertime scalesof evolution suchas the white dwarf coolingrate andthe helium burning phaseof
HB stars must be inferred by statistical meansusing ensemblesof stars. Rather than following the
evolutionof individual starsoneconsidersensembleswhich contain starsin variousstagesof evolution,
andfrom the relative numberof stars in differentphasesoneinfers their relativeduration.Particularly
handy ensemblesare the globular clusterswhich are gravitationallyboundgroupsof coeval starswith
identical chemical composition. The individual stars mostly differ in their mass and hence in the
durationof their hydrogenburning phase.All subsequentphasesare so fast that the evolvedstars in
theseclustershaveessentiallythe samemassandare thuspracticallyidenticalin their properties.Hence
thesestars as an ensemblemap out the evolution of an individual star; we observe“the samestar”
simultaneouslyin all advancedstagesof evolution such as the red giant andhorizontalbranchphase.
The relative numberof starsobservedin differentphasesthengivesus adirect measureof the relative
durationof thesephasesfor an individual star.

1.3. Other methodsofstellar particle physics

While we will mostly review the particle results basedon the stellar energy-lossargument,it is
worthwhile to briefly mention other methodsthat can and have been employed to extract useful
information for particle physics and cosmologyfrom the observationof starsor usingstarsas particle
sources.

1.3.1. Experimentationwith stellar particle fluxes
The photonand neutrino fluxes and the possiblefluxes of exoticparticlesproducedin starscan be

usedfor experimentation.The first such discussionwas performedby HoutermansandThirring [162]in
1953 who usedthe null rate of aGeigercounterto derivea limit on the ionizing powerof thecalculated
solarneutrino flux andthus found a limit of 2 x 10_6 Bohr magnetonson a possibleneutrinomagnetic
moment.Sincethen, neutrino fluxes havebeenmeasuredfrom the Sun [163,1641 andfrom SN 1987A
[165—168].Especiallythe SN 1987A neutrinoobservationwas used to investigatethe issuesof neutrino
oscillationsin media[169—180]andto constrainradiative[181—185]or otherdecays[186, 1871. Many of
theseissueshavebeenreviewedin Bahcall’s recentbook on neutrinoastrophysics[163].Hypothetical
particlessuch as axionswould also emergefrom thesesources,andthe absenceof solar -y-rays allows
oneto rule out the standardaxion [188]andto constrainneutrinoradiativedecays[189,190]. Also, one
may attempt to detectexotic particle fluxes from the Sun such as the flux of invisible axions (section
7.4).

The diffuse neutrino flux from all stars,particularly all supernovaein the universe,in connection
with the measureddiffuse electromagneticbackgroundspectra,hasbeenused to constrainradiative
neutrinodecays[183,189, 191, 192].

Pulsedsignalsallow oneto measureor constraindispersioneffects. The electromagneticsignalsfrom
pulsarsserveto constrainthe photonmass(for reviewsseerefs. [193,194]) andthe photon interaction
with the galactic magneticfield [1951.The absenceof “jitter” in the periodic signal of millisecond
pulsarsconstrainsdistortions of the space—timemetric betweenthe earthand theseobjects,i.e., the
methodof “pulsar timing” allows one to constrainthe cosmicgravitationalwavespectrumandthusthe
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existenceof possiblesourcessuchas cosmicstrings (see,for example,ref. [1961).The apparentabsence
of dispersionof the neutrinoburst from SN 1987Ahasbeenusedto limit the neutrinomass[197—211],
its interaction with backgroundmagneticfields [212], “fifth force” long range fields [213, 2141, or
backgroundmatter [215],and to constrainvarious possible deviationsfrom the equivalenceprinciple
[216—221].

1.3.2. Deviation from Coulomb’sand Newton’slaw
Therehave been many speculationsaboutpossible variationsfrom the inverse-squarebehaviorof

Coulomb’sand Newton’s law. With somerelevanceto “stellar particlephysics”, the measuredspatial
variation of Jupiter’smagneticdipole has beenused to set important limits on the photonmass(for
reviews see refs. [193, 194]). Deviations from Newton’s law occur becauseof general relativistic
corrections:the motion of planets,binary stars, light bendingby the Sun,andothergravitationallens
effects are important testsfor general relativity [222, 223]. Also, generalrelativistic effects must be
consideredto computethe structureof neutronstars [224].The existenceof other long-rangeforces
(“fifth force”) hasalsobeencontemplated,forceswhich aremediatedby particleswith suitablemasses
that they producesubstantialeffects over terrestrial distanceswithout affecting the post-Newtonian
approximationat largerscales.The effect of suchforceson binary starsystemswas recently discussed
[225],althoughexisting laboratoryboundsrule out observableeffects.

Of more relevanceto this review, non-Newtonianforces could affect stellar structureand solar
oscillations [226—229].It turns out, however,that within existinglimits on the strengthof such forces,
no observableeffects on stellar structure or helioseismologycan be expected apart from small
correctionsto stellar lifetimes and oscillation periods. The existenceof a fifth force would imply the
emissionof the relevantfield quantafrom stars,but within existinglaboratory limits on their coupling
strength,this energydrain from starshasno observableeffect, just as the stellargraviton luminosity is
always negligible. If the massof theseparticles is so largethat the force which theymediatedoesnot
reachfar enoughto affect othertestsof generalrelativity, the energyloss argumentprovidesthe best
constrainton the relevantcouplingstrength[116, 117].

Finally, the static, long-rangefield associatedwith a new forcewould changethe massesof particles
andthe valuesof the fundamentalcouplingconstantsin the interior and in the neighborhoodof a star
[230].

1.3.3. Heavyparticles trappedin stars
While light particles such as neutrinosor various Nambu—Goldstonebosonswould escapefrom

stellar bodies, other exotic objects such as free quarks, magnetic monopoles,or supersymmetric
partners to known particles could be retainedand hence could contaminatethe normal baryonic
material of the celestial bodies. The presenceof theseparticles could affect stars in several ways.
Fractionallychargedparticlescould attach themselvesto nuclei and would severelyalter the nuclear
burning rates [231]. Magnetic monopoles in grand unified theories can catalyze baryon decay
(Rubakov—Callaneffect) and theycan annihilateso that MS stars [232],white dwarfs [233],the earth
[234,235], the Jovianplanets[235,236], andparticularlyold neutronstars [237—2411would possessan
efficient new heatsource.Also, the high-energyneutrinoflux from catalyzedbaryon decayin the Sun
can be constrainedby terrestrialdetectors[242—244].The presenceof magneticfields in various stellar
bodiesconstrainsthe numberof accretedmonopolesor severelyaffects their accretionandannihilation
rates[245—248].

Weakly interacting massiveparticles(“WIMPs”) would contribute to the energy transferin their
hoststar[249—253].Becauseof their long meanfree path,evenavery small contaminationis sufficient
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to provide the dominantform of energytransfer.While suchparticlesprobablywould not be entrained
during starformation [249,254] they would be accretedif they were the dark matterof the universe
[255—261].Thereforestarscan serveas detectorsfor particledark matter— the effects on the Sun in the
context of the solar neutrinoproblem [249,250, 262—2661 and helioseismology[267—2691,on stellar
pulsations[270,2711, on generalmain sequencestars [272],and on horizontalbranchstars [273—2801
havebeenstudied. Also, WIMPs trappedin a neutronstar could becomeself-gravitatingand form a
black hole [281].While annihilationcan substantiallyreducethe numberof WIMPs trappedin a star
[282],by the sametoken it can provide apowerful new energysourceif the dark matterbackgroundis
unusuallydense[283],and the high-energyannihilationneutrinosfrom WIMPs trappedin the Sun will
perhapsallow one to detectparticle dark matter [284—295].

The effect on the Sun of moreexotic trappedparticleshavealso beendiscussed[2961aswell asthat
of a cosmic string loop [2971.Most recently it was arguedthat hypothetical chargeddark matter
particles(“CHAMPs”) would build up in neutronstarsandform a blackhole,destroyingthe staron a
short time scale.This argumentexcludesa large range of CHAMP masses[2981.

1.3.4. Newphasesof nuclear matter
The interior of neutron stars providesa unique environmentwhere the propertiesof matter at

nuclearand supernucleardensitiesare of immediateimportance.Of particularinterest is the possible
occurrenceof exotic phasesof mattersuchas superfluid andsuperconductingstates,a pion condensate,
quark matter, or strangequark matter. Among other consequences,the occurrenceof such phases
would affect the emissionratesof neutrinosor axions. Reviewson the issuesof neutronstarinteriors
wereprovidedby Baym andPethick[299,3001, in the textbookof ShapiroandTeukolsky[301],andby
Pines [302] who has stressedthe role of neutron stars as “hadron physics laboratories”. Many
referencescan befound in the proceedingsof the IAU-SymposiumNo. 125, “The origin andevolution
of neutron stars” [303].

2. Axion phenomenology

The experimentallyobservedabsence,or extreme smallness,of a CF violating neutron electric
dipole moment has beena long standingpuzzle of particle physics.The most elegantsolution to this
problem,proposedby PecceiandQuinn [46,47], leadsto the prediction[44,45] of a light pseudoscalar
particle: the celebratedaxion. For very detailedrecentreviewsseePeccei[48—50],Kim [51]and Cheng
[52]. The phenomenologicalpropertiesof axionsare closely related to the propertiesof neutralpions
and are thus well determined.They are essentiallycharacterizedby one free model parameter,the
Peccei—Quinnscaleor axion decayconstant,f8, which maytakeon any value betweenf~~11k=— 250 GeV
andthe Planckmassof ,~..10t9GeV. We introducetheideaof axionsand reviewtheir phenomenological
propertieswhich are of importancefor their possible role in astrophysicsandcosmology.

2.1. Genericfeaturesof the Peccei—Quinnmechanism

2. 1.1. Thestrong CF problemand axions
A numberof years ago it was shown [304, 305] that the puzzling discrepancybetweenthe pion

massesandthe massof the i-~meson,the infamousU(1)-problem[306],can be takenasevidencefor a
nontrivial topological structureof the ground stateof quantumchromodynamics(QCD). Apart from
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the usualcolor gauge interactions,the effectiveLagrangiandescribingQCD then containsa new term
[307,308],

= ~(aS!8~)G~”Gb~, (2.1)

wherea8 is the fine structureconstantof strong interactions,~ is the color field strengthtensor,
its dual, and the summationover b refers to the color degreesof freedom. We

shall usually write GG G~”~Gb~.The coefficient 6~is a free parametercharacterizingthe QCD
ground state or e-vacuum.It can be shown that a transformation~9—~e +

21T mapsthe �Lvacuum
onto itself so that different ground statesare characterizedby values in the range0 ~ 6’ ~ 2~r.

Under the combinedaction of chargeconjugationand a parity transformationthe Lagrangianeq.
(2.1) changessign. Hence~ violatesthe CP invarianceof QCD andit can be shownthat it leadsto a
neutronelectric dipole moment in the range ~ = ~9~(0.04—2.0)x i0’5 e cm (seerefs. [309—311]and
for a review of more recent calculations, ref. [52]). The experimental limit [312, 313], ~ <

5 x 10~ecm, indicatesthat ~ ~ i0~,i.e., CP-violating effects in QCD are extremelysmall. This
resultdefies the naive expectationthata dimensionlessfree parameterof the theoryshouldbe of order
unity.

The situationbecomesevenmoremysteriousif weak interactionsare included in the discussion.In
the frameworkof the standardmodel of weak interactionsit is thought that the massesof quarksand
leptons arise from their interaction with a scalar Higgs field which assumesa constantvacuum
expectationvalue. This interactionis characterizedby a generallycomplexmatrix of Yukawacouplings
so that the quark massmatrix, Mq, is generallycomplex.By suitabletransformationsof the quark fields
it can be madereal and diagonal.This procedure,however,involvesa global chiral phasetransforma-
tion which leadsto a term in the QCD Lagrangiansimilar to eq. (2.1) so that the coefficient there
actually is 6’ 6’ + argdet Mq~and the experimentalboundsactually refer to_ 6’. Since argdet Mq
originatesin the weak interactionsectorwhichis knownto violateCP in the K°—K°-mesonsystem,it is
difficult to conceivewhy 6’, arisingfrom a completelydifferentphysical origin, shouldassumea value
such as to let 6’ so nearlyvanish.To amplify this pointwe notethat in the Kobayashi—Maskawascheme
the CP-violating amplitude in the K°—K°system arisesfrom a phase in the quark massmatrix [314},
8 = 3.3 x i03. This value setsthe scalefor the expectedvaluefor argdet Mq which then hasto cancel
with 6’ to within a precisionof about 10_6. Thus a reconciliationof the CP-violating effectsof weak
interactionswith the absenceof sucheffectsin strong interactionsrequiresan unnaturalfine-tuning of
the free parametersof the theory.

An elegantsolution to this conundrumis provided by a theoreticalschemedevisedby Pecceiand
Quinn [46,47] in which the CF-violating term.5~vanishesdynamically. The ‘Peccei—Quinnmechanism
is constructedsuchthat the numericalcoefficient 9 can be reinterpretedas a physical field: the axion
field. More precisely, in this schemeone introducesa new scalar field, a, which enters eq. (2.1) by

= (e — aIf
8)(a~/8ir)GG, (2.2)

wherefa’ having thedimensionsof massor energy,is the Peccei—Quinnscaleor axion decayconstant.
The completeLagrangianalso containsa kinetic term for the axion field, but no potential, i.e., axions

*) Thereexistdifferent notationsandnormalizationconventionsfor .f~in the literature.We usef,~(fa/N)K~paflS,k,v,e CScr,g= (~c’1’,’)Ki,., = (v~0/
~ = (f~/2N)s,,d,,k.We refer to thepapersby Kaplan [315],Sikivie [316],Cheng[52], Peccei[48—SO],Kim [51]andSrednicki [317].It was
stressed,e.g., by Georgi,Kaplan andRandall [318]that a discussionof thegenericpropertiesof all axionmodelsdoesnot requirethespecification
of the model-dependentinteger N which can be convenientlyabsorbedin the definition off,.
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are constructedto be massless.Thereforethe total Lagrangianremainsinvariant under a global shift,
a—~a + a11, apartfrom changingthe interactionterm eq. (2.2). This invarianceallows one to absorb6’
in the definition of the axion field by the choicea11 = 6’f1, leading to a completeaxion Lagrangianof

= ~(0,,a)
2— (a~/87rf

1)aGG. (2.3)

For this Lagrangianto be CP invariant,axions must be intrinsically CF-odd,a—~--~-~— a, becausethe
GG term is odd. Thus by construction,axionsarepseudoscalarparticles,similar to neutralpions. The
Lagrangianeq. (2.3) is the minimal ingredientfor any axion model: the aGG coupling is the generic
feature of axions as opposedto other light pseudoscalarparticles such as, for example,majorons
[319—321].

The key featureof the Peccei—Quinnmechanismis the observationthat axions,althoughconstructed
in eq. (2.3) as masslessparticles, do not remain masslessin an effective low-energy theory. The
axion—gluon interaction allows for transitionsto q~states(fIg. 2.1). This meansphysically that there
existsa nonvanishingvacuumtransitionamplitudebetweenaxionsandneutralpions, i.e., a and-rr°mix
with eachother. By virtue of this mixing, axionspick up a smallmasswhich is approximatelygiven by
[318,322—324]

m.1f1 -= ~ . (2.4)

Thus the mixing anglebetweena and IT

0 is O~,‘-=f,,/f
1. The presenceof the massterm meansthat the

axion Lagrangian,at low energies,containsa potentialV(a) whichto lowestorderexpandsas~m~a
2.In

other words, evenif one does not introduce axions, there exists a vacuumenergydensity V(6’)
~6’2m~f~+O(6’~).Of course,becauseof the invarianceof .~ with respect to @—+ 6’ +2ir, the
potentialV(@) is a periodicfunction with period 21T andconsequentlyV(a) is periodicwith 2rrf,~.In the
Peccei—Quinnscheme,6’ is a physical field so that it will settle in its physical ground stateat 6’ = 0.
Hence this “parameter” is driven to its CP-conservingvalue and the CP-violating term eq. (2.1)
vanishes.This dynamicalrealizationof CP-conservationin stronginteractionsis the main featureof the
Peccei—Quinnmechanism.

Since axionsmix with neutralpions they can interactwith photonsandnucleonsthrough their pion
admixturewhich fixes the relevantcouplingstrengthsto within factorsof orderunity. As an examplewe
considerthe interactionof axionswith the electromagneticfield which is of the generalform eq. (1.1).
This interactionallows for the two photondecay,g—* 2-y, with a decayrate [73, 87]

I’(a—~2y)= g~m~I64ir. (2.5)

The measuredpion radiative width is [325] F(IT°—~ 2y) = 7.66eV, leadingto g~= (40.0GeV) ~. With
the mixing angle 0..,—f.,If, we find g~—2 x 103/f, yielding the radiative decay time ‘ç,2

5 -= (m~,/

a~~°

Fig. 2.1. Axion mixing with c~qstatesand thus with The curly lines representgluons. thesolid lines quarks.
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ma)
5r,,s

25 = 4 x 10~”s (1 eVlma)
5.While in specific axion modelsthis numbermayvary by factorsof

order unity, this generic relationship betweenmass and lifetime singles out axions from other
hypotheticalpseudoscalarparticles for which this relationshipmaybe muchmorearbitrary. The ageof
the universeis about5 x i0’~s so that axionswith ma ~ 25 eV live longer thanthe universe.

2.1.2. Axionsas Nambu—Goldstonebosonsof a new chiral symmetry - -

The invariance of .~ in eq. (2.1) against transformationsof the form 6’—* 6’ + 2IT, and the
correspondinginvarianceof the axionLagrangianagainsttransformationsa —~ a + 2 lTfa, calls for a very
simple interpretationof the axion field as thephaseofa newscalarfield. This is seenmost easily in an
axion modelproposedby Kim [326]andindependentlyby Shifman,VainshteinandZakharov[327],the
KSVZ axion model. While it is not the most economicalmodel in termsof new fields andparticlesthat
needto be introduced,it providesthe clearestinsight into the genericstructureof all axion modelsand
allows for a straightforwardunderstandingof the structureof the axion couplingsto quarksandleptons.

In the KSVZ-model, oneintroducesa complexscalarfield 1 which doesnot participatein the weak
interactions, i.e., an SU(2) x U(1) singlet. Moreover, one introducesa new fermion field ~I’and
considersthe following Lagrangian,

..~L=[(iI2)’I’/~I’ + h.c.]+ — V(~~)— h[1IIL WR~ + h.c.] , (2.6)

with the usual kinetic terms, a potential V for the scalarfield, and an interactionterm,but no explicit
mass term for ~1’.The Yukawa coupling h is chosen to be positive, and ~ ~(1— y

1)~I’ and

~(1 + ~y~)~Pare the usual left- and right-handedprojectionsof ~ This Lagrangianis invariant

under a chiral phasetransformationof the form

~ ~~R_~ehIfR , (2.7)

wherethe left- andright-handedfields pick up oppositephases.This chiral symmetryis usuallyreferred
to as the Peccei—Quinnsymmetry,U~0(1).

The potential V(~~) is chosensuch that it hasan absoluteminimum at = fpQ/\/~wheref~0is
somelargeenergyscale.Onemaytakethe usualMexicanhat potential [328]whicharisesfrom suitable
self-interactionsof cP. With this choice for V, the ground state of the Lagrangian eq. (2.6) is
characterizedby a nonvanishingvacuumexpectationvalue (‘I~= (f~0I’sh)e”~where ~ is an arbitrary
phase.Hence the groundstate is neitheruniquenor invariant under a transformationof the typeeq.
(2.7); it spontaneouslybreaksthe Peccei—Quinnsymmetry.It is thenappropriateto expresscI’ in terms
of two real fields, p anda, which representthe “radial” and “angular” excitations,respectively,

cP = (f~,0+ p) e~~°iV~. (2.8)

The potentialV providesa large massterm for p, a field which will be of no further interestfor our
low-energyconsiderations.Neglectingall termsinvolving p, andintroducingthe notationm hf~0/”./~,
our model Lagrangianis

= [(iI2)~P’,~1’+ h.c.] + ~ (~a)
2— m(~PL~“R e°~”°°+ h.c.) . (2.9)

Under a Peccei—Quinntransformation,the fermion fields change as in eq. (2.7) while the a field
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transforms linearly as a —~ a + af~0.The invariance of the Lagrangian against such shifts is a
manifestationof the U~0(1)symmetry. It implies that a representsa masslessparticle, the Nambu—
Goldstonebosonof the Feccei—Quinnsymmetry.

The last term in eq. (2.9) is identical to m~Jfe’~””°~!-’.Expandingin powers of a/f~0,the zeroth
order term, m1VW, simply plays the role of a mass term for the fermion field. The remaining
contributionsdescribethe interaction of a with ~I’.

= —i(m/f00)a~I’y511’ +~. (2.10)

The relevantdimensionlessYukawa coupling, g1 m/f~0,is proportional to the fermion mass.In a
theory with severalfermion fields, the a field couplesmost strongly to the heaviestfermion.

In order to identify the a field with the axion one needsa further ingredient,the coupling of the
fermion ~Pto gluons. Thereforewe take ~I’to be some exotic heavy quark with the usual strong
interactions,i.e., it is takento be an SU~(3)triplet. The lowestorder interactionof the a field with
gluons is then given by the triangle graph of fig. 2.2. With the pseudoscalarcoupling eq. (2.10) this
graphcan be directly evaluated,yielding a finite resultwith no divergences[328].In the limit whereall
externalmomentain the amplitude fig. (2.2) aresmall comparedwith the massm of thefermion in the
triangle ioop, one finds an effective coupling to gluons.

= —(g1/m)(g~/32IT
2)aGG, (2.11)

which is preciselyof the requiredform sinceg~/m= 1 /f~
0.

In more general models, several conventional or exotic quark fields iJui may participate in the
Peccei—Quinnscheme.In general,the transformationof each field undera U~0(1)transformationis
characterizedby its Peccei—Quinncharge,X., accordingto

~f1_~e1~8

2~Jij . (2.12)

This implies that the Yukawacouplingof eachof thesefields to a is given by ga/ = X
1m1/f~0,andthe

aGG coupling arisesfrom a summationover theseterms. Introducing the parameter

NaE>~X1 (2.13)

and using a, = g~/4irfor the strongfine-structureconstant,the aGG coupling is

a

Fig. 2.2. Triangle loop diagramfor the interaction of axions with gluonswith thestrongcoupling constantg, andthe Yukawacoupling g. of axions
with the loop fermion. An analogousFeynmangraphpertainsto the coupling of axionsto photonsif the fermion is electrically charged(replaceg,
with the electric charge).
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~aG = —[a,/(8irf~0IN)]aGÔ. (2.14)

With fa ~f~0/N we havethenfounda natural interpretationof the requiredcouplingeq. (2.2) and we
are fully entitled to identify a with the axion field.

The potential V(a) for the axion field is by constructionperiodic with period 2ITfa = 2irf~0IN.
However, the interpretationof a as the phaseof P implies a periodicitywith 2ITf~0so that N mustbe a
nonzerointeger. This requirementrestricts the possible assignmentof Peccei—Quinnchargesto the
quark fields. It alsoimplies that thereremainN differentequivalentgroundstatesfor the axion field,
eachof which satisfies 6’ = 0 and hencesolvesthe CP problem.

2.1.3. Summary
We have now developeda consistent picture of the generic properties of the Peccei—Quinn

mechanismto solve the strong CP problem.Furtherdetails canbe found in the reviewpapersby Peccei
[48—50],Kim [51], and Cheng [52]. The Peccei—Quinnmechanismis a very simple and generic
extensionof the standardtheoriesof strongandelectroweakinteractions.In summary,it consistsof the
following genericingredients:

• The Lagrangian of the fundamental interactions has an extra global chiral symmetry: the
Peccei—Quinnsymmetry,U~0(1).This symmetry is spontaneouslybrokenby the vacuumexpectation
value f~0/\/~of a complex scalarfield, cP. The phaseof this field, the Nambu—Goldstonefield of
U~0(1),is the axionfield.

• Througha triangle loop, axionscoupleto gluons by (a,/8irfa)aGGwherefa —f~0INis the axion
decayconstantand N is a model-dependentinteger.

• The aGG couplingbreaksthe Peccei—Quinnsymmetry explicitly becauseit mixes the axion with
the neutral pion, yielding an effective low-energy axion potential (a small axion massma ~‘- ~
This potential forces the axion field into its CF-conservingminimum; CP-conservationin strong
interactionsis realized dynamically. The apparentdiscrepancybetweenCP-violating effects in the
K°—K°-mesonsystemand the absenceof a neutronelectricdipole momentvanishesnaturally without
fine-tunedparametersof the theory.

• The mixing with IT

0 generatesaxion couplingsto photonsandnucleons,apartfrom possibledirect
couplings.

• Axions couple to quarks and leptons, j, through a pseudoscalar(or pseudovectorderivative)
coupling with an effective Yukawa coupling (m

11f5)(X1/N) with model-dependentPeccei—Quinn
charges,X1.

• The axion mass and all interactionsscalewith f,~t,allowing axions to be arbitrarily light and
arbitrarily weakly interacting(“invisible” axions).

Themost importantquestionto be answeredby experiments,astrophysics,andcosmologyis: whatis
the Peccei—Quinnscale?While it can takeon, in principle, anyvaluebetweenfweak — 250 GeV scaleand
the Planckmassof ,~~~10t9GeV, mostof this enormousparameterrangecan be eliminatedby evidence
from thesedifferent fields.

2.2. Themostcommonaxion models

The axion decayconstant,fa’ is a free parameterof the models.Froma theoreticalpoint of view it is
not satisfying, however,to introducean arbitrary new energyscaleso that one will try to relatefa to
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other important“milestones”on thelong way from ~ to the Planckmass.Sinceaxionsappearas the
phaseof a scalarfield 1, it is naturalto relate 1 to the standardHiggs field. In the standardtheory,the
would-beNambu—Goldstonebosonfrom the spontaneousbreakdownof SU(2)X U(1) is interpretedas
the third componentof the neutralgaugeboson,Z°,whencethereis no spacefor the axion. Therefore
oneneedsto introducetwo independentHiggs fields, ‘~P~and ~2’ with vacuumexpectationvaluesJ~is/~
andf2/\/~which mustobey (f ~+ f ~) - = fweak (\‘~GF)-1 2 250 GeV. In this standardaxion model
[44—47]’I~gives massesto the charge~quarks,while tP2 gives massesto the charge~quarksandto the
chargedleptons.Introducing theratio x f~If2 andthe numberNf of families of quarks,the axion decay
constantis given by

fa = fweak[Nf(X + 1 /x)]~. (2.15)

Since Nf >3 one finds fa ~ 42 GeV. The standardaxion and related “variant” models [329, 330],
however,areruled out by overwhelmingexperimentalandastrophysicalevidence(for reviewssee refs.
[48—52,331]).

Thereforeoneis led to introducean electroweaksinglet Higgs field with a vacuumexpectationvalue
f~0I\/~which is not relatedto the weak scale.Takingf~0>fweak, the massof the axion becomesvery
small, its interactionsvery weak.Suchmodelsaregenericallyreferredto asinvisible axion models.The
first of its kind was introducedby Kim [51], and by Shifman, Vainshteinand Zakharov[327] and is
usually referredto as the KSVZ model. It correspondsto the modeldescribedin the previoussection.
Its simplicity arises from the fact that the Peccei—Quinnmechanismis totally decoupledfrom the
ordinary particles: at low energies,axions interactwith matter and radiation only by virtue of their
two-gluon coupling which is genericfor the Peccei—Quinnscheme.The KSVZ model in its simplest
form is determinedby only one free parameter,fa = f~0,althoughone is free to introduceN exotic
quarksso that N> 1 andfa = f~0IN.

Another commonly discussedmodel was introduced by Dine, Fischler and Srednicki [332], and
independentlyandpreviously by Zhitnitskii [333]andis usuallyreferredto as the DFSZmodel. It is a
hybrid betweenthe standardmodel and the KSVZ model in that it introducesan electroweaksinglet
scalarfield, cP, with vacuumexpectationvaluef~0/V~andtwo electroweakdoublet fields, ~ and~2’ as
above.There is no need,however, for exotic heavy quarks: only the known fermions carry Peccei—
Quinn charges.In this model, fa =f~0IN~so that, in the standardpicture with three families, the
numberof degeneratevacua is N = N~= 3. Apart from Nf, the free parametersof this model aref~0
and x= f1 If~which determinesthe relative coupling strength to fundamental fermions. Another
commonparametrizationof this ratio is by an angle,/3, whichis relatedto x through cos

2I3 = x21(x2+ 1)
or equivalentlyby x = cot /3.

Sincef~~
0~~~fweak in thesemodels by assumption,it is quite natural to identify f~,0with the grand

unificationscale[334,335], fGuT 10’~’GeV. Suchmodelshavequickly fallen into disfavor becausethe
cosmologicalboundsseemedto indicatethat fa must be much smaller. A careful reconsiderationof
theseargumentsreveals,however, that a rigorous cosmologicalboundexists only in the absenceof
inflation, while no rigorousboundcan be derivedin generalinflationary universescenarios(chapter3).

Thereexist numerousother axion models, and many attemptsto identify the Peccei—Quinnscale
with other scales (for a review see ref. [51]). We take the phenomenologicalapproachthat the
Peccei—Quinnscale is a free parameterto be determinedby experimental,astrophysical,and cos-
mological methods.
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Table 2.1
Axion massand coupling constants.The quark massratios z andw weregiven in eq. (2.16). Eand N are themodel-dependentcoefficientsof the
electromagneticand color anomalies.Note that fi = 0.75 correspondsto E/N= 8/3, which is characteristicof GUT models. The effective
Peccei—Quinnchargesc

1 are model-dependentnumbersof order unity exceptfor hadronicaxionmodels wherec,~a1. Also, f7 ef,/10’ 0eV and
m,v~m,/leV

Numericalexpressionsin termsof

Axion property Generalexpression fa ma

fm / z ~l,2 /O.60x 10
2 GeV\

Mass m7~(l+Z+W)(l+Z)) ~ )eV 1

Coupling to photons g,
5 = ~(O/2~Tfa)fi —(0.87 x 10~

3/fa)~ —(1.45 x 1O/GeV)~m,~

E 2 4+z+w fi E/N—1.92±0.08

where~)~—~l++andö-~= 0.75

Lifetime Ta = 64sr/g~
5m~ 8.1 x 1025 s (f~/~

2) 6.3 x 1024s/~m~~

Coupling to electrons g,~= (m,/f,)c, (5.11 x 1O~GeV/f,)c, 8.5 x 10~’

Couplingto nucleons g,N = (m,~/f,)c,~ (0.939GeV/f,)cN 1.56X lO7cNm,,,

2.3. Fine pointsof axion properties

2.3.1. The axion massat low and high temperatures
The methodsof current algebraallow one to derive a more preciseexpressionfor the axion mass

which arisesfrom its mixing with the neutralpion [317,318, 322—3241,seetable 2.1, wherethe quark
massratiosare [336]

z mu/md = 0.568±0.042, w m~/m,= 0.0290±0.0043. (2.16)

Aside from the uncertaintiesin z andw, therearehigher-ordercorrectionsto the currentalgebraresult
for ma which havenot beenestimatedin the literature. Using m,, = 135MeV for the pion mass and
f~= 93 MeV for the pion decayconstantwe find the numericalresults given in table 2.1.

At high temperatures,T> AQCD, whereA
0c~= (100—250)MeV characterizesthe chiral QCD phase

transition, pions do not exist so that axions cannotobtain a mass by a pion admixture. However,
instantons,i.e., topologically nontrivial color gaugefield configurations,interactwith axionsthrough
eq. (2.3), leading to a nonvanishingaxion masswhich hasbeenestimatedin the dilute instantongas
approximationto be [337—340]

ma(T)~2X1O~2(AOCDmUmdmS)
112 (9ln AQCD)(~T) (2.17)

The light quark masseshave been estimated to be [336]m
11 = (5.1 ±1.5)MeV, md = (8.9 ±2.6)MeV,

andm8 (175 ±55) MeV. At high temperaturesthe axion massapproachesasymptoticallyzero. Then,
indeed,physics is invariant againstarbitraryshifts a—+ a + a0 of the axion field.

2.3.2. Axion—photoncoupling
By meansof their genericcouplingto gluons,axionsnecessarilymix with pionsandhencecoupleto

photons.In axion modelswherethe quarksand leptonswhich carryPeccei—Quinnchargesalso carry
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electriccharges,thereis an additionalcontributionfrom a triangleloop diagramas in fig. 2.2, replacing
the strong couplingconstant,g,, with the electricchargeof the lepton. The total coupling to photonsis
given by eq. (1.1) wherethe couplingstrength,g~,is given in table 2.1 accordingto refs. [315,317].
The coefficient of the electromagneticanomalyis

E=2~X1.Q~D,. (2.18)

whereQ1 is the electricchargeof the fermion in the loop in units of e, D1 = 3 for color triplets (quarks),
and = 1 for color singlets(chargedleptons).

In grandunified modelsthe quarksandleptonsof a given family aremembersof one multiplet which
representsthe unification groupand then one hasEIN=813. Neglectingw, the GUT axion—photon
coupling is

a 2z
g7=—~-7- ~ ‘ (2.19)

However,one may equallyconsidermodelswhere E/N = 2 so that

= —(a/2ITf~)(0.08±0.08). (2.20)

In such models,the axion—photoncoupling is strongly suppressed[315],andmay actuallyvanish.

2.3.3. Fseudoscalarversusderivative interaction
There has beenconsiderableconfusion in the literature concerningthe proper structurefor the

coupling of axions to fermions. We recall that the interpretationof the axion field as the Nambu—
Goldstonebosonof the Peccei—Quinnsymmetry (section2.1.2) led to the interaction Lagrangian

= [(iI2)~1”/1I’+ he.] — m[~!’1 1I’R e”~°+ h.c.], (2.21)

where 1J1 is a fermion field with massm. Expandingin powersof a/f~0led to

~nt = —i(mIf~0)a~1’y5~1’+ (m/2f~0)a
2~1’~1’+.... (2.22)

This Lagrangiancontainsan infinite seriesof terms. The complicationsassociatedwith the higher-order
terms can be avoided if one redefinesthe fermion field by virtue of a local transformation,

e la2fv~~j~, I/JR e1as~~ao1I,R. (2.23)

The last term in eq. (2.21) is then simply mt/it/i and plays the role of a mass term. The interaction

between t/i and a now arisesfrom the kinetic ~I’term in eq. (2.21),

(2.24)

This interaction is of derivativenature, and it is linear in a with no higher-orderterms.
In orderto calculateprocessessuchas the nucleonbremsstrahlungemissionof axions,NN—* NNa,a
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pseudoscalarcoupling of the type eq. (2.22) was exclusively used in the literature until it became
apparentthat, in somecases,it leadsto incorrect results.Therelevanttypeof error is easiestexplained
if one considersthe scatteringprocessa + e —~ e + a. We first calculatethe usual scatteringmatrix
elementif the interaction is takento be purely pseudoscalar,i.e., only the first term in eq. (2.22) is
used.TakingPe andp~for the electronfour-momentabefore andafter the interaction,u andu’ for the
electronDirac spinors,andPa andp~for the axion four momenta,we find

(225)

2 fpo PeP
5 PePs

Thenwe calculatethe samematrix element,usingthe derivative coupling eq. (2.24),

~ (2.26)

2 fpo PePa PePa m

Thesetwo expressionsdiffer by a term which arisesfrom the secondterm in the expansioneq. (2.22).
In orderto obtainthe correctresultoneeither has to usethe derivativecouplingeq. (2.24),or onehas
to include this secondterm as was first emphasizedby Raffelt andSeckel [92]. One is fully entitled,of
course, to considerhypothetical particles with a purely pseudoscalarcoupling, excluding the second
term in eq. (2.22). Suchparticles,however,are not the Nambu—Goldstonebosonsof a symmetryand
have nothing to do with axions. The Nambu—Goldstonenature of axions is most apparentin the
Lagrangianeq. (2.24) wherethe derivative couplingclearly shows the invarianceagainsttransforma-
tions of the type a—* a + a0. A purely pseudoscalarLagrangiandoes not possessthis symmetry.

As an immediateapplicationof this discussionwe considerthe refractiveindex for the propagation
of axions in a medium. This is of importance,e.g., for the oscillation of the axion field in the early
universe. The refractive index in a medium of electronsis computedfrom the forward scattering
amplitude [3411of the processa+ e —~ e + a. Thus we haveto usep~= Pe’ u’ = u, andP~= Pa in the
matrix elementsabove. The purely pseudoscalarcase, eq. (2.25), yields .iIl = im/f~,0,leading to a
refractiveindex similar to that for photons:apartfrom a numericalfactor,onesimply hasto replacethe
electron charge, e, by the axion—electronYukawa coupling, g = m/f~0.The caseof a derivative
coupling,eq. (2.26),yields A~= 0 so that axionsdo not experiencerefractiveeffectsin a medium.This is
an important differencebetweenNambu—Goldstonebosonsand particleswith a purely pseudoscalar
coupling. On the basis of moregeneralarguments,Flynn and Randall [342]showedthat the derivative
natureof the Nambu—Goldstonecouplingprotectssuchbosonsfrom developingan effectivemassin a
medium.Hence,at finite temperatureanddensity, the axionmassis solely given by the expressionsin
section2.3.1 abovewith no additional refractive contributions.

In our discussionof the genericaxion propertieswe have stressedthe close relationshipbetween
axionsandneutralpions. Pionsplay the role of Nambu—Goldstonebosonsof a spontaneouslybroken
U(

2)LR symmetryof QCD sothat their interactionwith nucleonsshouldbe of derivativeratherthanof
pseudoscalarstructure.Considering,for example,the scatteringprocess‘rr0 + p—~p + IT0 would allow
one to distinguish betweenthe two cases.Equally, one may consider the bremsstrahlungprocess
p + p—~p + p + IT° because the interaction between the protons proceedspredominantly by pion
exchange.Choi, K. Kang and Kim [62] pointed out that existing experimentaldata for this process
allow oneto distinguishbetweenthe pseudoscalarand derivativecouplings,anda detailedinvestigation
by Turner, H.-S. Kang and Steigman [981confirmed that the derivative coupling is appropriate.
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Iwamoto [78] also clarified the relationshipbetweenthe pseudoscalarand the derivative interaction
structure.

Following Carenaand Peccei [60], the interaction of pions with nucleons is describedby the
Lagrangian

= g~~Ny~yNii.~~r+f~NNy~rN.~ ~>< ir, (2.27)

whereg~~fIm~ — 1/rn,, and fa,N 112f,, are the relevant coupling constantswith the pion mass.
rn = 135 MeV, andthe pion decayconstant,f,, = 93 MeV. Also, T is a vectorof Pauli isospin matrices,
andIT is the isovectorof the neutraland chargedpion fields, while N is the isodoubletof neutronand
proton. Thus there appearsan extra six-dimensionalterm which is not presentin our aboveaxion
example,eq. (2.24), where only one Nambu—Goldstonebosonwas presentas opposedto the pion
isotriplet. As shown by Carenaand Peccei, this additional term does not contribute to the brems-
strahlungprocessin the limit of nonrelativisticnucleiandthe analysesof Choi et al. [62] andTurneret
al. [981remain valid.

In order to computethe nucleonbremsstrahlungof axions,NN —~ NNa, onemust includeaxionsand
pions in the discussion.Again, using pseudoscalarcouplings for both axions and pions leads to
erroneousresults,andit is the discrepancybetweenthe original correct resultof Iwamoto [77] andthe
subsequenterroneousresultof PantzirisandKang [86]whichled Raffelt andSeckel[92]to discoverthe
practical importanceof distinguishingcarefullybetweenthe pseudoscalarandderivativecouplings.Such
problemsare to beexpectedin any amplitudewheretwo Nambu—Goldstonebosonsareattachedto one
fermion line. However,when two Nambu—Goldstonebosonsare attachedto one fermion line, it is
sufficient to useaderivativecouplingfor oneof them.For the bremsstrahlungproductionof axionsthis
meansthat onemayusea pseudoscalarcouplingfor theaxionsas long as oneusesa derivativecoupling
for the pions.

We stressthat for otherbremsstrahlungprocessessuchas e e —~ e- e a, wherethe particlesinteract
through a virtual photon rather than a virtual pion, no problemsarise becauseonly one Nambu—
Goldstoneboson,the axion, is attachedto a fermionline, while the otherparticleis a photonwith the
usual gauge coupling. Similarly, for the Compton process,-ye —* ea, one may use either the
pseudoscalaror the derivative axion coupling: both yield the sameresult.

2.3.4. Model dependentaxion—fermioncoupling
The interpretationof the axion field as the phaseof a new scalarfield gave, in section2.1.2, the

generalexponentialinteraction Lagrangianof axions with quarksand leptons. To lowest order it is
equivalentto the pseudoscalarinteraction,

3~=—i(m1X1If~0)t/i1y,t/i1a, (2.28)

where rn is the massof the fermion field which carriesthe Peccei—QuinnchargeX1. The Yukawa

coupling constantand the correspondingaxionic fine structureconstantare given by

g~1= m~X~If~0,aaj = g~1I4IT, (2.29)

so thatwe recovereq. (1.2). Various axion modelsdiffer in their assignmentof Peccei—Quinncharges.
However,in all modelsN = ~quarks X~is a nonzerointeger.The assignmentof Peccei—Quinnchargesat
high energiesis not maintainedin the low-energysectorbecausethe spontaneousbreakdownof the
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weak SUL(2) x U~(1)symmetry at the scalefweak -—250 GeV mixes the axion field with the would-be
Nambu—Goldstonebosonwhich becomesthe longitudinal componentof theZ°gaugeboson.Hence the
Peccei—Quinnchargesmustbe shiftedsuchthat the physicalaxion doesnot mix with theZ°,andthese
shiftedvalues aredenotedasX. Also, below the QCD scaleof AQCD ‘-— 200MeV, free quarksdo not
exist, and one needsto considerthe effective coupling to nucleonswhich arisesfrom the direct axion
coupling to quarksandfrom the mixing with IT0 andi~. Thus one introducesPeccei—QuinnchargesX~
andX~for protonsandneutrons.It is useful, moreover,to define effective Peccei—Quinnchargesby

cj X/N. (2.30)

Then the Yukawacouplingseq. (2.29) are

= (mj/fa)cj. (2.31)

Noting that the axion decay constant,fa’ is uniquely related to the axion mass we may write the
couplingsto electronsand nucleonsas given in table2.1.

In the DFSZ model [332,333], the low-energyPeccei—Quinnchargefor the electronis written as
= cos2~3(conventionsof Kaplan [315]), or X~= 2 cos2f3 (conventionsof Srednicki [317]) wherethe

parameter/3 reflects the ratio of the vacuumexpectationvaluesof two Higgs fields, x = f
1/f2, through

cos
2/3= x2/(x2 + 1) or x= cot f3. Thereforeone has

DFSZ: ce = X~/N= cos2f3/N~, (2.32)

whereN
1 > 3 is the numberof families of quarks. For threefamilies, N = 3 andN = 6 in Kaplan’sand

Srednicki’sconvention,respectively,while alwaysN1 = 3. In the KSVZ axion model [326,327], andin
all modelswherethe axions do not couple to light quarksandleptons(“hadronic axions”), X~= 0 at
tree level, althoughthereare radiatively induced,higher-orderaxion—electroncouplings[317].

The nucleoninteractionsin generalaxion modelswere investigatedby Kaplan[3151andby Srednicki
[317].Most recently, theywere revisitedby Mayle et al. [80, 81] whencewe find

/ 1 \ / z / w
c =lc — I~u+lc — j~d+~c,— J~s,

~ U 1+z+w/ \ 1+z+wi \ 1+z+wi
(2.33)

1 1 ~ / z / w
c~=Ic~— ).M+(cd— l~u+lc — Ji~s

\ 1+z+wi \ 1+z+wi ~ 1+z+w/

wherethe quark massratios, z andw, were givenin eq. (2.16).For a given quark flavor, q u, d, or s,
the interaction strengthwith protonsdependson the proton spin content carriedby this particular
quark flavor, S~a~iXq (py,1y5q~p)where S,~is the proton spin. Similar expressionspertain to the
coupling with neutrons,and the two sets of expressionsare related by isospin invariance. One
combinationof the parametersis fixed by neutronn-decay,z~u— z~d g,~= 1.25. Anothercombination
is fixed by hyperon 13-decay data and flavor SU(3) symmetry for the baryon octet and leads to
z~u+ M — 2 z~s= 0.682so thatz~u= ~s + 0.966and z~d= z~s— 0.284. In the DFSZmodel, c, = c~= ce,
cu + c,~= I/N1, and c~— Cd = —cos

2f3/N
1, leading to c~= sin

2f3/N
1and c~= c, = ce = cos

2f3/N
1. In the

KSVZ model, and in other hadronic axion models, cu = cd = c, = 0. Thus, taking N1 = 3, we find the
resultsgiven in table 2.2.

Until recentlyit was thought that strangequarkswould not contributeto the protonor neutronspin,
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Table 2.2
Effective Peccei—Quinnchargesfor protons (cr) and neutrons(c,) as discussedin thetext

KSVZ DFSZ (N, = 3)

Generalcase c —O.S04—~s —0.182 — Xs + cos’~(~s—1.25)
c —0.166— ~s —0.261 — ~s + cos~(~.s+ 1.25)

NQM (~s= 0) Cr —0.51) —0.18— 0.42cos~
c —0.17 —0.26+0.42cos’~

EMC (~.s= —0.257) C -0.25 -(1.01 — 0.50cos~
c~ +1)09 —0(19 + ((.33cos~

.2 ~ I I I I I I ~1—4_]I~I~ I I I I I

- -.-----.-
- .-.. —__.~n I c~~ —.

~
1~[degrees] ~ [degrees]

Ftg. 2.3. DFSZ-axioncoupling to protons, cp. and neutrons.c, for the NOM and EMC casesaccordingto the resultsgiven in table 2.2.

= 0. Mayle et al. [80,81] refer to thiscaseas the “naive quarkmodel” (NQM) for which oneobtains
= +0.966,t~d= —0.284, and ~s = 0, yielding the relevantentriesin table 2.2. (The results there

correspondto Mayle et al.’s values noting that their Cap and Can are given by 12cr and 12c~,
respectively.)However, recentmeasurementsindicatethat zXs + 0, i.e., that a considerablefraction of
the protonspin is carriedby strangequarks.Oneresultis basedon the spin-dependentmuo-production
structurefunction, measuredby the EuropeanMuon Collaboration(EMC) [343].Ellis, Flores andRitz
found [344]~s = —0.257. This result is supportedby the analysesof elastic neutrinoprotonscattering
[345,346], which yield L~s= —0.15 ±0.09. Following Mayle et al. [80, 81] we usethe EMC value, i.e.,

= +0.709,z~d= —0.541,and~Xs= —0.257yielding theEMC entriesin table 2.2. It is interestingthat
the value L~s= —0.15 of refs. [345,346] would lead to a nearcancellationof the KSVZ axion—neutron
coupling. For the DFSZ-modelwe haveplotted,in fig. 2.3, the /3-dependenceof c~,andc,, for the NQM
and the EMC cases.

In the DFSZ-casewith N1 = 3, the couplings to protonsand neutronsare equalfor cos
2f3 = 0.095,

i.e., /3 = 72°, independentlyof ~s. They would simultaneouslyvanish for As = —0.348. This value is
outside of the rangeof what is experimentallymeasuredso that in neither classof models do the
couplingsseemto vanish simultaneously.

3. Axion cosmology

While questionsof particlecosmologyarenot the major focusof this review,we briefly considerthe
cosmological constraintson axions becausethe original discussionsof this subject [338—340]have
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recently received severequalifications. In the framework of a broad class of inflationary scenarios,
axionswould probably dominatethe massdensityof the universe,but no rigorousboundon f~can be
derived.In the absenceof inflation, or if the universereheatedbeyondfa after inflation, cosmicstrings
appearwhich efficiently radiate axions. The resulting mass density in axions is so large that fa ~

1010GeV accordingto Davis and Shellard [347,348] or fa ~
10t2 GeV accordingto Harari and Sikivie

[349].In addition,primordialaxionsareproducedby thermalprocesses.In asmallmassrangearounda
few eV, thermallyproducedaxionsmaybe detectableby their two-photondecaywhichwould producea
characteristicline featurein the “glow of the night sky”. If axionsarethe dark matter,galacticaxions
with a mass around i0~eV are detectablein laboratoryexperimentswhich already haveproduced
interestingupper limits.

3.1. Inflationary scenario

The interpretationof axionsas the phaseof new scalarfield, 1-, allows one to follow the axion field
through its cosmicevolution. When the temperatureof the universefalls below the Peccei—Quinnscale,
the scalarfield developsa vacuumexpectationvalue ~ cIP) = (f~0/V~)~ wherethe value of the
phase,a/f~Q,will generallyvary with location. Since T ~ A0~~’the potentialV(a) is vanishinglysmall
so that thereis no energeticdifferencebetweenregionsof the universewith different values of the
axion field in the range0 s a ~ 2ITf5. However, becauseof the enormous exponential growth factor
during inflation which we assumeto occur after this epoch,only a smallbubbleof the initially chaotic
universe will becomeour observableregion of space—time[350—353].Then for us, only one specific
initial value 0~ a <

2ITfa of the axion field pertainswhile otherregionsof the universe,not observable
to us, arecharacterizedby other values.

As the universeexpandsand cools to temperaturesnearAOCD, the potentialV(a) beginsto develop
and the axion field beginsto follow the force which drives it toward the equilibrium value at a = 0.
When the axion mass,ma(T), becomeslargerthan the cosmicexpansionrate, H(T), the axion field
begins to oscillate freely around the minimum of the potential V(a) with a frequencyma(T). At
temperaturesbelow AQCD’ the axion mass takes on the fixed value given in table 2.1 which then
determinesthe oscillation frequency. Quantummechanically, these coherent field oscillations are
interpretedas highly occupiedstateswith vanishingmomentum,i.e., axions are createdas a zero-
momentumBose condensate.Thus axions are nonrelativisticfrom the very moment of their creation
which rendersthem [354]a cold dark matter [355] candidate.

A detailedinvestigationof this mechanismleadsto an estimateof the expectedcosmicmassdensity
in axions [338—340,356],

= 0.2 x 1O~’05(f/1O’2GeV)’175y~h2(aj/2ITfa)2, (3.1)

where~a is in units of the critical density,Pent = h2 x 1.88 x 1029g cm3, which is necessaryto close
the universe,h is the present-dayHubble expansionparameterin units of 100km Mpc1 s~,and y is
the ratio of the entropyper comovingvolume now to that at the time when the axion field startedto
oscillate. The uncertaintyin the numericalcoefficient reflects various theoreticaluncertainties.In an
inflationary scenario,the universeis flat so that the total energydensityequals the critical density,
Q 1. Since ha < (2 = 1, the right-handside of this equationis constrainedto be less thanunity.

In a flat universe, (2 = 1, the cosmic time and the instantaneousHubble parameterare relatedby
[357]t = ~Ht = 0.65 x ~çjtO yr h~.The current age of our universecertainlyexceeds1010yr allowing
us to takeh = 0.40—0.65.If we neglectthe possibilityof lateentropyproduction,y = 1, we find for our
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universe,

= 1.3x 10 6(f/l0’2 GeV)t’75(a~/2ITf
5)

2. (3.2)

Assuming that axions are the dark matter, 12, —— 1, this equationestablishesa relationshipbetweenf,
andthe valuefor a of that particularprimordial domainthat evolvedinto our universe.The parameter
aj/2irfa can takeon anyvalue in the interval [0, 1] with equala priori probability. On the basis of this
observationand on the basis of eq. (3.2) it was arguedthat a constrainton fa could be derived.For
example,with a chanceof 99% one hasa~/2ITf,>0.01 leadingoneto arguethat f, <3 x 10°”GeV at a
99% confidencelevel.

It was first pointed out by Pi [358] that this typeof probabilistic argumentis not a rigorousbound
since it is possiblethat we live in a bubbleof the universewith a relativelyunlikely initial valueof the
axion field. Moreover, as stressedby Linde [359],proponentsof this argumentimplicitly assumethat
the a priori probability of a certain value of a. is identical with the conditional probability of us
observingsuch a value. A universewith “forbidden” valuesof a andf~is still legitimate,only it could
not evolve into the universethat we observe. In such a universe,the ratio of axionic dark matter to
baryonicmaterial andphotonswould differ from ours,leadingto a differentepochof matter—radiation
equality, and it is not assuredthat all such universescould produceobservers.It is well possiblethat,
taking the GUT-scale fa ~ x 10”~GeV as an example, the probability of producingobserversis a
function of a whichsharplypeaksaround0.01. Thuswe would observethis valuein spiteof its smalla
priori probability becausevaluesmuchdifferent from this would not produceanybodyto bearwitness
to this scenario.However, Dowrick andMcDougall [360],who haveattemptedto makethis anthropic
argumentmore precise,found no contradictionbetweenthe “forbidden” values of fa and a and the
existenceof possible observers.

All of theseargumentsare basedon treating the Higgs and axion fields on a classicallevel. Very
recently Goldberg[361] hasquestionedthe validity of this approachandhasarguedthat onemay not
ignore the effects of “secondquantization”, i.e., the quantumpropertiesof the field amplitudes.He
arguedthat an initial state with a definite value for a, was a highly unlikely configuration. More
typically, the field would be initially “smearedout” aroundthe Mexicanhat, andthedependenceof ~a
on the initial valuea vanishes.Hence,accordingto Goldberg,the boundfa ~ 1012 GeV applieswithout
any dependenceon initial conditions.The validity of this line of argumentis still being discussed.

3.2. Topologicalstructures

If the universeneverunderwentinflation, or if it reheatedafter inflation beyondthe Peccei—Quinn
scale,the evolution of the cosmicaxion field differs markedly from the simple picture outlined in the
previoussection.This was mostclearlydiscussedby Davis and Shellard[348].At a cosmictemperature
aroundf~,

0,the axion field settlessomewherein the “brim” of the Mexican hatpotential,with different
valuesa(x) in different regionsof space.In contrastwith the inflationary scenariowhereonly a small
domainwith approximatelyconstanta1 developedinto our universe,thesedifferent regionsnow remain
causallyconnectedwhencea1 variesover severalperiodsin such a region of space.Since only valuesin
the range0 ~ a~~ 2ITfa correspondto physically different states,this meansthat topologicaldefects
must form, cosmic strings, aroundwhich the axion field varies by one period. The energyper unit
lengthstoredin a straightstring at restis given by ~s—— 2ITf~ln Rio where R is somelargeradiusand 8
is a lower cutoff from the string core.
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Becauseof the large tension in these strings, they will rapidly oscillate, the major damping
mechanismbeingaxionic radiationuntil one straightstring remainsper horizonvolume.This radiation
is the dominant source for cosmic axions as was first pointed out by Davis [347]. String radiation
continuesuntil the QCD phasetransitionoccurswhen all previouslyproducedaxionsdevelopa mass
andbeginto contributeto the matterdensityof the universe.Also, atthis time the explicit breakingof
the Peccei—Quinnsymmetry causesthe axion field around strings to collapseinto domain walls, the
strings and walls thencolliding amongthemselvesandbreakingup [3621althoughthe axionsproduced
in this event alone would not lead to a cosmic energydensity problem. However, if there are N
different, degenerateground statesas, for example, in the DFSZ model, several domain walls are
attachedto onestring, leadingto a morecomplicatedscenario.Indeed,the importanceof domainwalls
in modelswith N> 1 was the first instancewherethe importanceof topologicaldefectsfor the axion
cosmologywas recognizedby Sikivie [363];in suchmodelsthe energydensityin domainwalls would be
so largethat noninflationaryscenarioswould require N = 1.

Following Davis and Shellard [348] we stress that in this noninflationary scenario the axion
productionby cosmicstring radiationis not an additional sourcefor axionsbeyondthe coherentfield
oscillations discussedabove, rather it is the only source. Therefore the original discussionsof the
coherentprocess[338—340]are meaninglessfor the noninflationaryscenario,and attemptsto calculate
the cosmic axion density from coherentoscillations with some averagedvalue for a [356] are
ill-conceived.

In order to computethe expectedenergydensity in axions,Davis and Shellard[348]modelledthe
primordial axion string network as a Browniansystemwith a single steplength,~(t), wherethe scaling
with cosmictime, t, is takenas 4~(t)= ~t and ~ is somedimensionlesscoefficient of order unity. They
found for the axionic density in units of the critical density,

(2 =0.2x iO±05( fa )1 Y1h2((~) ~ E~) (33)a
10t2 GeV n n

where I is the time near the QCD phasetransition when the axion mass is sufficiently large that
zero-momentummodesbeginto oscillatefreely, 8 -— 1 /f~0is the coreradiusof axionic strings, andr,, is
the fraction of powerwhich strings radiateinto the harmonicof order n. The first part of this result
correspondsto the first part of eq. (3.1). Noting that (2ah

2< 1.1 [356]yields the constraint

—0.85

fa~5X 1010 GeV(~~~) . (3.4)
n fl

Davis and Shellardbelievethat this bound is conservativebecauseit neglectsthe string kinetic energy,
stringstructurewithin the horizonsuch as kinks and loops, andbecausethe effects of the QCD phase
transitionhavebeenignoredexceptfor giving the previouslyproducedaxionsa mass.
- It is not obvious,however,what onehasto choosefor the parameters~andr~.While causalitylimits
~ < I, Davis andShellard[348]arguethat 4 should not be muchsmallerthan unity. They alsoargue,on
the basis of numerical simulations,that most of the energy is radiatedinto the lowest harmonics.
Therefore theyclaim a bound

Davis and Shellard [348]: ma ~ i0~eV (3.5)

for the axion mass.
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Harari and Sikivie [349], however,claim that the energyspectrumof the radiatedaxionswould not
dominantly go into the lowest modes, ratherthey expect a I iw frequencyspectrum.This radiation
spectrumis also of importance for the possible observationof string radiated“omions” which can
oscillateinto photonsin intergalacticmagneticfields [364].Harari and Sikivie’s treatmentimplies a
bound,

Harari and Sikivie [349]: m, � 10 eV, (3.6)

which is abouttwo ordersof magnitudelessrestrictivethan Davis andShellard’sbound.A very recent
analysis of axion radiation from strings by Dabholkar and Quashnock[365] supports Davis and
Shellard’s view, while a still unpublished numerical investigation by Hagmannand Sikivie [366]
supportsHarari and Sikivie’s claim. The presentauthor is in no position to decide betweenthese
opposingviews.

3.3. Thermally producedaxions

For sufficiently largevalues of f.,, axionsneverwere in thermalequilibrium in the earlyuniverseand
their cosmic abundanceis solely determinedby the effects discussedin sections3.1 and 3.2 above.
However, axions do interact with the hot and denseprimordial plasmaso that, for sufficiently small
valuesOf fa, the interaction is so largethat axionswere in thermalequilibrium at acertainepoch. In this
casethereare about as many axions in the universeas therearemicrowavephotons,andthe axionic
massdensity is obtainedby multiplying this numberwith rn. Turner [367]estimated,on the basis of
interactionprocessessuch as the Primakoff effect, that this is the casefor f,~ 10~GeV (mq/3O GeV)’
wherem

0 is the massof the heaviestquark with which axions interact.In the DFSZ-modelthis is the
massof the top-quarkwhich is known to exceed—30 GeV, while in the KSVZ-model rn0 may be much
larger. Turner [367] found for the density in thermally producedaxions,

(2,, = 8 x 10
9(f/lO’2 GeV)~h2(60/g~), (3.7)

whereg~is the effective numberof thermallyexciteddegreesof freedomin the earlyuniverseat the
time of the axion freeze-out.After this epoch,axionsstill decay,a—~-y-y, with a rategiven in table2. 1 so
that (2., must be multiplied by e(~r,where~ = (10—20)x i09 yr is the ageof the universe.

We illustrate thismasscontributionfor a typical choiceof parameters.We usean intermediateageof
the universe,t~~ X l0~~s, and we take g.

5 = 60. We considera noninflationary scenariowith Davis
andShellard’s[348]massdensitywherewe usey = 1 andthe term in bracketsin eq. (3.3) is takento be

3 . 2 12 1.175 .

3 X 10, i.e., we use £Iah =600(f/10 GeV) . For the axion lifetime we use the GUT-resulteq.
(2.20), which is explicitly ‘r. = 6.3 x 1024 s (1 eV/rn,,)

5. Finally, we also consider the axion—photon
couplingfor the caseEIN = 2, seeeq. (2.21), which is representedas a dashedline in fig. 3.1 wherewe
showthe axion densityas a function of rn,.

3.4. Decayingaxionsand a glow of the night sky

In the previoussectionwe showedthat thermallyproducedaxions with massesof a few eV would
contributesubstantiallyto the massdensityof the universe.In this case,however,thephotonsfrom the
radiative decay a—~-y-y may be detectableas a spectralsignaturein the visible or near-visible(uv)
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regime,an effect first discussedby Kephartand Weiler [368].Existing measurementsof the brightness
of the night sky alreadyrequire [367]

ma~5eV, (3.8)

aboundwhich improvesto ma ~ 2 eV if axionsclusterin the haloesof galaxiesor in galacticclusters.In
this caseone would expect a characteristicline featurein the optical spectraof thesesystems.For
massesmuchlargerthan thesevalues,all primordial axionswould havedecayedby today, see fig. 3.1
for the remainingmassdensity,andthe decayphotonswould contributeto the diffuse electromagnetic
backgroundradiations. If axions havemassesjust below the limit eq. (3.8) they are not rigorously
excludedby stellar evolution constraints,and an actual experimentto searchfor line featuresin the
night sky is underway [369].

3.5. Experimentalsearch for galactic axions

If the early universe never underwent inflation, or if it reheated after inflation beyond the
Peccei—Quinnscale, the remainingparameterspacefor the existenceof axions is very narrow if not
absent (section 11.2). However, in an inflationary scenario of the early universe, axions could
contributeto the dark matterof the universe.Becauseof their productionas a Bosecondensatein the
zero-momentummode they would havebeen nonrelativisticsince their creationand thus are a cold
dark mattercandidate.In this caseonewould expectthat the local galacticdark matterdensityof about
[356]5 x ~ g cm3 is provided by axions.

Sikivie [370]pointedout that the two-photoncouplingof axionsallowsfor transitionsbetweenaxions
and photonsin the presenceof an externalmagneticfield (section4.9,4). For nonrelativisticaxions
from the galactic halowith a mass—iO5 eV the emergingphotonhasa frequencyin the GHz regime.
The transitionratecan be resonantlyenhancedif oneusesahigh-Q microwavecavitywhich is placedin
an external magnetic field, i.e., one considersthe transition betweenaxions and electromagnetic

~::‘: ~ I I II - \
\%~~/‘ \~ ~10

I iIiii~ i iiiI!l~ ilililil I ~ 10—15 I ii hi

10~iü 10_i 1 10 102 5.4 —5.2 5.0 -4.8
m

2 [eV] lO~(fflaJ [eVi
Fig. 3.1. Axionic mass density in a non-inflationaryuniverse, taking Fig. 3.2. Axion parameterswhich are excluded,at the 95% CL, by
thermally produced and string-producedaxions into account, and the Rochester—Brookhaven—Fermilab(RBF) Axion SearchExperi-
allowing for axiondecay.For thestring-producedcontribution weuse ment [375,3761 andby theUniversityof Florida (UF) CosmicAxion
Davis and Shellard’s 1348] value. The dashed line refers to the Search[378],assumingaxionsarethedarkmatterin thegalactichalo.
E/N = 2 type photon coupling of eq. (2.20) wherewe usedtheface The local dark matter density is taken to be 5.3 x 1025g cm~=

value = ~0.08a/2srfa. 300MeV cm~The axion-line” is for the GUT-case,E/N= 8/3.
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excitationsof the fundamentalmode of the cavity. The transition rates havebeen calculatedby a
numberof authors[370—374].Of course,in order to searchfor axionswith a given mass,the cavity has
to be tuned to the correspondingfrequency. Therefore, in a searchexperiment,one pays for the
enhancedtransition rate with the needto scanin narrow bins over the interestinginterval of masses.

Two experimentsof this type have producedfirst results, the Rochester—Brookhaven—Fermilab
(RBF) Axion SearchExperiment[375,376], andthe University of Florida (UF) CosmicAxion Search
[377,378], excluding the cross-hatchedregimeof ma andg5~in fig. 3.2 underthe assumptionthat the
galactic dark matter halo is madeof axions. It is very difficult, but perhapsnot impossible, to enhance
the experimental sensitivity to a point where, for a given rna, the excluded regimeactually touchesthe
“axion line” in fig. 3.2. Another similar experimental effort is also in progress [379].

4. Emissionratesfrom stellarplasmas

We reviewthe emissionratesof axionsfrom stellarplasmasfor variousconditionsandprocesses.For
axionswhich couple to electrons(DFSZ-type), the dominantemissionprocessin low-mass stars (the
Sun,othermain-sequencestars,red giants,horizontalbranchstars,andwhite dwarfs) is the Compton-
process,-ye—-pea,and bremsstrahlung, e(A, Z)—~(A,Z)ea. In very low-massstars,free—bound
transitions are also important (“axio-recombination”).For hadronicaxions,the only relevantprocessis
the Primakoffeffect, -y-’~s.a, which proceeds in the presence of the fluctuating electric field of the plasma
by virtue of the a-y-y coupling. In neutronstar matter,the most importantemissionprocessis nucleon
bremsstrahlung, NN—~NNa,for both types of axions. We also discussplasmondecayinto neutrinos,
YpI ~ VV.

4.1. Generaldiscussionof the emissionrates

When calculatingthe energyloss of a star by neutrinoor axion emission, one is concerned with a
systemwhereall particles (nuclei, electrons,photons)are in thermalequilibrium while the neutrinosor
axionscan freely escape.Hence the productionrateof theseparticlesmustbe computedfrom detailed
microscopicprocessesand cannotbe basedon generalthermodynamicarguments.A typical example
for an emissionprocessis the Comptonreaction,-ye—-~evi~,for neutrinoemissionor the correspond-
ing process,-ye —~ea,for axions. A generalexpression for the volume emission rate (in erg cm

3 s’)
is,

= ~I ~ f
1(E1) ~ 2E~2~)

3[1± f~(E)]J 2E~(2~)3Ea(1 + fa)

x ~ ~I2(2IT)4o4(~ p
1 - ~ p -pa), (4.1)

Nd. N~d. Spins j=I 1i
polarizaijons

whereN is the numberof initial-state particles,N’ that of final-stateparticles exceptfor the axion
whoseenergyandfour-momentumare Ea andPa’ respectively,Nd is the numberof identicalparticles
of one speciesin the initial state,andNd in the final state. There are severalsuchfactorsif thereare
several speciesof identical particles. The phase-spaceoccupationnumbers,f1, are the usual Bose—
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Einstein or Fermi—Dirac functions, normalizedsuch that the density of a given particle speciesis
n, = J’ d3p

1 f1(E1)I(2ir)
3. For the final-stateoccupationfactors,the plus sign applies to bosons (stimu-

lated emission), while the minus sign must be used for fermions (Pauli blocking). The final-state
occupationfactor for the axions, fa (not to be confusedwith the axion decayconstant!), is usually
neglectedbecausethe individual modeshaveless-than-thermaloccupationnumbers.The usualenergy
loss per unit massis e = Q/p (in ergg~~1)~

Besidesthe stimulation and blocking factors, the presenceof the plasma changesthe dispersion
relationof theparticipatingparticles,leadingto modified normalizationsfor initial- andfinal-statewave
functions, to modified propagatorsfor the intermediatestates, and to a modified law of energy—
momentumconservation.Moreover,excitations(“particles”) suchaslongitudinalplasmonsexist which
do not occur in vacuum. The presenceof the plasma generallyalso changesthe interaction vertices
betweenparticles,an effect which is of crucial importancefor the plasmon decay,-ye,—+ vil’. Finally,
everyparticlesimultaneouslyinteractswith manytargets.In the Comptonprocessof axionproduction,
for example, the initial photon scatters on many electronssimultaneously, and the total axion
productionrate arisesfrom the interferenceof the scatteringamplitudesoff individual electrons.Since
the motion of the electrons is correlatedbecauseof their interaction, the interferenceterms do not
averageto zero; the emissionratesare modified by thesecorrelationeffects.

4.2. Absorptionrates

Axion boundswhich arederivedon the basisof stellarenergylossesarevalid only if theseparticles
freely streamout of stars, i.e., if their optical depth is less than —‘-1. A generalexpressionfor the
absorptionrate of axions,F(Ea), is analogousto eq. (4.1), summedover all relevantprocesses.For
relativistic particlesthe absorptionrate is identical to the inversemeanfree path,F(Ea) = A1(Ea). If
the absorptionrateis solargethat axionsarein thermalequilibriumwith thesurroundingheatbath,the
principle of detailedbalancetells us that

F(Ea) = (dQtot/dEa)(d~/dEa)~1, (4.2)

where

d~a/dEa= (1/2ir2)E~/(eEh/T— 1) (4.3)

is the differential energydensityof a thermal axion field at temperatureT, and Q
10~is the volume

emissionrate, summedover all processes.
If axionsare not in thermal equilibrium, the above expressionis still a valid order-of-magnitude

estimateso that a typical absorptionrate is given by

~ Qiot~a’ (4.4)

where ~a is the total energy density of a thermal population of axions. For masslessscalarsor
pseudoscalars,

= (ir
2130)T4, (4.5)
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while for photonsan extrafactor of 2 appearsto countthe polarizationdegreesof freedom.For massive
(pseudo-)scalarswith ma ~ T, we find

= [T32m~’2i(2IT)32]e’~’’. (4.6)

If absorptionis an importanteffect, axionscontribute to the transferof energy(chapter5).

4.3. Many-bodyeffectsin stellar plasmas

4.3.1. General remarkson dispersioneffects
The propagationof particles is governedby a wave equationwhich can be expressedin termsof

plane-wavecomponents,RI’, as

G1(w, p)~I’(w,p) 0, (4.7)

wherew andp arethe frequencyandwave vectorof the planewave,respectively,andG is theGreen’s
function or propagator.For scalaror pseudoscalarparticlesthe inversevacuumpropagatoris simply the
Klein—Gordon operator, G~(w,p) = w2 — p~2— m2. For spin-i fermions, ‘I’ is the relevant Dirac
spinor andfor photonsit is the vectorpotential,A, so that G is a matrix. The wave equation(4.7) has
nonvanishingsolutionsonly if det(G~)= 0, a condition which relatesw andp: the dispersionrelation.
For isotropicmedia, it is usuallywritten as*)

p~=nw, (4.8)

wheren is the refractive index. It may also be written as

= muff + p~2, (4.9)

althoughthe “effective mass”,like the refractiveindex, is a function of w andp, andm~mayevenbe
negative. In vacuum, rneff = m, the particle rest mass, so that the vacuum refractive index is
nvac = (1 — m2iw2)’2. The dispersionrelationmayhaveseveralbranches,i.e., for a given wavenumber
different frequenciesmay be allowed.

The procedureof secondquantizationis such that the energyassociatedwith one quantumof an
excitationis E = hw so that the thermalphase-spaceoccupationis given by the usualFermi—Diracor
Bose—Einsteinformula. The correspondingwavenumber,p, given by the dispersionrelation,appearsin
the law of energy—momentumconservation,although this wavenumber,or “pseudomomentum”,
shouldnot be confusedwith the physicalmomentumof the correspondingexcitation.**) The dispersion
relation for photonshasbeendiscussed,for example, in refs. [382—3871,for chargedfermions in ref.

* I Alternatively, one sometimesusesp = np,~,a definition which rendersthevacuum indexequalto unity. Also, in nonisotropicmedia, n is

thena matrix.
**) As a wave propagatesthrougha medium, e.g.,a laserbeamin water,part of themomentumflow which entersat thesurface is carriedby

the medium. Therewasa long-standingdispute aboutthemomentumflow carried by thebeam,adisputewhich was resolvedin a paperby Peievls
[380]who clarified this question for the caseof a classicalelectromagneticwave, correctingvariouserrors in the literature,including his own.
Experimentally,the questionwas addressedby sendinga powerful laserbeamvertically throughwater andobservingthewater—air interface.The
changein momentumcarried by the beam appearsas a force on the water surface,causinga visible deformation[381].
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[3881,andfor neutrinosin refs. [389,390]. The questionof the effectivenucleonmassin nuclearmatter
was addressedin refs. [391,392], and the absenceof a medium-inducedrefractiveindex for axionsin
section2.3.3.

4.3.2. Dispersionrelation for plasmamodes
The propagationof electromagneticfields in an isotropicmediumis governedby a Green’sfunction

which can be written in Feynmangaugeas [386]

2 2 (4.10)
E~(q)w—~q~ r~(q)q

where q = (w, q) is the energymomentumfour-vector of the wave,ET and EL are the transverseand
longitudinal dielectric permittivities, respectively, and the transverseand longitudinal projection
operatorsare given by

= g~— q~q~iq2— Qean; ~ = — ~2V2, A = (~q~2,wq). (4.11)

Propagatingmodesare characterizedby det(G~1) = 0 or equivalently by the poles of the Green’s
function. From eq. (4.10) it is clear that the dispersionrelation for transversemodes in a plasmais
given by r~(q)w2— q~2= 0 andthe refractiveindex for thesemodesis ~ = ~-~-(q)]”2.For longitudinal
modesit is givenby EL( q)q2 = 0. Thesemodesexist only in the presenceof the plasma,theycorrespond
to oscillationsof the negativeagainstthe positivecharges,andtheyarecharacterizedby an electric field
vector along the direction of propagationwith no magneticfield. Transverseplasmonsare essentially
identical with photonswhose dispersionrelation is modified by the presenceof the plasma.

In order to discussthe plasmondispersionrelation, we introducea relativistic generalizationof the
usual plasmafrequency[3831

47rafl~/E~= (4a/3IT)p~./EF, (4.12)

which reduces,in the nonrelativisticlimit with EF —~me,to the usualresult. The dispersionrelationfor
transverseplasmonsis given by

2 2 2w w
0+~q~ (4.13)

if the electronsare nondegenerateandnonrelativistic,andif theplasmonenergyis smallcomparedwith
the electronmass,w —~ me. For a degenerateelectrongas, the dispersionrelationis [384, 3871

2 w~+ (1 + ~v~)~q~
2for q~‘~ w

0 ,
= 2 2 2 (4.14)

(1 + 5vF)wo + ~I for ~ ~‘ w0,

where VF —pFIEF is the velocity at the Fermi surface. Finally, if the plasma is relativistic and
nondegenerate,i.e., if T 2’ me and T ~‘ EF, electronsand positrons contribute equally, and the
dispersionrelation is [386],
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., ~ITaT2+~q~2 for q~.~eTI3,
(4.15)

~,rraT2+~q~ for q~.s~eTi3.

For w > 2me, thesewavesaredampedby pair production,otherwisetheyarenot dampedat all to this
order in a. Dampingoccursonly by scatteringon electronswhich introducesan imaginarypart to the
refractiveindex of higher order.

The dispersionrelationof longitudinal plasmonsis given, for anondegenerate,nonrelativisticplasma
by [3871

= w~+ (3Tim~)~q~2- (4.16)

For thesewavesthe phasevelocity, w/~q~,is lessthan the speedof light, whenceelectricchargescan
“surf” in longitudinalwaves,leadingto dampingto lowestorder in a (Landaudamping).For q~~ kD,
this damping is large and longitudinal modes are no longer stable. For degenerateelectrons,the
dispersionrelation is [387],

2 2 32 2

w = w
0 + ~ q , (4.17)

applicable for VF q ~ w0. In the oppositelimit, VF q ~— w0, the spectrumof longitudinal oscillations
reducesto two-particleexcitationsof an electron—hole[387].For a relativistic, nondegenerateplasma,
one has [386]

s{~1raT
2+~HqI2 for IqHeTi3, 41

[1 + 4exp(—6~q~2i4ITaT2)fiq~2for q~~‘ eTi3. ( . 8)

Theseoscillationsare stablesince the phasevelocity, again, exceedsthe speedof light.
In the presenceof magneticfields, the dispersionrelationsare, in general,muchmorecomplicated.

For the axion problem,photondispersionin the strongmagneticfields nearpulsarsis of someinterest,
and can be expressedin simple terms if w ‘~ rn~.In the presenceof a magnetic field, B, which is
transverseto the photondirection of propagation,we considertwo linear polarizationstateswith the
electric field vector parallel (~)and perpendicular(I) to the externalmagneticfield. The indices of
refractionfor thesetwo modesare [393, 3941

n =1+j~a2B2im~, n)=1+]~a2B2im~, (4.19)

wherewe haveuseda rationalizeddefinition of the field strengths(seefootnotein subsection1.2.1). If
the magneticfield is not transverse,only the transversecomponententers,andthe I polarizationstate
is the one with the electric field vectorperpendicularto both, k and B.

4.3.3. Nucleondispersionin densenuclear matter
In a densenuclearmedium,the effectivenucleonmass,m~,deviatessubstantiallyfrom the vacuum

value, mN = 939MeV. At severaltimes nucleardensity,valueswhich arebelievedto occur in the coreof
supernovae,the effective mass may be as low as m~= O.SmN, strongly affecting the phase-space
distribution of the nuclei. A calculation of m~hasto rely on an effective theory which describesthe
interactionof nucleonsandmesons.Renormalizable,relativistic theoriesof this type(“quantumhadron
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Fig. 4.1. Effective nucleon mass in an extendednuclearmedium accordingto a relativistic Bruecknercalculation including vacuum fluctuations
[392].Thesolid curveis for a nuclearmediumwith equalnumbersof protonsandneutrons,thedashedcurveis for neutronmatter.In bothcasesPr
is the Fermi momentumof the nucleons:PF = 280MeV correspondsto nucleardensity, and Pr = 400Mev to threetimes this density.

dynamics”, QHD) have only recentlybeendeveloped.A typical result [391, 392] for the nucleon
effectivemassfrom a self-consistentrelativistic Bruecknercalculationincluding vacuumfluctuationsis
shownin fig. 4.1. A relativistic Hartreecalculationyields a similar result. The parameterschosenfor
this calculationyield nuclearsaturationat a densitywhich correspondsto a nucleonFermi momentum
of PF = 280MeV, and threetimesthis densitycorrespondsto PF = 400 MeV, about the upper limit of
what might be expectedfor a supernovacore.

4.3.4. Screeningof electricfields
In order to discussthe behavior of static electric fields in a plasma,we begin with the general

electromagneticpropagator,eq. (4.10). In the static limit, w = 0, only the following components
contribute,

G00(0, q) = —1/EL(O, q)~q!
2, G,

1(0, q) = (1/fqf
2)(—5~

1+ q~q1ifqf
2) . (4.20)

This means,in particular, that the radial variation of the electrostaticpotential of a point chargeis
givenby theFourier transformof G

00. In a sufficiently dilute plasma,the static longitudinalpermittivity
is of the form

EL(0, q) = 1 + kg/fqf
2 . (4.21)

ThereforeG
00 = —(fql~+ k~)’ and the electrostaticpotentialof a point chargevaries as r’ e_~r,

renderingk~a screeningwave numberand its inversea screeningradius.
In order to derive the screeningscalefor a neutralplasmawe imaginethat a point chargeis addedto

the system.The field of this chargewill be screenedbecausethe plasmawill be polarized. We first
consider a “one-componentplasma” where onespeciesof particles is thought to provide a homo-
geneous,neutralizing backgroundand only the other species can move and contribute to the
polarization.We first take the electronsas the particleswhich are allowed to move, take them to be
degenerate,and usea Thomas—Fermimodel in the potential of the extra charge.One finds k~= kTF
wherethe Thomas—Fermiwavenumberis [395],
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kTF(4apFEF/1~
2. (4.22)

The Fermi momentumand Fermi energyare relatedto the electrondensityby

= (3n~~, EF = (p~+ m~)t2. (4.23)

With our relativistic definition of EF, the nonrelativisticcaseis characterizedby EF—* me.
If the electronsare nondegenerate,one considersthe “law of atmospheres”in the potential of the

extra charge, taking a self-consistent,screenedpotential, i.e., one solves the Boltzmann—Poisson
equationto lowest order.This leadsto k~= kD with the Debye—Hückelwavenumber[396],

kD = (4iran~iT)’2. (4.24)

The plasmacan be viewed as degenerateif krF ~ kD which translates,for the nonrelativisticcase,into
(3~/2)T<<p~i2me.

A realistic caseof a one-componentplasmais a mediumwherethe electronsaredegeneratewhile
the nuclei are not as in a red giant core. We takefirst the hypotheticalcaseof a degeneratehydrogen
plasma.The screeningscaleof the electronsis given by kTF, while that for the protonsis given by kD,

and sincekD ~‘ kTF becauseof the assumeddegeneracy,our test chargewill be screeneddominantlyby
the protons.This confirms the naive picture that a degenerateelectrongas is much “stiffer” thanthe
nondegeneratenuclei gas. Therefore the degenerateelectrons, indeed, provide an approximately
homogeneousbackgroundof a neutralizingchargedistribution. If the nuclei havechargeZ > 1, their
screeninglength is given by eq. (4.24) with ~1e~ ~ If thereare severalspeciesof nuclei, the
screeningcontributionof the ions is given by

k
0~5= (~~ Z~n1). (4.25)

Ions

If the electronsare nondegenerate,the total screeningwavenumberis given by

k~= (k~,+ k~*ns)’~
2, (4.26)

a resultwhichappliesfor the conditionsin the solar interior or in the centerof horizontalbranchstars.

4.3.5. General remarks on correlation effects
In order to appreciatethe importanceof correlationeffects, we consideras anexamplethe Compton

productionof a masslessscalarparticle,-ye —* ex. In vacuum,the differentialcross-sectionis given by
du/dQ = f(q)12 whereq is the energy—momentumtransferbetween‘y andx~andf is the scattering
amplitudeto be determinedby the usualFeynmanrules. For simplicity we considerthe electronmassto
be largecomparedto the photonenergy,me2’ w, whencethe energyof the outgoingscalaris identical
to that of the incomingphoton, andwe considerthe electronto be at rest. Taking N electronsat fixed
locationswith relativeseparationsr,

1, the total scatteringamplitudeis the sumof that on the individual
electrons.Hence the differential scatteringcross-sectionof the ensembleis

do-, ‘~

~=If(0,q)f
2 ~ cos(qr

11). (4.27)
UIL j.j=t
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In a stellar plasmawe are interestedin a physical situationwhere the photonsinteractwith many
different randomensemblesof electrons,leading to a statisticalaverageof this expression.Then all
scatteringcentersare equivalent, and we may expressthe averagescatteringcross sectionon one
electronas

du/du2= f(0, q)f2S(0,q),

whereS(0, q) is the staticstructurefactor for the electrons.The averagescatteringcrosssectionon N
electronsis now simply given by dcrN/dh = N do-/d12 becausethe structurefactor accountsfor the
thermalaverageof the interferenceterms. Comparingwith eq. (4.27) gives

S(0, q)ns lim KNI ~ cos(qr~
1)~ . (4.28)

N~,*, i.j=t ihermal

If the coordinatesof the electronswerecompletelyuncorrelatedas in an ideal Boltzmanngas,the terms
with i ~j would not contribute,and S(0, q) = 1. Physicallythis meansthatthe interferencetermsfrom
scatteringon differentelectronsvanishon average,andthe total scatteringrateis simply the sum of the
individual rates.

In a real plasma,however,the mutual interactionbetweenchargedparticlescorrelatestheir motion
and locations;if an electronis knownto be at position r, the probability of finding anotherelectron
nearthe same location is less than average,while the probability of finding a proton is larger than
average.Hence the static structurefactor is a nontrivial function of the plasma properties.More
generally,one must also allow for the motion and recoil effects of the targetsso that the scattered
particlesneednot have the sameenergyas the incoming ones,leading to the definition of a dynamic
structurefactor, S(q). The completeparticle emissionrate from a stellar plasmarequiresinclusion of
S(q) in the integrandof eq. (4.1). In the contextof axion emissionwherethe nonrelativisticscattering
amplitude dependson the electronspin coordinates,onealso hasto considerthe spin—spincorrelation
betweenelectrons.

4.3.6. Static structurefactors
The screeningof electric fields in a plasmais closely relatedto the correlationof the positionsand

motionsof the chargedparticles.If an electronis knownto be in a certainposition, the probability of
finding anotherelectronin the immediateneighborhoodis less thanaverage,while the probability of
finding a nucleusis largerthanaverage.If we consideroneparticleof a given speciesto be the origin of
a coordinatesystem,and if the averagedensityof that speciesis n, the deviationof the actual density
from averageis

S(r) = 6
3(r) + nh(r), (4.29)

whereh measuresthe correlationbetweentheseparticles.In an ideal Boltzmanngas,of course,h = 0.

The Fourier transform,

S(q)= d3r S(r) e~, (4.30)

is the staticstructurefactor. In the absenceof correlations,h = 0, we naturally haveS(q)= 1, and the
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scatteringcrosssectionsremain unchanged.A typical examplefor the role of the structurefactor is
Thomsonscatteringof photonson electrons.If one measuresthe scatteringof radio wavesin ionized
layers of the atmosphere,the correctcrosssectionis do-pjas(q)idQ= ~~~(q)do-~(q)/dQwhereq is the
momentumtransfer [397].Also, Thomsonscatteringon electronsin stellar plasmasis an important
contributionto the opacities,andthe inclusionof S, substantiallyreducesthe scatteringrate, an effect
which was recentlyrevisited [3981.

In order to illuminate the relationshipbetweencorrelationsandscreeningmoreclearly,we consider
a one-componentplasmawherethe mobile particleshave chargee. In this casethe static structure
factor for the mobile particles is relatedto the longitudinal dielectric permittivity by virtue of the
fluctuation dissipationtheoremby [387,399],

S(q)= (f q~2/k~)[1— 1iE~(q)], (4.31)

wherethe Debyescreeninglength was definedin eq. (4.24). For a sufficiently dilute plasma,we have
EL( q) = 1 + k~Ifqf2, correspondingto a Yukawaform of the screenedpotential. In this caseone finds

S~(q)= qf21(f qf2 + k~). (4.32)

Of course, if the mobile particleshavechargeZe, onesimply hasto replace~ Z2n~~~in eq. (4.24).
If the plasmais sufficiently cold, the screeningwill not be of Yukawatype, andthe structurefactor

will deviatefrom thesimple Debyeformula.The plasmacan be consideredcoldif the averageCoulomb
interactionenergybetweenions is muchlargerthantypical thermalenergies.To quantify this measure,
one introducesthe ion-sphereradius,a, by virtue of n = (4ira3/3)’~wheren is the numberdensityof
the mobile particlespecies.Hence a measurefor the Coulombinteractionenergyis Z2aia, assuming
the ions havechargeZe. One usuallyintroducesthe parameter

F~aZ2IaT, (4.33)

as a measurefor how strongly the plasmais coupled.For F ~ 1 it is weaklycoupledandapproachesan
ideal Boltzmanngas. Since k~~,a2= 3F, the weak-couplingstructurefactoreq. (4.32) can be written as

S~(q)= aqf2i(faql2+ 3F). (4.34)

This result applies evenfor largeF if aqf -~ 1. For F i~’1, the plasmais strongly coupled,and for
F � 168the ions will arrangethemselvesin a body-centeredcubic lattice [400,401]. In fig. 4.2 we show
S and SD as functionsof IaqI for F = 2, 10, and 100. The emergingperiodicity for a strongly coupled
plasmais quite apparent.It is alsoclear that for F ~ 1 the Debyeformulagives a fair representationof
the structurefactor while for a strongly coupled plasma it is completelymisleading. The interior of
white dwarfs is typically in the regimeof large F, and old white dwarfsare believedto crystallize.

In order to computeemissionratesfrom nondegenerateobjects like the Sun or othermain sequence
stars,we needto considera two-componentplasmawhereparticlesof positive andnegativecharges
contribute to screening.The structurefactor for a two-componentplasmais quite different from the
caseof only onecomponent.If theelectronsaremobileon the backgroundof a uniform positivecharge
distribution,their structurefactor is given by eq. (4.24), assumingweakcouplingof the plasma.If the
ions are also mobile, it is given by [404]
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Fig. 4.2. Static structurefactorfor aone-componentplasmaaccordingto numericalcalculations[402,403] (solid lines).Thedashedlinescorrespond
to theDebyestructurefactor eq. (4.34).

2 2 2 2 2

= (fqf + k10~~)i(fqf+ k10~5+ kD), (4.35)

wheretheionic contributionwas definedby eq. (4.25). This structurefactormustbe used,for example,
if one wishesto calculatethe emissionof someweakly interactingscalaror vectorparticle,x~which is
producedin the Sun by the Comptonprocess,-ye---~ex.If thereis only one speciesof ions with
chargeZe, the small-q-valueis ~ce(0)= Z/(1+ Z) whencethe correctionsarealwaysrelatively small. In
a one-componentplasma,~e(0)= 0.

We now consider a scatteringprocessfor which the scatteringamplitude is proportional to the
electric chargeof the target. An exampleis neutrinoscatteringby virtue of an anomalousmagnetic
dipole moment, VL + (A, Z)—~(A, Z) + VR, and also Primakoff production of axions, y +

(A, Z)—s-(A, Z) + a, by virtue of the wy’y vertex. In this caseone is not interestedin the correlation
between the positions of particles of a given species,rather one needs to consider the charge
correlation. Given a chargeZe at the origin, the deviationfrom the averagechargedistribution is
ZeS(r)with S(r) = 8

3(r) + h(r) wherenowh is a function that integratesto —1 becauseof global charge
neutralityof the plasma.With this definition of 5, the static structurefactor is found to be [87]
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S(q)= qf2/(fqf2 + k~~
5+ k~), (4.36)

where,of course,weak couplingof the plasmawas assumed.

4.3.7. Stateof the plasma in stellar interiors
Whencalculatingthe axion emissionratesone mayconsider,in principle, all possiblecombinations

of temperaturesand densities.In practice,only very specific conditionsare encountered,leading to a
muchsimpler discussion.Also, for any given set of conditions,typically only oneprocessdominatesso
that onemayfocuson relatively few caseswhenembarkingon a detailedcalculation. In order to briefly
discussthe plasmaconditionsrelevantfor astrophysicalparticleboundsit is convenientto introducethe
usual chemicalcomposition parameters,X, Y, X~2,etc., which characterizethe massfractions of the
elements‘H,

4He, ‘2C, etc. so that the numberdensityof a specieswith massfraction X~,atomicweight
A

1, and chargeZ1e is given by

n1 = (pim~)XJ/AJ , (4.37)

wherem~= 1.66x 10_24g is the atomic mass unit and p is the massdensity.The numberdensityof
electronsis given by

x.Z
= ~ Z1n1 = —a- ~, _~y (4.38)

m~1 ~

Onesometimesusesthe “mean molecularweight”, /~e’ for the electrons,i.e., the atomicmassunits of
the plasmaper electron,so that ne = pi/i~m~.Also, Y~= ~ is sometimesused for the meannumber
of electronsper baryon. In table4.1 we give an overviewover the plasmaconditionsthat we aregoing
to encounterwhen deriving astrophysicalparticle bounds.

Table 4.1
Plasmacharacteristicsfor typical conditionsencounteredin variousastrophysicalsiteswhich areimportant to derive particle constraints

Center of Redgiant core
standard just before
solarmodel Core of HB stars helium flash whitedwarf Supernovacore

Characteristic nondegenerate. nondegenerate. degenerate. degenerate, relativistic
nonrelativistic nonrelativistic weakly coupled strongly coupled

Temperature 1.55 x 10 K = 1.3 keV —W’ K = 8.6 key —10’ K = 8.6 key (l0~—t0~)K (20—60)MeV
= (0.09—0.86)key

Density 156 —iO~ —‘10’ 1.8 x 10 ~,~1015

[gcm’] (centerfor
M0.66M~.)

Composition X = 0.35
4He. C, “0 4He ~C, Io~ Y, —010
(~2) (~=2) (ta,2)

Electrondensity 6.3 x 10~’ 3.0 X 1027 3.0 X 10~ 5.3 X 10~ 1.8 X l0~’
[cm 3j

Fermimomentum 24.3 key 88 keV 409key 495key 345MeV
Fermi energy 0.58 keV 7.6keV 144 key 200keV 344Mev

(p~+ ~ -m,
Plasmacoupling F = 0.07 0.12 0.57 433—43.3
Plasmafrequency 0.3 keV 2.0 keV 18 keV 23 key 19 MeV
Screening Debye Debye Debye strong

k
5=(k~+k~,,,)’

2 k,~,=222keV
=9.lkeV =27keV
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4.4. Comptonprocess

We begin our detailed investigation of the axion emission rates with Compton production,
-ye —~ ea, see fig. 4.3. This processwas first consideredby Sato and Sato for the emissionof scalar
Higgs particles from stars.The most generaldiscussionof the matrix elementand crosssectionwas
provided in refs. [61, 405]. A detaileddiscussionof the emissionrateswas provided in refs. [74, 86].
Electronspin correlation,which is importantin a degenerateplasma,wasnevertakeninto account,and
the effect of a finite plasmonmasshasonly beenestimated.

For our discussionof the Comptoneffect we usethe pseudoscalarinteractionLagrangianeq. (1.2)
with a Yukawa coupling, g,,, for the electrons,and with the correspondingaxionic fine structure
constant,aa= g~i4ir.The invariant matrix elementis found to be [74]

~ ~ 2 m~- ~ + S - m~-2, (4.39)

s — me me— u
polarizations

wherethe axion massandthe plasmafrequencyhavebeenneglected,andthe Mandelstamvariablesare
s = (Pc + k5)

2 andu = (Pe — ka)2 with Pc the four-momentumof the initial-stateelectron,andk
5 andka

the four-momentaof the photonandaxion, respectively.The full expressionwith nonvanishingma and
was derived in ref. [61]— it is extremelycomplicatedand not neededfor our purposes.The total

scatteringcross-sectionfor masslessphotonsand axionsis found to be

(log(sim~) 3s —

= iTaa~s — m~ — 2s
2 ) (4.40)

a resultshownin fig. 4.4. For scalaror vectorparticleproduction,the crosssectionis not suppressedat
low CM energies.This suppressionis an effect of the derivativenatureof the pseudoscalarcoupling
(section2.3.3).

We are mostly interestedin a nonrelativistic plasma wherePe (me, 0) and the photon energy

5 I I I I I I I

\\ ,~,,,, 0 :,I,IlIIlIII~III:
— — 2 4 6 8 10

____________________________ 1/2

e ~ ~ e s [me]
Fig. 4.3. Feynmangraph for the Comptonproductionof axions,or Fig. 4.4. Crosssectionfor theComptonproductionof masslessaxions
for the Compton absorption,if read in the reversedirection. The asafunctionof theCM energy,s= (p~+ k.,)2. Thesuppressionat low
second graphwith the axion and photon vertex interchangedis not energiesarises from the derivativecoupling of axionsand would be
shown. . absentfor scalar(as opposedto pseudoscalar)particles.
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w ‘~ m~.In this caseone readily finds [87]

cr~= (aaa/m~)w2Im~2. (4.41)

In this limit, the energyof the outgoing axion is identical with that of the incoming photon, andthe
energyloss rateis simply found by folding o~with the electrondensity,ne, andthe black-bodyphoton
flux at temperatureT,

dn/dw= (1/1T2)w2I(e°~T— 1). (4.42)

In the non-degeneratelimit, the lowest-order relativistic correction was analytically calculatedby
Fukugita, Watamuraand Yoshimura [74], yielding a volume energyloss rate

= 160~(6)aPIT6 (i — 36~(7) — 14~(6)~ + O(T2/rn~)), (4.43)

IT m~ ~(6) m~

where~ is the Riemannzetafunction. Fukugitaet al. havenumericallycalculatedcorrectionfactorsto
the lowest-orderresult, taking into accountrelativistic and degeneracyeffects. It is worth noting that
theeffect of degeneracyis to enhancethe emissionrate: for a fixed temperatureandincreasingdensity,
the emissionrate increasesslightly faster than the trivial n~factor of eq. (4.43). This occursbecause
with increasingdegeneracy,electronsoccupystatesof largermomentum,increasingthe CM scattering
cross-sectionwhich is suppressedfor low energies(fig. 4.3). This increasedcross-sectionslightly
overcomesthe effect of Pauli blocking of final states.

Fukugita et al.’s [74] correctionfactors,however,do not take into accountthe finite value of the
plasmonfrequency,which should be a small correctionfor w

0 ~ T, but is importantin the coresof red
giant stars.They also ignore the correlation betweenthe electrontargets. From our discussionin
section4.1.3 we concludethat, if axionswere scalar(as opposedto pseudoscalar)particles,one would
haveto include the structurefactor Sc, similar to the caseof Thomsonscattering.Axions, however,
coupleto the electronspin andthe structureof the scatteringamplitudeimplies that its sign dependson
the spin of theinitial electron.If we considerscatteringfrom an ensemble,the interferencebetweenthe
amplitudesof two given electronswill be destructiveor constructive, dependingon the relative spin
orientationof the electrons.Therefore, in an ensemblewith no correlation betweenthe spins, the
interference terms average to zero. Therefore we believe that for the Compton production of
pseudoscalarsfrom a nondegenerateplasma,the structurefactor ~e’ which expressesthe correlation
betweenlocations but not spins, should not appearand the result eq. (4.43) remains valid. For
degenerateelectrons,the spins are correlated;the Pauli exclusionprinciple statesthat it is less likely
thanaverageto find an electronwith the samespin near a given electronthat one of oppositespin.
Hence for degenerateelectrons,a spin correlationfactor shouldappearin eq. (4.43).

Comptonproductionis importantfor axion emissionfrom the Sun andfrom horizontalbranchstars,
environmentswhich areessentiallynondegenerate,allowing oneto useeq. (4.43). In horizontalbranch
stars with T-—-10

8K=8.6keV, the relativistic correctionin eq. (4.43) is a reductionby —-40%. An
important axion constraint,however,was derivedusing red giants before the helium flash [63, 93]
whereaxion emissionoccursfrom a degenerateplasma.While in this context the spin correlationof
electronsandthe finite valueof the plasmafrequencyareof crucial importance,the Comptoneffect is
less importantthanbremsstrahlungin this environmentso that thereis no needfor a preciseCompton
rate.
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Comptonemissionfrom a very degenerateandrelativistic plasmawas also consideredin the context
of axion emissionfrom SN 1987A in ref. [75],correctingpreviousresultsin ref. [70]. A crudeestimate
yields

Qc~(2a/3IT)T5ln(2EFT/m~). (4.44)

Numerical details were given in ref. [75], but for theseconditionsnucleon bremsstrahlungby far
dominatesso that a detailedknowledgeof the Comptonrates is not warranted.

The emission of pseudoscalarswith a large mass,ma ~‘ T, from a nondegenerate,nonrelativistic
plasmais of someinterest. The axion energyis then very close to threshold,Ea ~ ma, and one may
considerthe Comptonproductionof nonrelativistic axionsfrom electronsat rest, yielding [161]

5/2 9/2 3/2 4 —m IT
Q~= (2 aaa/IT)ne(ma T ime)e a (4.45)

to lowest order.

4.5. Electron—positronannihilation

The processe~e—+ ‘ya (fig. 4.5) is neverof practicalimportancebecausepositronsareonly present
in sufficient numbersat high temperatures,conditions for which other processessuch as nucleon
bremsstrahlungbecomemore important. For completenesswe quote the result for the emissionrate,
valid for nondegenerate,nonrelativisticconditionswhere T -~ me [74, 86],

Qann= (aaa/IT2)m~T3e2m,IT. (4.46)

This result doesnot dependon the electrondensitybecausethe electronandpositron distributionsare
characterizedby equalbut oppositechemicalpotentialswhich canceleachother. For very relativistic
anddegenerateconditionsas are encounteredin supernovaexplosions,we haveestimatedthe rate to
be

Qann (aaa/6IT3)E~T2e”T ln(9EFT/2m~). (4.47)

e Y e -‘~ e

~ a Z = Z
Fig. 4.5. Feynmangraph for the e’e annihilation process.The Fig. 4.6. Feynmangraphfor thebremsstrahlungproductionof axions,
secondgraph with the axion and photon vertex interchangedis not or for theabsorptionby inverse bremsstrahlung,if readin thereverse
shown, direction. The doubleline representseithera nucleusof chargeZe, or

anotherelectron. The outgoingaxion may also be attachedto the
incoming electronline, and if the doubleline representsanelectron,
also to the incoming and outgoing double line. Thus thereare two
Feynman amplitudes for the electron—nucleusprocess,and eight
amplitudesfor theee process,becausetheaxioncanbe attachedto
four different fermion “legs”, and eachsuchgraph has an exchange
graphwith theoutgoing (or incoming) electronlabels interchanged.
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4.6. Bremsstrahlungby electrons

4.6.1. Nondegenerateplasma
In stellar interiors, three-bodyprocessesfrequently aremoreimportant than two-body reactions.If

one replacesthe photon in the Comptonprocess,fig. 4.3, by a virtual photon, i.e., if this photon is
replacedby the Coulomb field of a chargedparticle, one arrives at the correspondingthree-body
process: bremsstrahlungemission, fig. 4.6. Simply put, this process competeswith the Compton
reactionbecausethereare more chargedparticles in a stellarplasmathan free photons.In the solar
center,for example,the electrondensity is n~= 6 x 1025 cm3, while the densityof black-bodyphotons
at a temperatureT= 1.3keV is n

3 = 2~(3)T
3/IT2= 6 x 1022cm3. More rigorously speaking, the

electronwhich radiates an axion must interact with the ambientelectromagneticfield in order to
conserveenergyandmomentum.Comptonemissioncorrespondsto the interactionwith the transverse
modes of the electromagneticfield, while bremsstrahlungcorrespondsto the interaction with the
longitudinal modes. The relative importance of theseprocessesdependson the relative power in
transverseand longitudinal electromagneticfield fluctuations.

The processe(A, Z)—s-(A, Z)ea was first discussedby Krauss, Moody andWilczek [79], while
Raffelt [871includedthe processe- e - —~ e- e a and correcteda minor algebraicerror of the previous
calculation.The bremsstrahlungof photonsby electrons,ee —÷ee-y is suppressedto lowest order
becausetwo particlesof equalmassas they moveunderthe influenceof their Coulombinteractiondo
not producea time-varying electric dipole moment; this reaction is suppressedbecauseof the El
structureof the photonemission.Axion radiation,on the contrary,comparesto Ml transitionsbecause
of its “spin-flip” nature so that the ee processis not suppressedrelative to the ep process.
Moreover,the relevantnuclei in starsareof low chargeso that the coherentZ2 enhancementis of little
importance,allowing the ee processto compete.

The calculationof the emissionratein a nondegenerate,nonrelativisticplasmais straightforward.In
order to estimate the importance of screening, the Coulomb propagator, q~2,is replaced by

(!qf2 + ,~2)t where K is a screening scale, approximately given by the Debye scale. A rigorous
treatment of screeninghas not been performed; it would involve specifying the appropriate ion
structurefactor for the combinedsystemof electronsand nuclei in a situationwherethis structureis
probedby an electron. Our previousdiscussionof thesestructurefactorsdoes not rigorously apply
becauseof the identity of the probing electronswith the electronsof the plasma.For all situationsof
practical interest, screeningturns out to be a relatively minor correction. To lowest order in K, the
volume emissivity (ergcm3s~)was found to be [87]

Qhrems = ~(2/IT)~2(a2aa/me)(T/me)~2ne~ n~[~(i— ~ + ~ (i — ~ ~T)]’ (4.48)

where the sum is extended over all nuclear species. The quadratic term in Z. correspondsto
electron—nucleonbremsstrahlung,while the linear term representsthe ee process(note that the
electrondensityis given by ne = ~ Z

1n1). For later comparisonit is alsoinstructiveto derive the specific
emissivity, r = Qip, if thereis only one speciesof nucleiwith chargeZ andatomicweightA, neglecting
the effect of screeningand the contribution of the electrontargets,

128 /2~t2 Z
2a2aa T5’2p~

END = 135IT2 ~s~) Am
11 m~

2 (4.49)
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wherewe haveexpressedthe electrondensityin termsof the Fermi momentum,t1e = p~/3 IT2, andthe
atomicmassunit is m

11 = 1.661x 10
24g.

4.6.2. Degenerateplasma
Bremsstrahlungis a particularlyimportanteffect in white dwarfsand the coresof red giantsbefore

the helium flash, i.e., under conditionsof degeneracy.In this casewe neglect completelythe ee
processwhich is more strongly suppressedby degeneracythan the electron—nucleusprocess.For the
latter we take the targetnuclei to be static and heavy. Then one finds for the volume emissivity [93]

QD= ~ ~Z~n
1 JdE, f(T,E1) f

me

< fd02 fdul, piHp2fE~(2E2p1p2_m~pa(p2_p1) ~ (450)
J 4~TJ

47T qf4 t~ a (P
1Pa)(P2Pa) P2Pa PtPa’

wheretheindex 1 refers to the incoming, 2 to the outgoingelectron,f(T, E) is the electronphasespace
distribution,f= (e(E_E~T+ 1)~for the degeneratecase,q nsp1— p2 — Pa is the momentumtransferto
the nucleus,and the axion energyis Ea = E1 — E2. If the electronsare very degenerate,the energy
integrals can be done analytically. Moreover, all electron momentaare close to the Fermi surface,
p1f — ~ Using the notation I~F—PF/EF andc12 for the cosineof the angle betweenPt andp2,

etc., and consideringonly one nuclearspecies,onefinds for the specific emissivity, ED = QD’P [84, 85,
88, 93],

2 ~-2 2 4
IT Lctaa ~

.4 2 F, (4.51)
I.) ~ memu

2 2ff (4.52)
me~PF ~lIT 4IT (1— I3Fcla)(l f3Fc2a) qf

In a degenerateplasma,the electricfields of the nucleiarescreenedbecauseof the polarizability of
the degenerateelectrongas. Hencethe Coulombpropagator, qf

2, mustbereplacedby (fqf2 + k~F)~,
appropriate for an exponentially screenedelectric field with the Thomas—Fermiscreeningscale,
kTf = (4aPFEF/ITY’2. Moreover,the scatteringamplitudesfrom differentnuclei interfere,andonemust
includethe static ion structurefactor, S

50~~(q),leading to

4 2 221/ q —~S,0~,(q)i(q + kTF) . (4.53)

The correctionfactor, F, must be separatelydeterminedfor various conditions.
We beginwith a nonrelativistic,weaklycoupledplasmaasappropriatefor the coresof red giantstars

before the helium flash. In this casethe structurefactor is given by the Debyeformula,eq. (4.32). To
simplify furtherwe notethat the forwarddivergenceof the Coulombdenominatoris mostlycut off by
the ion correlationeffect becausethe Debyescreeningscale,~ = 4ITZ

2annue/T,far exceedsk~.Fso
that we may neglect kTF entirely. Also, the momentum transfer can be approximatedby qf2
Pt — p

21
2 — 2p~(1— ct

2). Finally we considera nonrelativisticapproximationwherewemayuse I~I7= 0
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in eq. (4.52), leading to [93]

2 2 22 2 2 2

F = [mei(me+ PF)l3 ln[(8pF + kions)/kjons] . (4.54)

An exact calculationwould only slightly changethe argumentof the logarithm. For a helium plasma
with p = 106gcm3 and T = 108 K, we find PF = 409keV and k

10~5= 222keV so that F = 1.4.
It is instructiveto comparethe degenerateresultwith that for nondegenerateconditions,eq. (4.49),

= 2~i(~)‘
2(.?1~)32F (4.l9~~’mc)F. (4.55)

END 128 2 PF PF

For the plasmaconditionsof a redgiant core,p = 106 g cm3and T= 108 K, this ratio is 0.05, revealing
that the nondegeneraterateswould overestimatethe true emissionrate by a factor of —.20.

For a strongly coupled, degenerateplasma typical for white dwarfs the factor F was calculated
numericallyby Nakagawaet al. [84, 851 for a t2Cplasma.For densitiesin the range(104_106)g cm3
andtemperaturesof (106_107)K, it is found that F = 1.0 within ‘—20% so that for practicalcalculations
this value is a satisfactoryapproximation.

Iwamoto [771 consideredthe emissionfrom the crust of a neutronstarwherethe electronsarevery
relativistic. Accordingto Nakagawaet al. [84], Iwamoto’sanalyticresult is slightly in error. In contrast
with the nonrelativistic conditions of white dwarfs, ion correlationsare now an important effect,
suppressingIwamoto’s resultby 1—2 ordersof magnitude.In refs. [84, 85], numericalresultsfor F in
neutronstarmatter were given for a wide rangeof densities.

4.7. Axio-recombinationand the axio-electriceffect

Anotherpossiblesourcefor stellar axions arisesfrom free—boundtransitionswherea barenucleus
capturesan electronto form an ion with a K-shell electron: “axio-recombination”[66]. In the Sun, this
processcontributesabout4% of the total axion flux which is mostly dueto bremsstrahlung.The energy
loss rate is ~ T312, while bremsstrahlungis ~ T512, and the Comptoneffect is ~ T6. In otherwords,
axio-recombinationis of importance mostly in low-mass stars which have much lower internal
temperaturesthan the Sun; it would dominatein main sequencestarswith M ~ 0.2M® [66]. Because
starswith such low masseslive much longer than the age of the universe, all such stars presently
observedarefar from the endof their main-sequenceevolution. Therefore,evenif axion emissionwas
to be important in theseobjects,no observableeffect hasbeenproposedin the literature that would
allow one to identify theseaxion lossesor to derive interestingbounds.

Of more practical interest is the inverse processwherean axion incident on an atom unbinds an
electron; the “axio-electric effect” [67, 68]. Becauseof the Ml nature of the axion coupling to
nonrelativistic electrons, the axio-electric cross section is obtainedfrom the photo-electricone by
multiplication with the usual spin-flip factor, apartfrom a reducedcouplingstrength,

= (aa~)(Ipaf/2m~)2o-~
6010. (4.56)

Thus one can obtain this crosssection by a simple scaling of tabulatedvalues.This effect servesto
constrain the solar axion flux which could producekeV electronsin a Ge spectrometerdesignedto
searchfor double-13decay(section7.2).
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4.8. Bremsstrahlungby nucleons

4.8.1. The matrix element
The axion coupling to nucleonsallows for processessimilar to thoseinvolving electrons,an example

beingthe protonComptonprocess,-yp—-~pa. Generically,the Yukawacoupling to a fermion is given by
= rn/f,, apartfrom a factor of orderunity, so that axionscoupleabout2000 timesstrongerto protons

thanto electrons.However, the Comptoncrosssection is proportionalto g~im4so that it varies with
the fermionmassas m2, andthe protonComptoneffect is still muchweakerthan the electroneffect in
the nonrelativisticregime.This is not necessarilythe casein supernovaewith temperaturesas high as
50 MeV wherethe electronComptoncrosssection is on the “right side” of the maximum in fig. 4.4
while the protoncrosssectionis on the “left side”. However,undersuch conditionsthebremsstrahlung
emissionof axionsby nucleonsis moreefficient than two-bodyreactionsinvolving photons.

Bremsstrahlungemissionby nucleons(fig. 4.7), NN—~NNa, was first calculatedby Iwamoto [77] on
the basis of Friman andMaxwell’s [18] results for the correspondingbremsstrahlungprocessemitting
neutrinopairs. It is interestingto note that for nonrelativisticnucleonsonly the axial couplingof the
neutrino current to the nucleon current contributesso that the relevantLagrangianhas the Dirac
structureNY

5Yp.NJ~eutrino•The derivative form of the axion coupling hasthe structureNy5y,2Na’
2a so

that the nuclearmatrix elementsfor both processesare the same,while the emissionrate is different
becauseof the different final-statephasespace.We stressthat the derivative structureof the axion
interaction is the more fundamentalform (section2.3.3)so that the resultsof Pantzirisand Kang[861,
basedon a naiveapplicationof the pseudoscalarcoupling,areincorrect.Anotherproblemrelatesto the
use of the one-pion exchangeapproximationto model the nuclear forces, a method which was the
major advanceof the work of FrimanandMaxwell over previouscalculationsof the neutrinoemission
rates.As discussedin section2.3.3, the one-pionexchangeapproximationaccountswell for the cross
sectionof the relatedprocess,NN—>NNIT°, which hasbeenexperimentallystudiedso that we trust it
gives a good estimateof the emissionrates.

The matrix element for the nn—~nnct processwas first calculated by Iwamoto [77] assuming
degeneratenucleons,while BrinkmannandTurner [57]provided a detaileddiscussionof all processes
and degeneracyconditions.Taking the nucleonsto be nonrelativistic,the squaredmatrix elementis
alwaysof the form*)

N
1 ~ ~~‘D~’ N3

N2 ~ ~ N~

Fig. 4.7. Feynmangraph for the nucleonbremsstrahlungproductionof axions,or for the absorptionby inverse bremsstrahlung,if read in the
reversedirection. The outgoingaxionmay alsobe attachedto anyof theothernucleonlines. Thus thereareeight Feynmanamplitudesbecauseof
the exchangeof the outgoing (or incoming) nucleon labels. The exchangegraphsof the np processinvolve intermediatechargedpions.

* I In theaxion literature,thepion—nucleoncouplingwasgenerallyexpressedin termsof f/m,, with f -— 1 so that even in expressionswhere the
pion masshadbeenneglectedin intermediatestates,it appearedexplicitly in thefinal result.Moreover,thedependenceof theemissionrateson the
valueof the effective nucleon masswas obscured.Thereforewe prefer to expressthe coupling in terms of the ‘pion fine-structureconstant”,
a,,—15, which is relatedto f by (f/rn,,)

2 = 4lTa,,/(2rnN)2.
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3 2 4

V 2 l6(4IT) aie~a I k . .
~ = 2 2 2 + slmllar terms) , (4.57)

3 m~ (fkf + m~)

wherea.,, — 15 is the “pion—nucleon fine-structureconstant”,andk is themomentumtransfercarriedby

theintermediatepion. The expressionin bracketsis generallyvery complicated,in particularfor thenp
processwherevarious interferencetermsbetweendirect and exchangegraphsappear.(An expression
for the completematrix elementwas given in the appendixof ref. [981.) Moreover,in a densenuclear
mediumcorrelationandpolarizationeffectsfurthercomplicatethis expression[71].Thereforewe begin
our discussionby taking the expressionin bracketsto be a constant(3 for the degeneratenn or pp
process),and lump all other effectsinto a setof unknown “form factors”, F

1.

4.8.2. Degenerateand nondegenerateemissionrates
In order to expressthe emissionrates in a compactform, it is convenientto define a number of

“fine-structure constants”in terms of the Yukawa couplings,g,,11 and ~ap~ to neutronsand protons,
respectively,

g~i4ir, a~

(4.58)

~, ~(g~ +gap)
2/l6ir, a

2~(g~11+g~~)/8IT.

For equal couplings,g~ g,,11 = gap’ all of theseterms are the sameand equal to a, g~!4IT.The
volume emissivity for degeneratenucleonsis [57, 77]

QD=~ ~-+T6[anpnFn+apppFp+(~aiFi + 20F)(PSPP)(l p
2—p2~)]

p (4.59)

where p., and pr., are the Fermi momentaof the nucleons.If the matrix elementis takento be a
constant,F

11 = F~= F, = F, = 1, while in general thesefactorsdependon the Fermi momenta.If in
addition g, g,= = gap and PF ~Pfl = p~,the term in squarebracketsis

34aapFI3= H33aaPF For
nondegenerateand nonrelativisticconditionsonefinds the correspondingresult [57]

QND = 128 ~ ~ [a
11p~F11+ a~p~F~+ (~a,F,+ 2F5)p~p~]. (4.60)3l5ir mr.,, rn,5,

Taking equalFermi momentaandcouplings,andtaking all Ij = 1, the ratio betweenthe degenerate
and nondegenerateemissionratesis

31 13’2 2 5/2
~ QD/QND = ~IT (mNT/pF) . (4.61)

The “crossover temperature” betweendegenerateand nondegenerateconditions, defined as the
temperature at which ~ = 1, is

T~,055=0.l40p~/mN. (4.62)
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Taking the vacuum nucleon mass, rn,~,= 939 MeV, and a typical Fermi momentum for a supernova core,

PF = 380 MeV, this is Teross = 22MeV [57,58]. This resultwould indicatethatgenerallythe nondegener-
ate rateswere moreappropriate[57].However, in all of the emissionratesoneshouldusethe effective
nucleonmass,m~,ratherthan the vacuumvalue. A typical valuerelevantfor supernovaconditionsis
m~= O.Sm,5, (fig. 4.1). Hence the borderline betweenthe emission rates is shifted to much larger
temperatures so that in a supernova core with T = (20—60)MeV neitherasymptoticexpressionfor the
emission rate is a good approximation.Hence,in a numerical investigationof a supernovacollapse
including axion emission,one should use the analytic approximationsof Brinkmannand Turner [57]
which arevalid for all degreesof degeneracy(seebelow), in conjunctionwith an appropriatevaluefor
the effective nucleon mass (see section 4.8.4 below). Of course, in order to discuss the cooling of old
neutronstarsby axion emission,the degenerateemissionrates area good approximation.

4.8.3. Analyticapproximationfor the intermediateregime
Brinkmann and Turner [57] have provided a convenientanalytic approximationfor the emission

rates,

Q = (256IT
3a~T’312/m~’2)[a

11F11I(y~,y,,) + a~F~I(y~,y~)+ (~a,F,+ ~a2F2)I(y~, yr)] . (4.63)

The integralexpressionI( y~,y1) is analytically approximated

1 ,.. e~’+e
1’\ 1.73x104 6.92x104 1.73x1041’

I~(y~,y
1) = [2.39 x 10 ~e ~‘ + ~ ) + 1/2 + 3/2 + 5/2 j

y~ y~ (4.64)

where y,, 1 + ~jy, + y1~.The quantitiesy1 (i = n or p) are defined to be ,u./T where ~, is the
nonrelativistic chemical potential; for extreme degeneracy,~s= EF — rn,.4 -—- p~I2mN.The Fermi
momentum,numberdensity,and chemicalpotential for a given speciesare relatedby

3 2 t/2 3/2

~ =p~I3~r= (2 /IT)(mNT) g(y), (4.65)

1 u”
2 i ~ITL~ e~for y~—1 (nondegenerate)g(y)nsJ du ~ 12 1/2 (4.66)

e + 1 y for y~ + 1 (degenerate).

For intermediate values, a good fit is provided by the Taylor expansion

gf
11(y) = 0.678+ 0.536y+ 0.1685y

2+ 0.0175y3— 3.24><103y4, (4.67)

which is good to betterthan 1% for —1 <y <5.

4.8.4. Thefactors 1~,and many-bodyeffects
The main uncertainty in all of theseexpressionsis the actual value of the factors 1~,which are

complicatedfunctions of the nucleonFermi momentaand such parametersas the pion mass.If one
modelsthe nucleon—nucleoninteractionby a one-pionexchangepotential,andif oneneglectsthe pion
mass, rn.,, = 0, explicit resultsfor various degreesof degeneracy are given in table 4.2 accordingto ref.
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Table 4.2
Form factors F

1 according to ref. [57] if the pion mass is neglected.m,, = 0. for varying
degreesof degeneracy,characterizedby /3 as definedin the text

Degenerate Nondegenerate
Generalexpression (~3=0) (/3 = 1.0845)

F,.F, l—~)j3 1 0.639
F, l—~/3 1 0.277
F, l—/3/3 1 0.855

[571. The remainingparameteris /3 3 ~(&. 1)2) wherek and1 are the momentumtransfersin the direct
and exchangegraphs, respectively,and the averageis with regard to the directions of the axion
emission. For degenerateconditionsand a nonvanishingpion mass some of the form factorswere
evaluatedby Ishizuka and Yoshimura [761, yielding exceedinglycomplicatedresults.

More importantly, many-body effects have not been rigorously taken into account although
undoubtedlythey would changethe matrix element.The most detaileddiscussionof this issue was
performedby Ericson and Mathiot [711 who claimedthat correlationand polarizationeffects would
reduce the emission rates by an additional factor of about 1/2. These authorsalso claimedthat p
exchangewould leadto a furtherreductionby a factor of about1/6. However, this effectwould also
appearin nucleon—nucleonbremsstrahlungemissionof pionsin laboratoryexperimentsfor which the
one-pion approximationwas found to be a good approximation [98, 621 if a pseudovectorpion
interaction is used (section2.3.3), andwe shall ignore this factor.

We now collect the following effects that reducethe factorsfrom their initially assumedunit
values.Nondegeneracyreducesthem by a few tensof percent. (F, is reducedmuchmore,seetable4.2.
However, it hasa much smaller overall coefficient than the dominantF2 term, and maybe even less
importantbecauseof destructiveinterferencebetweenthe neutron and proton coupling. Hence the
precisetreatmentof this term will nevermakemuch of a difference.)The effect of a finite pion mass
also reducesF by a similar amountso that, takentogether,a reductionby -—-1/2 seemsrealistic.
Correlationeffectsprobably reducethe ratesby a furtherfactor of —1/2. This effect,however,maynot
yet be fully understood,and it maybe prudentto allow alsofor the possibilityof anenhancementby a
similar amount.Hence it appearsrealistic to adopt

(4.68)

as a choicefor J~,,includinga crudeestimateof the uncertainty,a choiceto be usedin the intermediate
regimebetweendegeneracyand nondegeneracyrelevantfor supernovacores.

Next, theeffective couplingconstantsalsochange.However,Turneret al. argue[98],on the basisof
the nonlinearsigmamodel, that the combinationof parameters,a~a9/m~,shouldremainapproximate-
ly constantat high densities.Mayle et al. [81] similarly find that, at threetimes nucleardensity,

2 2 * 2 2 —I
(a,raa/mN) (a,,aa/mN) -—-0.3—1.5. (4.69)

Therefore it appearsrealistic to multiply the emission rates with a further factor 0.7 x to
accountfor this effect.

If a~,aa/m~stays approximately constantat varying density, the changescausedby using the
effective nucleonmassare bestunderstoodby consideringthe quantity m~,Q(mN,PF’ T) for “nuclear



G.G. Raffelt,Astrophysicalmethodsto constrain axionsand othernovelparticle phenomena 49

1JIIII
0 200 400 600

PF [MeV]

Fig. 4.8. Changeof the axionemissionratewhenusing theeffectivenucleonmass,assumingthat ~ remainsconstant,taking equalnumbers
of protonsandneutronswith identical Fermimomentum,PF, andequalaxion couplingsto n and p. We usedtheeffective nucleonmassgivenby the
solid line in fig. 4.1, and theBrinkmann—Turnerrates, eq. (4.63), with unit form factors.The curvesare for T = (10—60) MeV in stepsof 10Mev.

matter”, i.e., for equal numbersof protonsand neutrons,and with equalaxion couplings. We have
calculatedthis quantity on the basis of the Brinkmann—Turnerexpressioneq. (4.63) with unit form
factors,using the effective nucleonmass,mZ(pF), correspondingto the solid line in fig. 4.1, andhave
divided it by the samequantity, takenwith the vacuumnucleonmass.This ratio, [m~Q(mN,PF’ T)]* /
[m~Q(mN, PF’ T)], is shown in fig. 4.8 as a function of PF for severaltemperatures.For largePF’ this
ratio is unity becausefor the degenerateratesm~Q is independentof the nucleonmass.For very low

PF’ it is unity becausethe effective and vacuum nucleon massesapproacheach other. In the
intermediateregime, relevantfor SN cores,the emissionrate increasesby as muchas a factorof —3if
one usesthe effective nucleonmass.

In summary,the emissionrates of the previoussection, taking F, = 1, must be multiplied by an
overall factor

fcorr~03x (112)±2 (4.70)

to accountfor the finite value of the pion mass,correlation effects, andthe densityvariation of the
couplingconstants.Moreover, the effectivenucleonmassmust be used in all expressionsexceptin the
term a~,aa/m~which should be kept fixed.

4.9. Primakoff effectand axion—photonmixing

4.9.1. PrimakoffeffectversusComptonscattering
If a pseudoscalarparticlecouplesto electronswith a Yukawacoupling,gae, it necessarilyalsocouples

to photonsby virtue of a triangle-loopamplitudeanalogousto that shownin fig. 2.2. So long as all the
energiesof the externalparticles(axion and photons)arefar below the electronmass,the loop can be
integrated[328]to give an effectiveLagrangianfor the couplingof axions to photonsof the form eq.
(1.1) with g~= ~ag~11/ITm~.Of course,if the axion couplesto otherchargedleptonsor to quarks,this
expressionwill change,and evendestructiveinterferencebetweendifferent amplitudesis possible,a
fact which constitutesthemajor uncertaintyof axion boundsbasedon the photoncoupling.Fornow we
assumethat the electroncoupling is the only axion interaction.

We maynowconsidertheproductionof axionsin the electromagneticfield of a chargedparticle(fig.



5() G.G. Raffelt.Astrophysicalmethodsto constrainaxion,v and othernovelparticle phenomena

Ftg. 4.9. Feynmangraph for the Primakoff effect wherea photontransformsinto an axion in the electromagneticfield of a nucleuswith chargeZe.

4.9), a processusually calledthe “Primakoff effect” after the analogousreactioninvolving neutralpions
which was originally used to measurethe pion—photoninteractionstrength.Onereadily finds for the
differential cross-sectionon a particlewith chargeZe and “infinite” mass,

du~/d[2= (g~Z2a/8IT)~kx p~2/~k— p~4, (4.71)

where k is the initial-state photon momentum,and p is the final-stateaxion momentum.Taking
masslessaxions, assumingthat the photon coupling arisessolely from an electrontriangle ioop, and
taking a singly chargedtarget, Z = 1. this is

dcr~/dD= (a3aa/8IT2rn~)(1+ cos8)/(1 — cos i~), (4.72)

where ~ is the scatteringangle, and aae= g~~/4ir.In order to understandwhy one would want to
considerthis higher-orderprocess,we quote the correspondinglow-energy Comptonscatteringcross
section (fig. 4.3),

do~/dfl= (aaae/4rn~)(w/rne)2(1— cos ~)2 , (4.73)

wherew is the photon(or axion) energy.If the target for both reactionsconsistsof electrons,thereis, in
principle, an interferenceterm. However, becausethe Comptoneffect involves a spin flip of the
electron, while the Primakoff effect does not, the low-energy amplitudes do not interfere. The
Comptoneffect, becauseof its spin-flip nature,is suppressedby a (w/me)2 factor,while the Primakoff
effect,beingof higher order,is suppressedby a2. In the solar interior, typical energiesareof the order
w —— T = 1.3keV so that wIm~— 1/400, somewhatsmaller thana = 1/137 so that one may reasonably
expect that the Primakoff effect, in spite of being higher-order,is of great importance for axion
emissionin stars.

However,apartfrom axion modelswherethe direct coupling to electronsvanishes(andthe coupling
to photonsis dueto the axion—pion mixing), thePrimakoff effect turns out to benegligible comparedto
the Comptoneffect if one properly takesaccountof the correlationeffectsin the presenceof a stellar
plasma which strongly modify the vacuum cross section. This must be expectedbecausethe total
vacuumPrimakoff cross-sectiondiverges logarithmically,and this Coulomblogarithm is cut off, in a
plasma,by screeningeffects. For massiveaxions or pions, eventhe vacuumPrimakoff cross-sectionis
finite becausethe particlemassprovidesa cutoff as onecan easilyderive from the generalexpression
eq. (4.71). However, for invisible axions with massesmuchsmallerthanthe temperaturesin a typical
stellar plasma,the screeningor correlationeffects are the dominanteffect to moderatethe Coulomb
divergence.

4.9.2. Primakoff emissionrate
The Primakoff effect as an axion emissionprocessin stellarplasmaswas first consideredby Dicus et

al. [64] for the caseof standardaxions where the dominant cutoff of the Coulomb divergence is
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providedby the axion massof —-100 keV. A subsequentcalculationby Fukugitaet al. [74]for invisible
axionsincorrectly used the “plasma mass”of the photonsas the dominantcutoff. Later, Raffelt [87]
gavea correctderivation, using the appropriateion structurefactor, and subsequentlygavea second
derivation,consideringthe fluctuatingB . E term in the plasmaas a randomsourcefor the axion field
[91]. Later, the Primakoff effect was calculatedagain by Pantziris and Kang [861,producing the
previousincorrectresultwith the plasmafrequencyas a cutoff. Similarly, Chanda,NievesandPal [61],
apparentlynot being aware of the previouswork, calculatedthe emission rate on the basis of a
sophisticatedbut erroneousanalysis,again finding the plasmafrequencyas the relevantcutoff scale.
The correctcutoff scale,of course,is the Debyescreeninglength. This is physically obviousbecauseit
is the finite reachof the Coulomb field of a given chargein a plasmawhich cuts off far-field effects.

Formally, the Primakoffcrosssectionon a targetZe in a plasmais found by including the structure
factor, eq. (4.36), so that (dO~pId[l)ptasma= (dOpId[1)vacuumS(k— p), leading to

(dtTp/dIl)piasma = (g~Z2a/8IT)~kxp~2I~k— p~2(~k— p~2+ K2), (4.74)

an expressionwhich doesnot divergein the forward direction.The screeningscaleis

~ Z~n
1. (4.75)

tons
electrons

The differential transition rate is found by summingover all targetsso that

d1, ~ (du~~ g~TK
2 kxp~2

— ~ — 2 2 2 2 ( .76)
uiz u~/ plasma 321T k — p ( k — p + K )

etectrons

Therefore the ratio of the differential transition rate with screeningover that without screeningis
simply k — p~2/(~k— p~2+ K2). Taking the solarinterior as anexample,atypical momentumtransferis
characterizedby the temperature,T = 1.3keV, while K ‘--9 keV, leadingto a substantialsuppressionof
the emissionrate. Without screening,the total rate divergeslogarithmically,while our expressioncan
be integratedto yield the transition rate of a photonof energyw into axions,

1,(w) = (g~TK2I32IT)[(1+ K2/4w2) ln(1 + 4w2/K2) — 11. (4.77)

This expressionwas averagedover photonpolarizationsso that the axion absorptionrate in the same
medium is twice as large. In the limit of small frequencies,w ~ K, the transition rate expandsas
T. = g~w2TI16IT,completelyindependentlyof K andthe density.However,while T -~ K in the Sun or
red giants,the majorcontributionof the emissionrate comesfrom a region of the photonblack-body
spectrumwhereK -— w and we may not usethis approximation.

The actual emission rate is obtainedby folding F~,(w)with the black-body photon spectrum.
Assumingthat the plasmafrequencycan be neglected,w

0 -~ T, onefinds for the volume emissivity [87]

= (g~/4IT
2)T7~2f(~2),~ K/2T, (4.78)

f(~2)= f dx [(x2+ ~2) ln(1 + x2/~2)— x2] e~—i~ (4.79)
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Fig. 4.10. Function ~f(~) as definedin eq. (4.79).

We show ~2f(~2)in fig. 4.10. In the entireSun,~2 = 12 with a variation of at most—15%.For a pure
helium red giant with p = i04 g cm3 and T = 108 K it is ~2 = 2.5. For a degenerateconfigurationwith
arbitraryplasmafrequency,the emissionrate was calculatedin ref. [89]wherea tabulatedform for the
relevantparameterrangewasgiven. In fig. 8.6 we show E~= Q~/pat T= 108 K as afunction of density.

4.9.3. Primakoffeffectversusplasmondecay
There hasbeen considerableconfusion in the literature about the possibility of a plasmon decay

process[74, 82, 86], -yr, —~cry. In ref. [91] it was pointedout that onemustcarefully specifythe natureof
the participatingexcitations,i.e., whetherthey aretransverseplasmons,-yr, or longitudinal ones,~Yc~In
a nonrelativistic, nondegenerateplasma,transverseplasmonspropagatelike massiveparticleswith a
massequivalentto the plasmafrequency,w~,so that energy—momentumconservationprohibits such
processesas ~y~—*a-y

1,2-y1---*a, or a—+
2-y,. However, the plasmon decay and plasmon coalescence

processes,-y, —* a~ytand ~Y,~Yt—~a, are permitted becauseof the peculiar form of the longitudinal
dispersionrelation.

We recall, however,that longitudinal plasmonsarethe resultof coherentfluctuationsof the electric
chargedensity. If w,, ~ T, thesemodesare highly occupiedand can be viewed asclassicalelectric field
con~figurationsso that the process-y~—~awith ~Ycin the initial or final statecan be viewedas a transition

—p a whereE representsa classicalelectric field configuration. In otherwords, the electric field of a
longitudinal plasmonis but a specific superpositionof theCoulombfields of thechargedparticles in the
plasma.Hence theseplasmaprocessesareto be viewed as the Primakoff effect on a specific subsetof
all possible chargeconfigurationsin the plasma.In the static limit, all electric field fluctuationsare
containedin the staticstructurefactor,S(q), whichwe usedto derivethe Primakoffemissionratewhich
thus alreadyincludesthe plasmadecayandcoalescenceprocess.This was discussedin detail in ref. [91]
where the Primakoffemissionratewas rederivedby consideringthe fluctuating, classicalE . B term in
the plasmaas a source for the axion field.

4.9.4. Axio-electrodynamicsand axion—photonmixing
This discussionof the Primakoff effect andplasmaprocessesindicates that one can get substantial

insight into the questionof axion—photontransitionsby consideringthe classicalfield equationsfor the
combinedsystemof electromagnetismand axions(“axio-electrodynamics”).The Lagrangiandensity is
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~y.a = —~F~,~F””’+ ~(a1~aa
t5a—m~a2)—~g~

5F,~pF”a, (4.80)

leadingto the vacuumequationsof motion [370, 406]

V~E=~g~~BYa,VXE=—a~B, VB=0,
(4.81)

V X B = + g~5(B3~a+ Va X E), (—0~+ V
2)a = m~a+ g~

3EB.

Thus the time-varying,randomE B termin a plasmais a sourcefor the axion field. Also, a laserbeam
propagatingin an external static magneticfield is an axion source1407—4131,axions propagatingin
external fields are a photon source [83, 370, 414], and photonsinteracting with static axion field
configurationsexperiencea nontrivial refractive effect [415,416].

It is interestingthat the transitionsbetweenaxionsandphotonsin an externalfield can beviewedas
a mixing phenomenon.While this appliesto all such transitionsincluding the galactic axion search
experiments(section3.5) where one considerstransitionsbetweenplanewave axion statesand the
electromagneticexcitationsof a microwavecavity, the mixing formalism is particularlyilluminating for
transitionsbetweenplane wave statesas, for example,in the propagationof a laserbeamor solar
axions in an external magnetic field. Raffelt and Stodolsky [411] have derived a linearizedwave
equationfor the propagationof a planewavein the z-directionwith a frequencyw in the presenceof a
transversemagneticfield, B,

4~W 0 0 ‘A
1 I -I-

+ — 0 7~w g~
5B — ia, A11 = 0, (4.82)

2 0 g~5B —m~Iw a

whereA representsthe electromagneticvector potential for the photon componentwith an electric
field vector perpendicularto the direction of propagationand the externalB field, A11 representsthe
orthogonalpolarizationstate, and a is the axion component.The linearizedequationis valid if all
entriesin the mixing matrix are ~w. The photonbirefringencein externalfields was derivedfrom the
Euler—HeisenbergLagrangian,not containedin eq. (4.80), and leadsto the refractive indices eq.
(4.19), i.e., 4 = (4a

2/45)(B21m).Equation (4.82) allows one to discuss axion—photontransitions
entirelyalongthe lines of neutrino-mixingphenomena.In particular,if the magneticfield is as strongas
thosebelievedto exist nearpulsars,the photontermsin the mixing matrix exceedthe axion term and
axion—photontransitionsare strongly suppressed(section10.7).

In a medium, the photon entriesmust be replacedby 4~w—*2w(n
1— 1) and 7~w—~2w(n11— 1),

representingthe total refractiveindices. If photonrefractionis dominatedby the plasmamass,w0, as
for X-rays in a low-Z gas such as hydrogenor helium, the mixing equationis

1 1 / —w
2 g,, Bw\ ]/A

11\
I (0+ —1 2 ill II 1=0. (4.83)
L 2w \g~5Bw ~~ma / Zj\ a /

One can choosethe plasmafrequencyby adjustingthe gas pressuresuch that w~= ma, allowing for
strongly enhancedtransitionratesin a solaraxion detector[414].Also, if the gasdensityvariesin space
or time so that an adiabaticcrossoverbetweenthe axion massand the plasmafrequencyoccurs,one
mayexpectresonanttransitionsin the spirit of the MSW effect [411—4131.
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4.10. Plasmondecayrate

We will discuss astrophysicalbounds on neutrino magnetic and electric dipole and transition
momentsin some detail. These moments and E,

1, respectively,couple neutrinosdirectly to the
electromagneticfield by meansof the effective Lagrangianeq. (1.3). This interactionallows for the
radiative decay,v, —~v1-y, if m1 <rn, with a rate [4171

F(v.~t~) = (1/8IT)(~ 2 + E.~
2)m/[1— (rn

1/rn~)
2]~. (4.84)

Moreimportantly for our purposes,it allows for the “photon decay”,y~,—*i,v
1 (fig. 4.11),if the photon

dispersionrelationin the ambientmediumis suchthat this decayis kinematicallyallowed. We will only
usestarswherethe plasmais nonrelativisticandeithernondegenerate(HB stars)or degenerate(core of
red giantsbeforethe helium flash, white dwarfs) so that the relevantdispersionrelationsaregiven by
eqs. (4.14)—(4.17).We will only considerthe decayof transverseplasmonsbecausethe contributionof
longitudinal excitationsis typically smaller, and at most of the same order as that of transverse
excitations[111.Hence,neglectinglongitudinal plasmonswill renderour boundsslightly moreconserva-
tive without introducing a large error. For transverseplasmonswe will always use the dispersion
relation

2 2 2w w~+q (4.85)

with the plasmafrequencyeq. (4.12). This relation is a fair approximationto eqs. (4.13) and(4.14) if
we notethat in white dwarfsandred giant coresvF/S—— 0.13 wherewe haveusedthe datagiven in table
4.1. With this simplification we can treat transverseplasmonskinematicallylike particlesof mass
allowing for a simple analytic result for the plasmondecayrate [130, 132]

F(y~1—*iv)= (~I24IT)w~, (4.86)

~ ~ (4.87)
i.j= I

assumingthat all neutrinosare sufficiently light. If neutrinosare Majoranaparticles,this summation
double-countsfinal statesand a factor 1/2 must appearon the rhs. Also, for Majorananeutrinos,the
diagonalcomponentsvanish identically, ,u1, = = 0.

The resulting energyloss rate becauseof plasmondecayis

= (~I24IT)w~N3, (4.88)

Fig. 4.11. Feynmangraphfor plasmondecayinto a neutrino pair.
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where

2 2 1/2

N,, = -~ J ~ ~ dw (4.89)

is the numberdensityof thermalphotons,or ratherof transverseplasmons.
Evenin the absenceof anomalousdipole momentsneutrinoscouple to photonsin the presenceof a

plasmabecauseof an amplitude involving real electronsin the intermediatestate.The energyloss rate
from the decayof transverseplasmonsis found to be [111

Qstandard = F,,(G~/48IT2a)w~N,,. (4.90)

The overall factor is

F
11= ~[(1+4sin

2e~)2+n(l—4sin2@~)21, (4.91)

wheren is the numberof neutrino families otherthan~ which arelight enoughto be emitted.For ~e
the rateis so large(the first term above)becausechargedand neutralcurrentscontribute.If the weak
mixing anglewere exactlysin29~= 1/4, only ~eVe pairs would be emitted andF, = 1. Taking sin2e~=
0.23 and n = 2 we find F, = 0.925.

The ratio betweenthe ratesis

~ ‘Qstandard= 0.30p~
2F~(10keV/w0)

2, (4.92)

where /-~12= ~V!lO /.tB with the Bohr magneton,~ = eI2m~.Hence, in a red giant, theseratesare
aboutequalfor p~‘—2 x 1012~.

For completenesswe also give the total electromagneticscatteringcrosssectionof ultrarelativistic
neutrinos,v, + (Ze)—*(Ze) + v. on a particlewith chargeZe which is found to be [418,419]

= 12i1 + Ejj~2Z2a[ln(tmaxItmjn)— (s — m~arget)/s], (4.93)

wheres and t arethe usual Mandelstamvariables.The minus sign applies if the initial-stateneutrino
was left-handed(implying that the final-stateis right-handed),and the plus sign in the oppositecase
[4201.If neutrinosare Diracparticles, andif the CP-symmetryis conserved,thereis no relativephase
between,a~,and r,

1, allowing for destructiveinterferencein someexperiments[4201.If neutrinosare
Dirac particles,the flipped statesare noninteractingwith respectto weak interactions,allowing one to
use the SN 1987A cooling argument(section10.3).

5. Energytransfer

If axionsor other particles interactso strongly that they cannotfreely streamout of stars, they
contributeto theradiativetransferof energy.We reviewthe generalexpressionfor the radiativeopacity
of massivebosons,andgiveexplicit expressionsfocussingon the Comptonscatteringprocessfor axions.
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5.1. Radiative transferby massivebosons

Following closely refs. [160, 1611 we begin this discussionby deriving a generalexpressionfor the
radiativetransferby massivebosons.For a sufficiently short meanfree path,1, of theseparticlesin the
stellarmedium,the radiationfield can be takento be approximatelyisotropic locally. The local energy
flux densityis thengiven by F,,, = — (/3,,, I3)l~Vr~,wherethe index w indicatesthat this equationrefers
to specific quantities; the total flux is obtained by integrating over energies. The velocity is
/3,,, = [1 — (ma!w)2]”2. As before,we usenaturalunits with /i = c = kB = 1. Writing the meanfree path
at frequencyw as 1~= (K,,, p)’ (massdensityp) definesthe opacity, K,,,, usuallyexpressedin units of
cm2g1. In local thermalequilibrium the specific energydensity for massivebosonsis

= g
5~1~w

2(w2— m~)~2/2ir2(e’~’T— 1) , (5.1)

where gspin is the number of polarization degreesof freedom. The total energyflux carriedby our

particles is found by integratingover all frequencies,

F—-~Idw~-~, (5.2)
3~rn, K,,,

where we have used VE,, = (3E~I0T)VTnsE,’,, VT. For photons, one usually writes F= —VaT4/3K,,p
whereaT4 is the total energydensityin photons(a = IT2! 15). This equationdefinesthe Rosselandmean
opacity, K

3. For otherbosonswe define a correspondingquantity,

Ka~4aT3(fdw~ (5.3)

In the stellarevolutionequationsone must substitute

+ ~ (5.4)

in order to obtainthe total magnitudeof radiative transfer.In the large-masslimit, ma ~‘ T, onefinds to
lowest order,

4 3 —5, \ —,
4IT (T\ rn/TI ye~

Ka=~F ~ e a ~ dy K~(y)) (5.5)

wherewe haveusedy /3~,ma!2Tso that the energyof nonrelativisticbosonsis given by w = ma + yT.

5.2. Opacitycontribution of massivepseudoscalars

The radiative transferby massiveparticleshasbeendiscussedin detail only for pseudoscalarswhich
coupleto electronswith a Yukawacoupling,g,,, correspondingto a fine-structureconstanta,, = g~!4IT.

While the mean free path for these particles is determinedby various processessuch as inverse



G.G. Raffelt,Astrophysicalmethodsto constrain axionsand othernovelparticle phenomena 57

bremsstrahlung,Comptonabsorption,Primakoff effect,anddecay,a roughestimatefor the conditions
in a main-sequencestaris obtainedby focussingon the Comptoneffect.The Comptonabsorptionrate,
ae—*e~y,for massivepseudoscalarsis found to be, if T<<ma~me,

= 4~aa~m~ne = 9.5 x 106 ~ aa( lkeV) 1 ~ (5.6)

where /~eis the “mean molecularweight for the electrons”, defined such that ne = p/Pemuwith the
atomicmassunit m,,= 1.661x 1024g.With the massfraction of hydrogen,X, this is ~ = (1 + X)/2.
With (içp)’ = 1,,, = f3,J1~,,this leadsto an explicit expression

= [(2IT)712!451(T!ma)512ema/TFc. (5.7)

Numerically, this is

Ka = 4.4 x i0~cm2g~a~,a,’(m~I1keV)°5(TI1keV)2’5 ~ (5.8)

to be comparedwith the standardRosselandphoton opacity, for example at the solar centerof
K

3 = 1.1 cm
2g~.

6. Exotic energy loss of low-mass stars; analytic treatment

An analytictreatmentof the effectof exoticenergylosses(e.g.,axion losses)on low-massstarsyields
severalgeneralresuts.The nuclearburningrate increases,shorteningthe stellarlifetime. If the energy
transfer in the star proceedsby radiation, the surfacephoton luminosity increasescomparedwith a
standardstar. For a convectivestructure, the surfaceluminosity decreases.

6.1. The equationsof stellar structure

In chapter 1 we gavea generaloverview of how stars react to the energydrain imposedby the
emissionof light particlessuch as axionsor neutrinos.Compactstarssuch as white dwarfsor neutron
starshaveno nuclearenergysourcesand aresupportedby the pressureof degeneratefermions.They
havea limited amountof thermalenergyso that axionssimply shortenthe durationof the star’scooling
phase.For “active” starssuch as our Sun which support themselvesby thermalpressure,essentially
being in virial equilibrium, this equilibrium is maintainedby the self-regulationbetweenpressure,
temperature,nuclearburning, andenergyloss. The particleemissionperturbsthis intricate but stable
interplay, and the nonlinearity of the stellar structureequationsrequiresa more subtle treatmentto
understandthe effect of energylosses.Simply put, suchstarsreactby contraction,increasingthe depth
of the averagegravitational potential. By the virial theoremthis correspondsto raising the average
kinetic energyof the nuclei, thusthe temperature,andhencethenuclearburning rate,so that the axion
lossesare compensatedfor. Assuming that the temperatureand densitydependenceof the nuclear
burning ratesis steeperthan that of the axion losses,the structureof the star changesvery little to
accommodateaxion losses,evenif theselosseshave a magnitudeof the overall photon luminosity.

These qualitative considerationshave been cast into a rigorous analytic treatment by Frieman,
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Dimopoulos and Turner [72], whose line of argumentwe shall closely follow. The structure and
evolution of a star is governedby the condition of hydrostaticequilibrium,

dp!dr= ~GNMrp!r
2 , (6.1)

wherep is the local pressure,GN is Newton’sconstant,p thelocal massdensity,andMr is the total mass
interior to the radius r. The main assumptionentering this equationis that of sphericalsymmetry,
neglectingsuch effects as rotation of the star, binary motion, or magneticfield contributionsto the
pressure.Secondly,one invokesthe principle of thermalequilibrium,

dLr/dr = 4ITr2Ep , (6.2)

whereLv is the net flux of energythrougha sphericalsurfaceat radiusr, andE is the effective nuclear
burning rate, in ergg’ s’, so that rp is the volume energy generationrate in ergcm3s’. The
effective burning rate, i.e., the actual energydepositionto the local thermalheatbath is given by

E=Enuc~E~Ex~ (6.3)

whereE~
11~is the actual energyliberatedin nuclearreactions,E, is the standardneutrinoemissionrate,

and r~representsa nonstandardenergy drain such as axion lossesor anomalouselectromagnetic
neutrinoproduction.The energyflux, Lr, is driven by the largetemperaturegradientfrom the centerto
the stellar surface. The relationship between Lr and dT!dr is generally nonlinear, especially if
convectionis the dominantform of transfer.However,for low-massstarslike the Sunit is believedthat
the transferof energyproceedsby radiationandconduction,in which casewe havea linear equationof
energytransfer,

Lv = —4irr
2(1 !3Kp) d(aT4)!dr, (6.4)

whereaT4 is the energydensity storedin the radiationfield (in naturalunits a = IT2/15) and K is the
opacity. It is generallygiven by

l/K—lIK,,+l/K~+l/K~, (6.5)

where K
3 is the radiativeopacity, K~arisesfrom electronconductionwhich dominates,e.g., in white

dwarfs, and K~ accountsfor exotic contributions such as that from “strongly” interacting bosons
discussedin chapter5, or the conductivetransferof WIMPs or cosmionsmentionedin chapter1. Note
that (K,,p)’, havingthe dimensionof length, is the Rosselandaverageof the photonmeanfree path.

6.2. Homologouschanges

In order to study the effect of exotic energylosseson stellarevolution, we beginwith the standard
casewhere E,, = 0 and 1/K,, = 0, and assumethat a star of given mass and chemical compositionhas
establishedan equilibrium configuration.Then we imagine that axion lossesareslowly “switchedon”
andwe askhow the previousequilibrium structurechangesin reactionto theselosses.In order to study
the new structureperturbatively,Frieman et al. [721 assumedthat the new “axionic configuration”
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arisesfrom the standardconfigurationby virtue of a homology transformation,i.e., “the distance
betweenanytwo pointsis alteredin the sameway asthe radiusof theconfiguration”. Thus, if the new
radiusof the staris given by R’ = yRwith a dimensionlessscalingfactory, theneverypoint in the staris
mappedto anew position r’ = yr. The massinterior to the new radiusis identicalwith that interior to
the old location,M’(r’) = M(r), and the chemicalcompositionat r’ is the sameas that at r. The density
is transformedby p’(r’) = y3p(r), and from eq. (6.1) one finds that the pressurescalesas p’(r’) =

y4p(r). The equationof statefor a nondegenerate,low-massstaris with good approximationgiven by
the ideal-gaslaw, p = R

5pT/~,where~ is the averagemolecularweightof the electronsandnucleiand
Rg is the ideal-gasconstant. Since p’(r’) = p..(r) by assumption,the temperatureis found to scaleas
T’(r’) = ftT(r), andthe temperaturegradientas dT’(r’)/dr’ = y

2 dT(r)!dr. Thus,undera homology
transformation,the density, pressure,and temperatureprofiles are unchangedaside from a global
rescaling.

The assumptionthat the star reacts to axion emission by a homologouscontraction imposes
restrictionson the constitutiverelations for the effective energygenerationrate and the opacity. In
particular, for a chemically homogeneousstarit implies that

K pAT”. (6.6)

For theopacity,Friemanet al. [721took theKramerslaw with s = 1 andp = —3.5, which is found to be
an accurateinterpolationformula throughoutmost lower main-sequenceinteriors. Hence the local
energyflux scalesas

L’(r’) = f”2L(r). (6.7)

The hydrogenburning rate,Eflue~ alsohasthe requiredform with n = 1, andfor the pp-chainv = 4—6.
For now we shall assumethat the energyloss rate, r~,follows the sameproportionality,and we shall
ignore the standardneutrino losses,E,, which are small on the lower main sequence*)so that

E = (1 — ô,,)E~
11~, (6.8)

where6~< 1 is a numberwhich dependson the interactionstrengthof the new particles.Fromeq. (6.2)

we concludethat
L’(r’) = y~

3~(1— ~~)L(r), (6.9)

leading to

y = (1 — 6,,)1/5/2). (6.10)

Assuming 8,, -~ 1, Frieman et al. [72] then found for the fractional changesof the stellar radius,
luminosity, and interior temperature,

~R/R = —8,,/(v + 5/2), ~LIL = +8,,/(2~ + 5), ?T/T= +6,,i’(zi + 5/2). (6.11)

*) Following generalconventionswe may equallyimagine that’the standardneutrino lossesare includedin r,,,,, so that e = —
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In other words, the star contracts,becomeshotter, and the surfacephoton luminosity increases,i.e.,
the star “overcompensates”for the new losses.Moreover, even if axion losses are as large as the
surfacephoton luminosity, 6,, = 1/2, the overall changesin the stellar structureremain moderate.
Hence,the predominanteffect is an increasedconsumptionof nuclearfuel at almostunchangedstellar
structure,leading to a decreaseof the durationof the main-sequenceburningphaseof

(6.12)

The “standardSun” is halfway throughits main-sequenceevolutionso thata conservativeconstraintis
6,, <1/2.

In general, the exotic lossesdo not have the same temperatureand densitydependenceas the
nuclearburning rate, implying a breakdownof the homologycondition. However,to lowestorder these
resultswill remainvalid if we interpret6.,, as asuitableaverage,i.e., 6,, = ~ E,,/ En,,,,,)star For the pp-chain,
the temperaturedependenceof r11,,,,, is not very steep,andsincethe stellarstructurechangesonly very
little, 8~can be computedfrom the unperturbedstellar model.

For a convectivestructureas is appropriatefor main sequencestarswith massesM ~ 0.3M~or for
the coresof helium burning stars,a similar treatmentleads to

~iR/R= —

8~~(~+ 11/2), ~iL/L = —56~!(2v+ 11), 8T/T= +6,,/(v + 11/2). (6.13)

Thesestarsalso contract,andthe internal temperatureincreases,but the surfaceluminosity decreases.

7. Axions from the Sun

The age of the Sun is directly establishedfrom radiochemicaldating of terrestrial, lunar, and
meteoriticmaterial, allowing one to derive first constraintson light particle emission.Its radiusand
luminosity constrainthe efficiency of any new contributionto the transferof energy.The Sun may serve
as a source for terrestrial axion experimentswhich look for the appearanceof X-rays in a strong
magneticfield. An existinggermaniumspectrometer,built to searchfor double-~3decay,setslimits on
the solaraxion flux. The absenceof solar -y-rays constrainsthe decayrate of particlesproducedin the
Sun.

7.1. Energy loss and energytransfer in the Sun;first constraints

The observedpropertiesof the Sun allow one to constrainthe interactionstrengthof axionsand
otherlight particles [74, 87, 160, 1611. We stressthat the constraintsfrom other argumentsthat will be
discussedin the following chaptersaregenerallymuchmorerestrictiveso that the solarboundsare of
little practical interest. Still, in order to illustrate the generalmethodsit is worthwhile to consider
particleemissionfrom the Sun. We focuson the simplecaseof pseudoscalarparticleswith a mass,m,,,
which couple only to electronswith an “axionic” fine-structureconstant, a,, = g~!4IT, whereg,, is the
Yukawa coupling for the pseudoscalarinteraction.These particlescan be producedby the Compton
process,-ye - —~e a, by bremsstrahlungemission,e (Z, A)—* (Z, A)ea, and through a triangle loop
diagramby the Primakoff process(section4.9). Theycan beabsorbedby the inverseof theseprocesses
and by their decay, a—*-y-y. However, since we are only interestedin a simple estimateand an
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illustration of the arguments,we follow Carlsonand Salati [1601and Raffelt andStarkman[161],and
focus on the Comptonprocessand its inverse.

If theseparticlescan freely escape,theydrain the Sunof energyandcauseits radiusto shrink andits
surfaceluminosity to rise. However, theseeffects can be compensatedfor by a small changeof the
initial helium abundance,a quantity which is not known and rathermust be inferred from solar
evolutioncalculations.Hence,the observedluminosity andradiuscannotserveto constrainsolaraxion
losses.In principle, a measurementof the solarneutrinoflux would show anydiscrepancybetweenthe
effective nuclearburning rate, Eeff~ which is relatedto the surfacephoton luminosity, and the actual
nuclearburning rate, Enuc~However,existing and future experimentsare sensitivemostly to electron
neutrinoswhich can oscillate into other flavor stateson their way from the solar centerto the earth
[163]so that the measuredye-flux is not a reliable measureof rn,,,,.

The only remainingcriterion is the solar ageof 4.5 x i09 yr which was establishedby radiochemical
dating of terrestrial,lunar, and meteoriticmaterial (for a summarysee refs. [421,422]). This age is
abouthalf the standardmain-sequencelifetime of the Sun,andfollowing chapter6 we concludethat the
nuclear fuel consumptioncannotexceedtwice its standardvalue, i.e., an approximateconstraintis
Ea ~ E wherethe effective burning rate in the solar centeris E — 10 ergg’ s’. The Comptonvolume
emissionrate was given in eq. (4.43) for masslessaxions. The physical parametersof the solar core
were given in table 4.1 and one easily finds that the condition E,, ~ r leadsto a,, ~ 1021. Including
bremsstrahlungemissionand integratingover a standardsolar model yields the axion luminosity [87]

L,, = 6.0X lO2tLoaa. (7.1)

DemandingLa < L
0 leadsto a morerestrictiveconstraint,aa < 1.7 x 1022. For particlemassesmuchin

excessof the internal temperatureof —1 keV, the emission rate eq. (4.45) applies,and our simple
criterion yields [160, 161]

log a,, ~i —19 —4.5 log(m~/keV)+ 0.32(m,,/keV). (7.2)

These resultsare shownas the lower solid line in fig. 7.1.

j~ 0I0U!0~0~T50
ma [keV]

Fig. 7.1. Effectsof massive,pseudoscalarparticleson the Sun,taking only the Comptoneffect into account.Above the dashedline, theparticles
would contribute to the radiativeenergytransfer, below they would freely escapeand drain the Sun of energy.The cross-hatchedregion of
parametersis excludedby this simple argument. (Adaptedfrom ref. [161].)
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If the particlesare so “strongly” interacting that they do not freely escape,they contributeto the
radiativetransferof energyas discussedin chapter5. In particular, the opacitycontributiondueto the
Comptonprocesswas given in eq. (5.8). The observedradiusand luminosity of the Sun confirm the
standardvalueof the opacitiesat leastto within a factor of a few cm2/g so that a nominal criterionto
constrainaxionsis K’ <K

3t. A typical value for the radiative opacitiesis K3 — 1.1 cm
2!g, leadingto

the constraint [160, 1611

log a,, ~ 2.3 — 0.32(m,,,/keV)+ 0.5 log(m,,/keV). (7.3)

This line is the uppersolid curve in fig. 7.1. The division line betweentheregimeof freeescapeandthe
“trapped” regimeis also easilyobtainedandis shownas a dashedline. Of course,for parametersnear
the dashedline, neitherthe conceptof energytransfernor that of free escapedo rigorously apply. Of
course,this part of the parameterrangeis in the middle of the excludedregimeandthusof no further
interest.

7.2. Resultsfrom a germaniumspectrometer

The sun can also serve as a source for axionsor other pseudoscalarswhich one can attempt to
measurein a terrestrialdetector. If axions couple to electronsas in our aboveexample,they would
interactwith the electronsin a germanium spectrometerwhich was designedto detect neutrinoless
double-13decays[4231. On the basis of our discussionsection4.6.1 one can easily calculate the axion
spectrumfrom bremsstrahlungemission,which is the dominantprocess,andon the basisof section4.4
the Comptoncontribution.The absorptionin the detectoris dueto the axio-electriceffect (bound—free
absorption)discussedin section4.7. Assumingthat axion emissionis only a minor perturbationof the
Sun onecan computethe solaraxion flux at the earthon the basis of a standardsolarmodel. Fromthe
absenceof a signal in their germanium spectrometer,Avignone et al. [423] found a bound on the
axionic fine-structureconstantof a,, <0.8x l0_2t. Of course,if axionswouldsaturatethis bound,axion
emission would be a major energydrain of the Sun, excluding this parameterrange (section 7.1).
Moreover, the axion boundsto be discussedin the following chaptersare much more restrictive:
a,, ~ 0.7 x 1026. In otherwords, the possibilityof detectingsolaraxionsby this methodis excludedby
many ordersof magnitude.

7.3. A magneticconversionexperiment

If axionsor other(pseudo-)scalarparticlesdo not couple to electronssuch as hadronicaxions, the
boundson the electroncoupling do not apply. In this caseaxionsareproducedin the Sunonly by the
Primakoffprocess(section4.9), i.e., the axion—photoncoupling eq. (1.1) allows photonsto transform
into axions in the fluctuating electric fields of the solar plasma.The transition rate was given in eq.
(4.77). The lifetime of helium burningstars(horizontalbranchstars)setsa boundg,,,, ~ 10 ‘° GeV’ on
the axion—photon coupling(chapter 8), leading us to define g

11) g,,,, x 10’° GeV. The axionic energy
drain of the Sun is foundto be [871 La = 1.7 x 10

3L
0g~,,so that axion emissionis knownto beonly a

small perturbationof the Sun. An analytic approximationto the differential axion flux at the earth,
obtainedfrom integratingover a standardsolarmodel, is found to be [414]

d~P— 2 4.02 x 10111 (E,,!keV)
3

— g
11 2 a, /1.08 keV ‘ ( . )ui~,, cm s keV e “ — 1
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The total number flux at the earthis 13,, = g~03.54 x 10H cm
2s~with an averageenergy (Ea) =

4.2keV.
Following the original work of Sikivie who discussedthe possibility of detectingsolar axions by

conversioninto X-rays in the presenceof a strongmagneticfield, i.e., the inverseof the Primakoff
productionprocessin the Sun, Van Bibber et al. [414]proposeda practicaldesignfor such a detector,
involving a large superconductingmagnetsuch as that of the decommissionedFermilab bubble
chamber.The most importantfeatureof that proposalis to fill the conversionvolume with a low-Z gas
such as H

2 or He which causesthe photonsto propagatelike massiveparticles,If oneadjuststhe gas
pressuresuch as to matchthe effective photon andaxion masses,the conversionprobability can be
resonantlyenhanced(section4.9.4). In refs. [411,414], photon—axionoscillationsin the presenceof a
medium,with or without absorption,were discussedin detail. Accordingto ref. [414], the solar axion
flux would be detectableover about a decadein g,,,, values above the HB star bound. While this
experimentis not currentlypursuedin the U.S., thereappearsto be anew effort to performthis kind of
experimentin the Soviet Union [424].

It is interestingthat therangeof parametersthat can be probedwith this experimentis not excluded,
at leastnot rigorously excluded,by anyothermethod.Especiallythe rangeof parametersexcludedby
SN 1987A(chapter10) doesnot seemto reachto suchlow valuesof the Peccei—Quinnscalebecauseof
axion trapping(section10.6), i.e., thereappearsto be awindow of allowedvaluesfor the axion massor
Peccei—Quinnscalebetweenthe HB starbound(chapter8) andthe SN 1987A bound.Of course,sucha
window can only exist for hadronicaxionswhich do not couple to electrons.

7.4. Radiativeparticle decaysandsolar -y-rays

If elementaryparticles producedin the Sun are radiatively unstable,their decay photons will
contributeto the solar X- and -y-ray spectrum.This argumentallows one, for example, to derive a
boundon the radiativedecaytime of electronneutrinosof r,,Im,, >7 x i0

9 s!eV[189,190], about eight
ordersof magnitudemore restrictive than direct laboratory bounds.Equally, one can constrainthe
radiative decaysof axionsproducedin the Sun. Of course,the decaywidth of very light axions is so
small that no useful resultscan be extracted.For axion massesabove —10keV the plasmaproduction
processesare seriouslysuppressed,but axions are still producedby nuclear reactions.A particularly
useful caseis d + p—* 3He + -y(S.5MeV) which is part of the standardpp reactionchain in the Sun and
is thereforeknown to occur at a total rate of 1.7 x 1038 s’ in the Sun. The final-statephotoncan be
replacedby an axion or otherboson in a certainfraction of all cases.This methodamongotherswas
used to rule out the standardaxion [1881.

8. Red giants and horizontal branch stars

The evolutionary pattern of low-mass stars is well understood,and supportedby detailedobserva-
tional data, notably by the color—magnitude diagrams of open and globular clusters.Excessiveenergy
lossesby particle emissionfrom red giants could suppresshelium ignition, contraryto the observed
existenceof horizontalbranch(HB) stars.Evenif helium ignites, the helium burning lifetime would be
shortened,a quantity that is measuredby the observednumber of HB stars in open and globular
clustersrelativeto stars in otherphasesof evolution. Also, a delayof helium ignition would leadto an
increasedluminosity at the tip of thered giantbranch(RGB), a quantitythat can be directlymeasured.
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These considerationslead to some of the most powerful boundson axion couplings and neutrino
electromagneticproperties.

8.1. Thegeneral agenda

One of the most sensitive tests of stellar evolution theory is provided by the color—magnitude
diagramsof stellarclusters,notably of globularclusters,an exampleof which is shownin fig. 8.1. In our
galaxy, 131 globular clustersareknown [4251, eachof which consistsof manystars,in somecasestens
of thousands,providing a rich sampleof coevalstarswith approximatelyequalchemicalcomposition.
Globularclustersarethe oldest objects in the galaxy and henceformed at least 10 Gyr ago,with age
estimatesderivedfrom their intrinsic propertiesvarying betweenabout 12 and 18 Gyr. The lifetime of
starsdependsmostly on their masswith lower-massstarsliving longer,a crudescalingbeing~ o~M3
[4261. Thereforethe starsin globularclusterswhich arestill activelyburninghavemassesM ~ 0.80M®
where M® = 2 x i0~g is the solar mass unit. In other words, we have detailed and statistically
significant information on theevolutionof low-massstars,which arethereforeideal to testvariationsof
stellarevolutiontheory that would be causedby “exotic” particle emission.
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Fig. 8.1. Color—magnitudediagramof the globularclusterM3 accordingto ref. [460],basedon thephotometricdata of 10637 stars.Accordingto
ref. [427],thefollowing classificationhasbeenadoptedfor thevariousevolutionarystages.MS (main sequence):core hydrogenburning.B5 (blue
stragglers).TO (main sequenceturn-off): centralhydrogen is exhausted.SGB (subgiantbranch):hydrogenburningin athick shell. RGB (redgiant
branch):hydrogenburningin a thin shell with agrowing coreuntil helium ignites. HB (horizontalbranch):helium burningin thecoreandhydrogen
burningin a shell. AGB (asymptoticgiant branch):helium andhydrogenshell burning.P-AGB (post-asymptoticgiant branch): final evolution from
theAGB to thewhite dwarf stage.Note that on thehorizontalaxis, thecolor, thesurfacetemperatureincreasesto the left. The brightnessmeasure
on theverticalaxisare “visual magnitudes”.i.e., they measurethe logarithmicluminosity in thevisual spectrum.The HB bendsdown toward the
left, i.e., towardshotter stars.This decreasein visual brightnessof hotterHB starsreflectsthat moreand moreenergyis emitted in theultraviolet
spectrum.In “bolometric magnitudes”,i.e., aftercorrectingfor the finite window of thephotographicallyobservedspectrum,theHB turns out to
be truly horizontal: all starshave the sametotal luminosity within a narrow range.(1 thankA. Renzinifor providing me with anoriginal for this
figure.)
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The neutrino, axion, and other particle emission rates are generally steeply rising functions of
temperatureand densityso that one may think that their effect would be much morepronouncedin
stellar objectswith hotter and denserinteriors than the relatively modestconditionsencounteredin
low-mass stars. Under more extremeconditions,however, the standardneutrino luminosity is im-
portant which, at high temperaturesand densities, typically is an even steeperfunction of these
parametersso that it is more difficult, e.g., for axions to compete.Evolved low-massstars, i.e., red
giants, horizontal branch stars,and white dwarfs, are objects which emit most of their energy in
photons,but areat the borderlinewherestandardneutrinoemissionbecomesimportant.For example,
standardneutrino lossesarethought to delay the helium flash, but only by an amounton the borderline
of being detectablein the color—magnitudediagramsof globular clusters. In other words, evolved
low-massstarsareobjectswhereaxion emissionis most likely to makean observabledifferencerelative
to the standardevolution picture.

This reasoningbreaksdown whenthe conditionsare so extremeas in the coreof a collapsing star
whereneutrinosareactuallytrapped.In thiscase,again,axion emissioncan makea differenceprecisely
if axionsare more weakly interacting than neutrinos,and very useful constraintswere derivedfrom
SN 1987A (chapter 10). In summary, the most interestingcasesare not the conditionswhereaxion
emissionis largest, the most interestingcasesarewhereaxion emissionmakesthe largestdifferencein
astronomicalobservables.

8.2. The evolutionoflow-massstars

The evolution of low-mass stars [427, 428] consistsof several physically distinct phaseswith
characteristicsurfaceproperties(luminosity, temperature,and radius). When thesestars form, they
contractuntil their interior is so hot that hydrogenburning ignites, replenishingthe thermal energy
which the star constantly loses becauseof its surfaceradiation. At this point, the star reachesan
equilibrium statewhich is largely governedby the virial theorem.This meansthat furthercontraction
would lead to further heating, increasednuclear burning, further heatingand pressureincrease,and
henceexpansion.Expansionaway from the equilibrium position would lead to cooling, a drop in the
burning rates,afurther loss in temperatureandpressureandhenceto contraction.Thissubtle interplay
is describedby the stellar structureequationsdiscussedin chapter7. It is clear that starswith a larger
masshavea largeraveragegravitationalpotential,hencea largerinternal temperaturebecauseof the
virial theorem and hencelarger burning ratesand a larger luminosity. A crude scaling is given by
LccM4 [4261.

It is customaryto discussthe surfacepropertiesof stars by meansof the Hertzsprung—Russell
diagram,or its observationalcounterpart,the color—magnitudediagram.On thevertical axisoneshows
luminosity (or brightness),on the horizontal axis surfacetemperature(color) with the temperature
decreasingto the right. In such a diagram,the hydrogenburning starsoccupya diagonalband, the
main-sequence(MS) shownin fig. 8.1. Different loci on the main-sequenceare occupiedby starswith
differentmass.In fig. 8.2 we showthe evolutionarytrack of a low-massstar (M = 0.8M~)aswell as its
luminosity evolution. During the MS evolution, the luminosity and surfacetemperaturestay approxi-
matelyconstant,so that a star of fixed masswill approximatelystay at its location on the MS for the
entirehydrogenburningphase.The inner structureof the Sun as anexamplefor a MS staris shownin
fig. 8.3a.

Once the hydrogen in the center is exhausted,a helium core begins to form which is supported by
electrondegeneracypressure,while hydrogenburns in a shell. This developmentis accompaniedby
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expansionof the surfacelayers, leading to a reducedsurfacetemperatureat approximatelythe same
luminosity, i.e., the evolutionarytrackturns right (fig. 8.2). Starsin this phaseare knownas subgiants
(SG). Such starsare characterizedby two opposingtrends:a contracting inner core which becomes
moreand moredegenerate,and an expandingenvelope.

As the degeneratehelium core grows in mass (which meansthat its radiusactually shrinks), the
gravitationalpotentialat its surfacewill be dominatedby its mass,not by the total massof the star;the
contributionof the extendedenvelopebecomeslessand less important. Above the degeneratehelium
core,however,themediumstill supportsitself by thermalpressureagainstthe gravity of the corewhich
thusdeterminesthe temperatureandhencethe hydrogenburning rate. Thus, as the core massgrows,
the core temperatureand hydrogen luminosity increasewhile the envelope further expandswith
decreasingsurfacetemperature;the starmovesup the red giant branch(RGB), see figs. 8.1 and 8.2.
Thus,while the conditionsat the centerof a MS stararedeterminedby the global properties(the total
mass)of the star,the red giant propertiesaredeterminedby the coremass,so that different loci on the
RGB aredeterminedby the coremasswhile beinglargelyindependentof thetotal mass.Differentstars
alongthe RGB in fig. 8.1 arestarswith slightly differenttotal masswhich determinedtheir MS lifetime
and hence the starting time of their red giant evolution, but becausetheir propertiesare mostly
determinedby their coremass,theycan be viewedas tracingout theevolutionarytrackof a singlestar,
yielding a close correspondencewith the single-starevolutionary track in fig. 8.2.

Eventually,when the core masshasreacheda value —0.5M®, the densityand temperatureare so
high (p _~106gcm3 and T— i08 K) that the triple alphareaction,3 4He—~‘2C, becomesmore and
more important. The rate for this reaction is extremely sensitive to density and temperature,
approximatelyr

3,, p
2T40, so that one may actually speak of a very specific “ignition” point. The

pressure,however,is still dominatedby degenerateelectronsso that the energyproducedby helium
burningdoesnot, at first, lead to cooling as the corebeginsto expand;the nuclearreactionsrun away,
an eventcalled the “helium flash”.

A self-regulating equilibrium is achieved only after the core has expanded to a density of
g cm3, althoughit remainsessentiallyat the same temperature,108 K. The core is now very

similar to a MS star, exceptthat helium burnsin its centerratherthanhydrogen,and that the burning
rate is governedby the core masswhich plays the role of the total massin a MS star. Hydrogenstill
burns in a shell, and the envelopeis still expanded,so that the luminosity of the shell sourceis still
determinedby the core mass.Becauseof the core expansionduring the helium flash, the gravitational
potentialis smaller,andhydrogenburningcorrespondinglysmaller,althoughit still dominatesthetotal
luminosity of a helium burningstar(fig. 8.3b).Helium ignition, therefore,leadsto a dramaticreduction
of the total luminosity andhenceto a suddenbreakof the RGB which is thuscharacterizedby a fixed
maximum luminosity at its tip. We note that a helium flash occurs only for stars with M ~ 2.2M

0
becausemore massivestarsneverdevelopa fully degeneratehelium core.

The ability of the envelopeto transport energydependson its opacity, which in turn is a sensitive
function of the “metallicity”, i.e., the abundanceby mass,Z, of all elementsheavierthan helium. For
the Sun, Z = 0.02, while for typical globular clusters,which belongto an older generationof stars
(populationII), Z — 1025_104.Moreover, starslose massalongthe RGB so that typical total masses
of globularclusterstarsafter the helium flash are —.-(0.65—0.70)M®.For such conditions the radius of
the envelopeof helium burning starsandhencetheir surfacetemperatureis extremelysensitive to the
total mass of the envelope, its metallicity, and the luminosity which it has to carry. These stars,
therefore,occupya horizontalbandin the Hertzsprung—Russelldiagram,called the horizontalbranch
(HB), seefig. 8.1. For starsin openclusterswhich areof a morecontemporarygeneration(population
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I) like our Sun, the helium burning stars do not spreadout in surfacetemperatureand are thus all
containedin a “clump” in the Hertzsprung—Russelldiagram.Apart from a higher metallicity andlarger
total mass,these“clump giants” are physically equivalentto HB stars.

During the HB evolution, the hydrogenburning shell moves further out, and the core grows.
However, becauseit is not degenerate,its radius also grows, and the hydrogen source actually
decreaseswith time. Conversely,the centralhelium sourceincreases,andthe total luminosityremains
almostfixed during the HB evolution(fig. 8.2). In the core, energyis transportedby convection.This
entails that nuclearfuel is dredgedto the centerof the core, substantiallyincreasingthe amountof
helium availablefor burning. This can be appreciatedby comparingthe compositionprofile in fig. 8.3b
with the luminosity profile. The centralburning sourceis characterizedby the small region wherethe
luminosity risesfrom 0 to about25L®, while the convectiveregion is wherethe helium abundance,Y,
hasbeen depleted.The observedlifetime of HB starscannot be understoodwithout this convective
supply of fuel.

When helium in the centeris exhausted,the star makesa transitionto a double-shellconfiguration
with helium and hydrogen burning in a shell each, leaving behind a carbon—oxygencore. This
developmentis accompaniedby a secondluminosity ascentalongthe asymptoticgiant branch(AGB).
The further evolution is fast and complicated, with the two shells interacting and thermal pulses
occurring. Eventually, these stars becomewhite dwarfs, i.e., completelydegeneratestars with no
nuclearfuel left to burn.

The physical characteristicsof thesedifferentevolutionaryphasesof low-massstarsaresummarized
in table 8.1.

8.3. Suppressionof the heliumflash by particle emission

8.3.1. Generalargument
If the coreof a red giant nearthe helium flash producesa large flux of neutrinosor otherparticles,

the resultingcooling will preventhelium from igniting until larger densitieshavebeenachieved,i.e.,

Table 8.1
Physical characteristicsof themain evolutionaryphasesof low-massstars.The propertiesof red giantsareunderstoodto benearthe

helium flash

Main sequence Redgiant branch Horizontal branch(HB)
(MS) (RGB) and “clump giants”

Energy source central hydrogen shell hydrogen shell hydrogen(dominates)
central helium

Duration —10~’yr _lOs yr _~l08yr
Luminosity 1L. —2000L, —50L.,

(our Sun) (at helium flash) (M —0.65M~,,Z = 0.001)
Luminosity total mass core mass core massat helium flash

determinedby (grows along RGB) (universalapartfrom weak
dependenceon metallicity)

Core mass — —0.5M,. ~0.5M.

(at helium flash)
Central density —10’ g cm’’ —10’ gem —10’ gem
Central temperature —10’ K —10’ K —10’ K
Conditionsnearcenter nondegenerate degenerate nondegenerate
Energy transfer

nearcenter radiation electronconduction convection



G.G. Raffelt, Astrophysicalmethodsto constrainaxionsand other novelparticle phenomena 69

until the corehasgrown to a largermass.The standardneutrinolosses,for example,causean increase
of the coremassof —0.03M0[429].Since electronconductionis efficient at transportingheat from the
hydrogenburning shell into the center,and since the core also heatsby the releaseof gravitational
energybecauseof its contractiondue to growth, the energyloss rate must be efficient enoughto
competewith theseheatingmechanisms.For a sufficiently large energyloss rate the heliumflash will be
delayedso muchthat the hydrogenburningfront reachesthestellarsurface,i.e., the heliumflash would
never occur and the star would directly become a helium white dwarf after ascendingthe RGB,
contrary to the observationof HB starsand “clump giants”.

8.3.2. A specific case: the electron couplingofpseudoscalars
This argumentwas first advancedby Dearborn, Schrammand Steigman[63], who followed the

evolution of red giantsnumerically, incorporatingaxion emissionin Dearborn’sstellarevolutioncode.
They gave boundson the axion—electroncoupling and on the axion—photoncoupling, which were
required to be so small that helium would ignite in their calculations. Unfortunately, the correct
emission rates had not been calculated at the time, and the Primakoff rate, relevant for the
axion—photon coupling, was overestimatedby a large factor, invalidating the bound on the axion—
photoncoupling. Later, the red-giantevolution calculationswere repeatedwith the correctPrimakoff
emissionrates by Raffelt and Dearborn[89] who found that the helium flash was neversuppressed.
However, they derived a new bound on the axion—photon coupling becauseaxion emission would
decreasethe HB lifetime (section8.5).

In order to constrainthe couplingof axionsor otherpseudoscalarsto electrons,Dearbornetal. [631

used the following expressionfor the bremsstrahlungemission rate, e + (Z, A)—~(Z, A) + e + r,

= 3.34x 10~~ergg’ s~g~p6T~
5e’a0/T, (8.1)

where g,,, is the axion—electronYukawa coupling, p
6 is the density in 106 gcm

3, and T
8 is the

temperaturein 108 K, w0 is the plasma frequency, and we have assumeda pure helium plasma,
appropriatefor the core of a red giant before the helium flash. They also gavean expressionfor the
Comptonemission rate, but it is negligible in a red giant core comparedto bremsstrahlung.On the
basis of this rate they found that the helium flash was suppressedunlessg,, < 1.4 x 1013.

The correctemissionrate was discussedin section 4.6.2,and using eqs. (4.51) and (4.54) we find

= 1.21 x 1026 ergg
1 ~ g~T~, (8.2)

with a different temperatureanddensitydependence.Thereforeit is not obviouswhatonewould find if
one would incorporatethe correctemissionrate into a stellar evolution code.However, in order to
derivean estimateof the parameterspacethatis likely to be excludedby thehelium ignition argument,
we note that w

0IT—2nearthe centerof a red giant, andtaking p6 = 1 and T8 = 1, Dearbornet al.’s
emissionrate is a factorof -‘-4 largerthanthe correct rate. Hencetheir boundon g,,, mustprobably be
relaxedby a factor of 2 so that helium ignites if g,, ~ 3 x 10t3.

However, for this bound to apply onemustassumethat axionsor otherpseudoscalarsfreely escape
from the red giant core.On the basisof eqs. (4.4) and(4.51) and noting that the volume emissionrate
is Q = rp we can easily estimatethe inversemeanfree path to be

2a
2aaZ2Fp!me2mA, (8.3)
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with the axionic fine-structureconstant,a,, = g~!4ir.Taking a densityof 106 gcm3 a core radiusof
Rc,)rc = i09 cm, andusing R,,,

3,,,,/l< 1 as a criterion for axionsto escapefreely leadsto the requirement
g,, <6 x i0

7. Therefore the range

3x103~g,,~6X107, (8.4)

is excludedby the helium ignition argument.For valuessmallerthanthe lower bound,axionswouldnot
suppressthe helium flash, for values larger than the upper bound, they would not freely escapeand
contributeto the transferof energy,possiblyevenhelping helium to ignite.

It is also of interestto considerpseudoscalarswith a nonvanishingmass,m,,. Theseparticlescan be
consideredmasslessfor the purposeof this argumentif ma ~ T—8.6 keV. For larger masses,the
emission rate will be suppressedby a Boltzmann factor, em, ‘, whence the “effective coupling
constant”is estimatedto be g,, em,/2T Similarly, the meanfree path is reducedby the nonrelativistic
velocity so that, for the purposeof reabsorption,we haveto substitutea,,—~a,,(ma/T)U2.Thus the
excludedregime is estimatedto be

—12.5 + O.O2Smk,,V~log(g,,) ~ —6.2—0.25 log(1 + O.l2mkev), (8.5)

where~ = m,,/keV. This excludedparameterrangeis shownin fig. 8.4.
Consideringspecifically DFSZ-axionswith threefamilies of quarks, the interaction strengthwith

electronsand the axion massare relatedby [seetable 2.1 and eq. (2.32)]

g~= 2.8x 10”m,,~cos2f3, (8.6)

where mev= m,,IeV and 0 ~ /3 < 90°is a free parameterof the model. For /3 = 0 we show this
relationshipas a short-dashedline in fig. 8.4. The excludedrangein terms of mevand/3 is shownin fig.
8.5.

—6 H I I 80 II

ma [keV] log(m~) [eV]

Fig. 8.4. we estimatethat the hatchedarea of parameterspace is Fig. 8.5. The hatchedarea of DFSZ-axionparametersis excludedby
excluded by the helium ignition argument. Above the long-dashed the helium ignition argument. As in fig. 8.4, the long-dashedline
line, the pseudoscalarswould not escapefrom the red giant core, markstheborderlinebeyondwhich axionswould not escapefrom the
below the solid line, they would not drain enough energy. The red giant core, while beyondthe solid line theenergydrain is too
short-dashedline is the locus of parametersfor DFSZ-axionswith small to preventthe helium flash.
cos’/3= I.
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8.4. Reductionof the helium burningphase

8.4.1. Generalargumentand its applications
If the helium flash occursin spiteof particle emission,the furtherevolutionarypathcan still change

substantially. When the star has found its new equilibrium structure with a helium-burning core it will
still emit particles. This emission may be larger or smaller compared to the red giant before the flash.
For example, the plasmon-decay emissivity of neutrinos, ~,, ~‘e~e’ is essentially proportional to
w~e°’°~,and since the plasma frequency, w0, is much smaller after the helium flash than before, the
neutrino losses drop by several orders of magnitude. Conversely, the emission of hadronic axions by the
Primakoffeffect is strongly suppressedby screeningeffects whicharemuchmoreseverein the redgiant
before the flash than in the core of a helium-burning star afterwards so that axion emission rises
substantially (fig. 8.6). In either case, the energy drained by the particle losses must be supplied by the
nuclearreactions.

According to the analytic treatmentof Friemanet al. [72] (chapter6), a star adjustedto axion or
neutrino losses has a very similar structure compared with a no-loss model because it takes only a small
contractionto increasethe temperature and thus the nuclear burning rates enough to provide for the
particle flux. Hence the dominant effect of the drain will be an increased nuclear fuel consumption,
reducing the helium burning lifetime, tUe~by a factor L3~(L,,+ L3,,) where L~is the exotic particle
luminosity while L3,, is the total energyproduction of the core if there were no particle losses,
L3, — 15L0.The actualreductionwill be evenlargerif particleemissionhasdelayedthe helium flashso
that the core of the helium burning configurationis larger than standard,furthershorteningtHern

Observationally, the helium-burninglifetime of population I stars, i.e., stars of the most recent
generationlike our Sun,was determinedby Cannon[430], comparingthe numberof “clump giants”
(helium burning stars) in the open cluster M67with the number of stars per luminosity interval near the
MS turnoff. He found tHe = 150 x 10~yr, with a large statisticaluncertainty,however,becauseof the
small total number of clump giants, N = 5. Tinsley and Gunn [431]derived tHe = (127±29)>< 106 yr
from low-mass giants of the old galactic disk population. This is in full agreement with the evolutionary
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Fig. 8.6. Energyloss ratesper unit mass for a pure helium plasmaat T = 108 K as a function of density. The solid line is thePrimakoff axion
luminosity for ga., = iO~°GeV ‘, thedashedline is theanomalousneutrinoplasmondecayluminosity for a neutrinodipole momentof 10’ ~ If
multiplied with M, — 0.5M

0, thesecurvesyield the particleluminosity of thecore of a red giant before thehelium flash (p— 10’ gem 3) or of a
helium burningstar (HB staror clump giant, p — iO~gcm’). Thereforethe Primakoff axion luminosity of the core increasesduring thehelium
flash,neutrino emissiondecreases.
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calculationsof Sweigart and Gross[432] who found tHe -“- 108 yr, the precise value dependingon the
coremass,total mass,metallicity, and helium contentof the envelope.

This agreementled Raffelt and Dearborn[90] to point out that a reductionof tHe by a factor of —~-2
was conservativelyexcludedon the basis of theseobservations.In otherwords, the coreluminosity of
exotic particles, L~,must not exceedthe standardnuclear energyproductionrate of the core, L5

4 —3 8 - .
Taking a typical core densityof 10 g cm and a temperatureof 10 K, the particle emissionrate at
theseconditionsis thus constrainedby

r,,~100ergg’s’. (8.7)

This is a universalcriterion that can be applied to a large variety of cases.Indeed,this argumentwas
consideredto be a standardresultevenbefore it hadbeenput on a firm observationalbasis,andit was
usedto constrainthe propertiesof neutrinos[69,90, 132, 134, 135], axions[56, 64, 65, 73, 74, 86, 89],
majorons[101],light supersymmetricparticles[69, 122, 123], andof light scalarandvectorbosons[116,
117, 119]. Some of theseresultsare summarizedin table 8.2. The boundon the Yukawacoupling of
pseudoscalarsthus derived is somewhatless restrictive than the above result basedon the helium
ignition argument.

It is important to recall that our generalargumentwas basedon a comparisonbetweennumber
counts(i.e., the evolutionaryspeed)of starsduring the helium burningphaseversusthe MS nearits
turnoff. Hencewe assumedimplicitly that the MS evolutionremainsunaffectedfor particleparameters
which substantiallyaffect the helium burningconfiguration.This assumptionis justified as long as the
emissionratesare steeplyrising functionsof temperatureand density.

The durationof helium burningcan alsobe constrainedby the “R-method”whereone comparesthe
numberof HB starsin a globularclusterwith the numberof redgiantswith luminositiesexceedingthe
HB luminosity [433].While this methodallows for a more precisedeterminationof tHey it is a much
morecomplicatedargumentbecauseparticle emissioneffects both quantitiesthat arebeingcompared,

Table 8.2
Constraintson thepropertiesof light particlesbasedon the observeddurationof helium burningin low-massstars,

i.e.. basedon eq. (8.7)

Particle property Dominantprocess Constraint References

Yukawacoupling, g, (g,), of bremsstrahlung g, <3 x 10’” [116,117]
scalar(vector) boson, 4. e + a—’n + e + 4 g, <2 x 10
to electrons

Yukawa coupling, g, (g,.). of Compton g, <1.1 x 10 ‘C- [116, 117]
scalar (vector) boson, 4~, -y + n—~a+ s~ g, <0.8x l0’°
to baryons

Photoproductioncrosssection photoproduction r,, <3 x 10 “C- cm’ [119]
of van der velde’s [118]X°boson -y + a—’a + XC-

Yukawacoupling, g,, of Compton <0.8x 10’” [56, 64, 65, 73]
pseudoscalarboson.d~, ‘y + e —se + ~ [74, 86, 87]
to electrons

Effective coupling, ge,.of Primakoff <1 X 10 “ GeV~ [87, 89]
pseudoscalarboson,~, ‘y + (,~, e)—s(a, e ) + 4~
to photons

Neutrinodipole moment plasmondecay y.ç < 1 X 10 “is, [90,132, 134, 135]
‘YpI
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although by different amounts.This method, therefore,does not allow one to derive a simple and
generalargument.

8.4.2. A numericalresult: boundson the axion—photoncoupling

The generalargumentpresentedin the previoussectionwas usedby Raffelt andDearborn[89] to
derive a boundon the axion—photoncoupling. Startingwith the Lagrangianeq. (1.1) theyderivedthe
Primakoffemissionratesfor all conditionsrelevantduring theevolution of a low-massstarfrom the MS
to the AGB, and they included this rate in Dearborn’sstellar evolution code. They followed the
evolution of a 1.3M0 star with an initial helium abundance,Y=0.25, and a metallicity, Z=0.02,
parametersthat were motivatedby the propertiesof the stars in the openclusterM67, a casethathad
beenconsideredby Cannon[430]to derivean observationalresult for the helium burning lifetime (see
section8.4.1). The resultsof this numericalcalculationare summarizedin table 8.3 wherewe list the
luminosity at the helium flash, L~1,the coremassatthe flash,M~,identicalwith the coremassused for
the following helium burningphase,the time it took to reachthe helium flash from the zero-ageMS, tf1~

andthe durationof helium burning, tHe~Also, in fig. 8.7 we showthe internalstructureof this staron
the RGB nearthe helium flash in the absenceof axions,and with axions for g,,~,= i0~GeV

1.
It is important to note that the helium flash always occurred;it could not be suppressedevenby

unreasonablylargevaluesof g,,~.This is understoodbecausethe Primakoff emissionratesarestrongly
suppressedin the densecore becauseof correlationeffects. For g,,~= 1 x 10_toGeV~,the core mass
increasedonly by about0.014M

0,while tHe was reducedby almost a factor of 1/2. This behavioris
understoodbecausethe core expandsduring the helium flash, its densitydroppingby 2 orders of
magnitudeuntil it reachesits helium burning equilibrium. At this reduceddensityat almostthe same
temperaturethe Primakoffemissivity is muchlarger,explainingwhy the helium burningphaseis much
more affected than the red giant phase.To illustrate this point we show, in fig. 8.6, the Primakoff
emissionrate from a pure helium plasmaat T = 108 K as a functionof density.Becausethe core mass
before andafter the helium flash is the same,thisemissionrate perunit massis a direct measureof the
total luminosity of the core.

In summary,the work of ref. [89] establishesa bound

g,,1-~<1 x 10_to GeV’ , (8.8)

on the basisof the observeddurationof helium burning,supersedingrefs. [61,63, 65, 73, 74, 86] where
incorrect emissionrateshad beenused.

Table 8.3
Propertiesof a i.3M0 star (Y=0.25, Z=0.02) at thehelium flash (tip of theRGB), and
helium burninglifetime after theflash, t,,,, for severalvalues of theaxion—photoncoupling

strength(takenfrom ref. [89]). to1 is thetime of theflash after formationof the star

g~, log L,, M0 t,, tao

[10’ GeV’] [L0J [M0] [10~yr] [10’ yr]

0.00 3.34 0.477 5.4 120
0.10 3.42 0.491 5.3 69
0.30 3.68 0.546 5.3 16
1.00 4.00 0.648 4.5
2.50 4.18 0.744 2.1
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8.5. Core massat the heliumflash

8.5.1. General argument
The Primakoff emissionof axionsdecreaseswith increasingdensity andthus, as shownin fig. 8.6,

this emissionratesharplyrisesduring thehelium flash whenthe coreof ared giant expands.In this case
the helium burning lifetime was dramaticallyshortenedalthoughthe coremassat the helium flash was
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hardly affectedby axion emission,seetable8.3. In mostcases,however,the situationwill be reversed;
the emissionratewill be a rising function of densityat a fixed temperature.As an examplewe show, in
fig. 8.6 as a dashedline, the energyloss rate by plasmondecay(section4.10), y~1—~vi,for neutrinos
with an anomalousmagneticdipole moment, ç. In suchcasesthe dominanteffect of particleemission
will be a delayof the helium flash, i.e., an increaseof the coremass,8M~,whenhelium finally ignites.
The helium burning lifetime, tHeC will beshortened,but mostlybecausethe coremassis larger,leading
to an accelerationof the evolution that is familiar from hydrogenburning stars on the MS; more
massive stars evolve faster. Also, the luminosity at the tip of the RGB will be larger, i.e., the
observablebreakof the RGB will occurat an increasedluminosity which, in turn, dependsonly on the
increasedcore massbecausehydrogenburning in a shell in red giants is mostlyregulatedby the core
mass.In otherwords, the effect of particleemissionin suchcasescan be discussedentirely in termsof
an anomalouscoremassincrease,~ which, in turn, can berelatedto the particleemissionratesnear
the helium flash.

A discussionalong theselines wasrecently performedby Raffelt [146]who consideredthe effect of
on threeindependentobservablesof the color—magnitudediagramsof globularclusters.The first

observableis the luminosityor ratherabsolutebolometricmagnitude*)of RR Lyrae stars,MRR. These
starsareHB starswith a surfacetemperaturenear10385 K = 7080K, the “instability strip” wheretheir
surfacelayersexhibit a dynamicinstability, leadingto a pulsatingluminosity. Their averagebolometric
magnitudeis calculatedto be [146]

MRR = 0.59—~ —0.25)+ 0.16(3+ log Z) — LIRR —7.3 ~M, , (8.9)

where~eis the envelopehelium abundance,Z the metallicity, and~RR the averagebrightnessexcessof
RR Lyrae stars over zero-ageHB modelswhich are constructedsuch that their surfacetemperature
falls into the RR Lyrae strip. ~ is understoodin units of the solar mass,M0.

The secondobservableis the brightnessat the tip of the RGB, i.e., atthe heliumflash, or rather,the
brightnessdifferencebetweenthis breakof theRGB andthe RR Lyrae stars.It is predictedto be [146]

L~~M~°R= 4.13— 4.4(Y~—0.25)+ 0.39(3+ log Z) — ~RR + 4.0~ (8.10)

Thus, an increasedcore mass causesthe luminosity of HB stars to increase,and also causesthe
luminosity at the tip of the RGB to increase,but by differentamountsso that the differencebetween
the two is alsopredictedto increase.Clearly, thebrightnessdifferencebetweenstarsin the samecluster
is observationallymuchbetterdeterminedthanthe absolutemagnitudeof eitherRR Lyraestarsor the
tip of the RGB which dependon an independentdistancedetermination.

The third observableis the ratio, R, betweenthe durationof helium burningover the durationof the
red giant evolution, wherein this contextthe RGB is understoodto encompassonly thosered giants
with luminositiesexceedingRRLyraestars.This ratio is identicalwith the numberratio of starson the
HB versusthe RGB in globular clusters. It is predictedto be [146]

log R = 0.151+ 2.3(Ye— 0.25)+ 0.029(3+ log Z) + °‘

33~RR —0.7~ (8.11)

*1 We recall that the absolutebolometricmagnitudeis given in terms of the surfaceluminosity by M,
0, = 4.72—2.5 log(L IL0). While this is a

dimensionlessnumberit is usually given in “magnitudes”or “mag” which is formally equivalentto 1, similar to the angularunit “rad”.
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From observationsof the intrinsic propertiesof globular clustersone obtainsthe following results
[146]:

= (4.19±0.03)+ (0.41±0.06)(3+ log Z),
(8.12)

log R = (0.162±0.016)+ (0.065±0.032)(3+ log Z),

wherethe errors reflect 1 a- statistical uncertaintiesof the observations.The predictedand observed
metallicity dependencesagree well with each other, allowing one to eliminatethe terms in log Z.
Moreover, by statisticalparallax determinationsof field RR Lyrae starsone finds

(MRR~=0.62±0.14, (8.13)

wherethe samplehasan averagemetallicity of log Z —‘- —2.7. Combiningtheseresults leadsto three
expressionsfor the envelopehelium abundance,

LIM~: 1” = (0.237 ±0.007)— °‘
23~RR + 0.91 ~

MRR: Y~= (0.237 ±0.040)— °‘29~1RR — 2.09~ (8.14)

R: = (0.251±0.008)— 0.14~RR + 0.31 ~

Onemaythenuseeither the first andthird or the secondand third equationsto eliminatethe helium

abundance,leading to
= +0.023±0.018+ °‘15~1RR’ ~ = —0.006±0.017— (8.15)

Combiningtheseresultsone may safely neglectthe ~RR term since this quantity will be ~0.2magso
that one finds an allowed regime [146]

= 0.009±0.012. (8.16)

In order to appreciatethe tightnessof this constraintwe mention that “switching off” the standard
neutrinolosseswould leadto ~iM~— —0.030M

0, i.e., the observationsare marginally sensitiveto the
standardneutrinolossesat the helium flash, leaving little if any room for exotic particle losses.

8.5.2. A specific constraint: neutrino dipole moments
If neutrinoshad anomalousmagneticor electricdipole moments,the enhancedplasmondecayrate

(section4.10) would leadto an increasedcore massof [146]

= 0.015M~x ~P/10~B (8.17)

[Bohr magneton/,~s= e/2me;for the definition of js~seeeq. (4.87)]. In conjunctionwith eq. (8.16) this
yields



G. C. Raffelt, Astrophysicalmethodsto constrainaxionsand othernovelparticle phenomena 77

~V<3X10~B. (8.18)

This is the most restrictiveconstrainton anomalousneutrinodipole moments.

9. The white dwarf luminosity function

The number of white dwarfs per luminosity interval in the solar neighborhoodprovidesa direct
measureof the cooling speedof thesestars,constrainingthe efficiency of anyenergyloss mechanism
otherthanthe standardneutrinovolume emission(youngwhite dwarfs) and photonsurfaceradiation.
One finds a constraint of a, ~ 10_26 for the “fine-structureconstant”of light pseudoscalarparticlesto
electrons.An anomalousneutrino magneticdipole momenthasalso been constrained,~ç~ 10”,sB
(Bohr magnetons).

9.1. Whitedwarfs; theoreticaland observedproperties

White dwarfs (WDs) representthe final stateof the evolution of starswith initial massesof up to a
few M0. For reviews see refs. [301, 434, 435]. They are compactobjects which are supportedby
electrondegeneracypressureandthusarein hydrostaticequilibriumwithout needfor nuclearburning;
the hydrostaticand thermal propertiesare largely decoupled.The radius of a WD decreaseswith
increasingmass because,in order to support the extraweight, the electronsmust be squeezedinto
higher momentum states. As long as they remain nonrelativistic, one finds from a polytropic
approximationof the WD structure[301],

R = 8880 km (M0/M)~
3(2//.Le)5~3. (9.1)

The pressureis providedmostlyby the degenerateelectrons,while the self-gravityis mostly dueto the
nucleonswhich is why the “meanmolecularweightof the electrons”,p.o, appears.WDs typically do not
containanyhydrogenso thatp~= 2. However,if the massbecomesso largeandthe radiusso smallthat
the electronsbecomerelativistic, thereexists no stableconfiguration,i.e., the massesof WDs must be
below the Chandrasekharlimit [301],

Mch = 1.457M®(2I~~)2. (9.2)

Observationallyit turns out, however, that the WD mass distribution is strongly peaked near
M = 0.6M

0 [436]sO thatin observedWDs a nonrelativistictreatmentof the electronsis appropriate.In
a polytropic approximation,the centraldensityof WDs is given by [3011

= 1.46x 106g cm
3(MI0.6M

0)
2(,Ue/2)5. (9.3)

Since stars of massesup to a few M< are believed to becomeWDs, the excessmass is lost before
reachingthe WD stage.In particular, a largefraction of the massis ejectedwhenthe star ascendsthe
asymptotic giant branch,just prior to collapsingto a WD. The ejected material forms a “planetary
nebula”so that the centralstarsof planetarynebulaeare identifiedwith nascentWDs. The rateof WD
formation as inferred from the luminosity function discussedbelow is in good agreementwith the
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observedformation rate of planetarynebulaewithin the statisticaland systematicuncertaintiesof a
factorof ‘-‘-2 [437].A theoreticalevolutionarypathfor a 3M< star from the main-sequenceto the WD
stagewas performed, e.g., in ref. [438].

The hottest and brightest WDs have a luminosity of L -‘-- 10_tL® while for the faintest ones
L -=- 4>< 10~L~.Thus, in spite of being hot, WDs are genericallyfaint becauseof their small surface
area.This implies thattheycan beobservedonly in the immediatesolarneighborhood,typically out to
—‘--100 pc for bright WDs. Since the vertical scaleheight of the galactic disk of —‘-250 pc [439]is much
larger, the observedWDs essentiallyfill a sphericalvolume around the Sun and it is customaryto
expressthe observationsin termsof a volume density.The total densityof degeneratesis on the order
of 10_2 pc3. The observedluminosity function, i.e., the density of WDs per brightnessinterval, is
shown in fig. 9.1 and listed in table 9.1 according to refs. [437, 439]. The luminosity function is
characterizedby threeimportantfeatures:its slope,which characterizesthe form of the cooling law, its
amplitude,which characterizesthe cooling time and WD birthrate, and its suddenbreakat log(L/
L<) — —4.7, which characterizesthe beginning of WD formation, i.e., the oldest WDs havenot yet
reachedlower luminosities. From this break one can derive an age for the galactic disk of (9.3 ±

2.0) Gyr where 1 Gyr = iO°yr [440].All of thesefeaturescan be used to constrainthe operationof a
novel cooling mechanism.

—1 1111 I III
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Fig. 9.1. Observedluminosity function of white dwarfsas listed in table 9.1. a. The dashedline representsMestel’s cooling law with an assumed
constantwhite dwarfbirthrate of B= lO~pc’ Gyr~.b. The dashedline was obtainedfrom the numericalcoolingcurveof ref. [444]for a 0.6Mg,
white dwarf, assumingthe sameconstantbirthrate. Standardneutrinocooling was included in this calculation.
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Table 9.1
Observedluminosity function for white dwarfs. The dataweretaken from refs. [437,439]. For the hot
and bright degenerates(upperpart of the table) a large fractionof their spectrumlies in the ultraviolet
regime, causing a large discrepancybetweenthe absolutevisual magnitude, M~,and the absolute
bolometric magnitude,MbO,. For the hot dwarfs, thebins originally had been chosenon the M~-scale
with a width of 0.5 mag, centeredon the half-magnitudes,and the listed Mb,,, is the mean in these

intervals. Note that log(L/L
0) = (4.72— M,01)12.5

Mean Mean dNIdM,0,
M~ M,0, log,,(LIL9) [pc’ mag’] log11(dNIdM,01)

9.5 5.50 —0.31 1.22x 10~ —5.91 (+0.18,—0.31)
10.0 6.88 —0.86 1.01 x 10’ —5.00 (+0.14, —0.21)
10.5 7.84 —1.25 2.16 x 10’~ —4.67 (+0.13,—0.18)
11.0 8.92 —1.68 9.56 x 10’ —4.02 (+0.12.—0.16)
11.5 10.12 —2.16 1.21 x iO’~ —3.92 (+0.11, —0.15)
12.0 11.24 —2.61 1.51 x iO~ —3.82 (+0.11.—0.16)
12.5 11.98 —2.90 2.92 x iO’~ —3.54(+0.11, —0.16)
13.0 12.55 —3.13 6.07 x iO~ —3.22 (+0.20,—0.39)

13.50 —3.51 0.89 x i0’
8 —3.05 (+0.14, —0.21)

14.50 —3.91 1.34x 10~’ —2.87 (+0.14.—0.20)
15.50 —4.31 0.24 x 10” —3.62 (+0.18,—0.31)

9.2. Cooling theory for whitedwarfs

A low-massstarbecomesaWD whenits nuclearenergyresourceshavebeenexhausted;it shinesits
residualthermalenergy.Thereforethe evolution of a WD mustbe viewedas a cooling processas was
first pointed out by Mestel [441]. Becauseelectronconductionis an efficient mechanismof energy
transfer,the interior can be viewed, in a first approximation,as an isothermalheat bath with a total
amountof thermalenergy,U. The nondegeneratesurfacelayershavea large“thermalresistance”and
efficiently isolate the hot interior from the cold surroundingspace,throttlingthe energyloss by photon
radiation, L

5. Of course,WDs can also lose energyby neutrino volume emission,L~,and by other
particle emission,L5. Hence WD cooling is governedby the equation

dU/dt = —(L~+ L0 + L5). (9.4)

This simple picture ignores the possibility of residualnuclearburning near the surface,a possibly
important luminosity sourcefor faint WDs [442].In order to translatethis equationinto the observable
luminosity function, we assumea constantWD birthrate, B, so that the total number density of
degeneratesis N Btgat.Taking the abovevaluesof N— 102 pc

3and tgal = 9.3 Gyr for the ageof the
galactic disk, one hasB -‘- i0~pc3Gyrt. Since the numberdensityof WDs in a given magnitude
interval, dMbOl, is proportionalto the time interval, dt, it takesto coolthrough this magnituderange,
one readily obtains

dN — B dt — —B dUIdMbOt 9 5
dMbO — dMhO — + L~+ L~ ( . )

The photon luminosity is relatedto the bolometricmagnitudeby

L
5 = 77.3L010

2M5dh/S. (9.6)
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This definition is equivalentto log(L~L®)= (4.72 — Mb,)l)!
2.S. L

5 is relatedto the internal tempera-
ture, T, by the thermalconductanceof the surfacelayers, while U, L~,andL5 aregiven in termsof T,
so that onecan expressthesequantitiesin termsof L5 andhenceMbOI. In this simple treatmentwe have
assumedidentical propertiesfor all WDs, and especiallya fixed mass,M.

For hot WDs, the thermalenergyis largely storedin the nondegeneratenuclei. Treatingthe nuclei as
an ideal gas, the internal energy is

3 M X.
U=-T-—>~—~CT, (9.7)2 m~~ A~

where X1 is the mass fraction of the elementj with the atomic massA1, m~= 1.661x 10_24g is the
atomicmassunit. Numerically,

LGyrM X
C = 3.95 x 102 i0

7 K (9.8)

At sufficiently low temperatures,the ideal-gaslaw breaksdown, and eventually the nuclei arrange
themselvesin a crystal lattice. In thesephases,the internal energyis a more complicatedfunction of
temperature.The heat capacityper nucleon,which is 3/2 for the ideal-gaslaw, rises to 3 nearthe
Debye temperature,@D, and then drops to zero approximatelyas (161T4/5)(T/eD)3[301].However,
since the observedWD massesare around0.6M®, the densitiesof thesestarsare small enoughthat
eventhe oldest WDs havenot hadenoughtime to reachthe crystallizationphase.Hence the ideal-gas
law is a reasonablefirst approximation.

The thermalconductanceof the surfacelayersis moredifficult to calculate.In order to estimatethe
energyflux, onehasto solve the stellarstructureequations(6.1) and(6.4) for theselayers. Assuminga
Kramer’s opacity law, K = K~pT72, one finds approximately[301, 443]

L = 1.7x 103L<(M/M<)(T/107K)72 = KT712, (9.9)

where T is the internal temperature.
With theseresultsthe luminosity function is found to be

dN — 4ln(10) B C(L
7/K)

27 10)
dMbOI — 35 L

7 + L~+ L~

With B3 B110
3pc3Gyr’, this is numerically

dN —4 —1

104W5035 / M ~~

dMhOI = B5 ~2.2X 10 pc~mag ~ ~ ~-2M5,,,I5 + L0/L< + L5/L< (9.11)

If we ignore L~andL~,this is

dMb,,I = B5 ~2.9x 10~pc
3mag~iO2Mhh/7(~) ~ ~. (9.12)
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Taking now M = 0.6M0 and an equalmixture of ‘
2C and 160 we find

log(dN/dM~
01)= ~MbOl—6.84+ log(&3), (9.13)

a behaviorknown as Mestel’s cooling law. For B_3 = 1 this function is shown as a dashedline in fig.
9.la. Detailedcooling curvesandluminosity functionshavebeencalculated,for example,in refs. [440,
442, 444—447] while the elementarytreatmentis describedin Mestel’soriginal paper[4411and in refs.
[301,443].

9.3. Neutrino lossesincluded

In numerical calculationsit is easy to include standardneutrino losses.The dominant emission
processat the relevantconditionsis the plasmaprocess,‘ypt_~~~vei~e. In fig. 9.lb we showa luminosity
function which we havederivedfrom a numericalcooling curve publishedin ref. [444]for a 0.6M®
white dwarf, assuminga constantWD birthrateof i0

3 pc3Gyr_t as above.Fromfig. 9.lb and from
the theoreticalluminosity functions of other authors,e.g. ref. [440], it appearsthat the dip in the
luminosity function for bright WDs should be associatedwith neutrino losses.

If the neutrinoemissionrate were muchstrongerthanstandard,the dip would be muchdeeper.The
observationof severalbright WDs in the Hyadescluster was usedby Stothers[41] to constrainthe
efficiencyof neutrinocooling. He found that an emissionrate300timesstrongerthanstandardcould be
conservativelyexcluded.If neutrinoshad anomalouselectricor magneticdipole momentsthe standard
plasmondecayrate would be enhanced— the ratio betweenthe “exotic” andthe standardrate were
given in eq. (4.92). HenceStother’sresult implies &~3x 10’~’~B.

Recently, Blinnikov [131] has consideredthe WD luminosity function, including nonstandard
neutrinolosses.He found that the “neutrino dip” at the bright side of the luminosity function wastoo
deepunless

/Lv<10_tt~B, (9.14)

when comparing his theoreticalcooling times with the empirical luminosity function of field WDs,
shown in fig. 9.1. [For a discussionof the plasmadecay rate see section4.10 and especially for the
definition of p,~see eq. (4.87).]

9.4. Axion bounds

It is nowvery simple to derive conservativeboundson the couplingof axionsor otherpseudoscalar
particles to electrons,results which were first discussedin ref. [88] and correctedfor ion correlation
effectsin refs. [84, 85]. The emissionratefor the relevantconditionsof a degenerate,strongly coupled
plasmaweregiven in eq. (4.51), andwe use a “correlationfactor”, F= 1.0, as discussedat the end of
section4.6. We assumean equalmixture of carbonandoxygen. Thenwe find for the axionluminosity
as a function of the interior temperature,

La aa P2.0x 1023L
0(M/M0)(T/10

7K)4, (9.15)

wherea,, is the “axionic fine-structureconstant”.This expressionenterseq. (9.11) in placeof L~.It is
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interestingthat the temperaturevariation of this expressionis almost identical to that of the photon
luminosity,eq. (9.9),so that the shapeof the coolingcurvewould remainessentiallyunchanged,evenif
axion cooling dominatedthe WD energy loss, in contrastwith neutrino cooling, which changesthe
shapeof the luminosity function. Also, if we were to consider scalar as opposedto pseudoscalar
particles,the bremsstrahlungemissionrate would be proportionalto T2 ratherthan T4, the extrafactor
of T2 for pseudoscalarsarising from the spin-flip nature of the emission process.Thus, if scalars
dominatedWD cooling, the shapeof the luminosity function would be altered.

If axion emissiondominatedWD cooling, the overall amplitudeof the luminosity curve would be
reducedcorrespondingly, and since the shape remains approximatelyunchanged,the empirically
inferredbirthrate of WDs would be increasedby a factor 1 + La! L

5. Since the birthrateinferredfrom
the luminosity function correspondswithin a factor —2 to theobservedbirthrateof planetarynebulae,it
is justified to useL, ~ L5 as a constrainton the axion luminosity. Moreover, the overall time scaleof
cooling would be reducedby a factor (1 + L,,!L~ . The sharpdrop in the luminosity function at the
faint end is interpretedas the beginning of WD formation, implying an age of the galactic disk of
—9 Gyr. Any contribution of axion cooling would reduce this number. Recalling that the age of the
solar systemis knownto be 4.5 Gyr, a reductionof the ageof thegalacticdisk by a factor of 2 appears
to be an extremelygenerousallowance, i.e., La < L5 is a very conservativeconstraint.Taking a WD
mass of 0.6M0, the internal temperaturefor faint dwarfs (MbO] = 14) is —‘-6 x 106K, leading to
La!L5 = ct,, 1.17 x 10

26(T!107K)t2 = a, ~0.91x ~ Hence the requirement La < L
5 leads to the

constraint

a,, < 1.1 X 1026, (9.16)

valid for all pseudoscalarswith massesm,, ~ 1 keV. A correspondingconstraintfor scalarsor otherlight
particleshasnot beenderived in the literature.

10. Cooling of nascentand young neutronstars

The observationof a neutrinopulse from SN 1987A confirmed the theoreticallyexpectedcooling
speedof nascentneutron stars to be a few seconds.This resultexcludesexcessivecooling by axions,
right-handedneutrinos, or other novel low-mass particles, allowing one to derive bounds on the
axion—nucleon coupling, right-handedneutrino coupling, massesas well as electromagneticdipole
momentsof Dirac neutrinos,andother particle properties.The cooling speedof young neutronstars
(t — i0

3 and i04 yr) can be establishedby the observationof thermalsurfaceradiation (X-rays) from
pulsars of known age, and measurementsof the Einstein Observatoryallow one to set tentative
constraintson exotic cooling agents.

10.1. Birth and cooling of neutron stars

10.1.1. Stellar collapse
While in chapters8 and9 wehavediscussedhow time scalesof stellarevolutioncan be determined

statisticallyfrom ensemblesof starsand can then be used to constrainnovel forms of energyloss, we
now consider neutronstars,objectswhich evolve so fast that we havedirect evidencefor individual
cooling time scales.Neutronstarsare born in type II supernovaexplosionswhich occurwhen starsof
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massesexceeding—10M0 have developeda large iron core which no longer can produceenergyby
nuclearburning (for recentreviewsseerefs. [159,4481). At the time of collapse,such a starconsistsof
an iron coreof —1.3M0 at a densityof ~ g cm

3and a temperatureof —~7.6x i09 K = 0.66MeV, of
a mantleof ‘—‘3M

0 with nuclearburning in severalshells,andan envelopeof unprocessedhydrogenand
helium. At this point the mediumbecomesunstableto two reactions,the photodissociationof iron,
-y +

56Fe—~13a+ 4n, and electroncapture,e + p—~n+ Ve~The former reactionis endothermicand
thus absorbsenergy,while the neutrinosproducedin the latter reactionat first escapefreely, also
draining the star of energy.Therefore, further compressionfails to increasethe pressureenough to
supportthe core, resulting in a run-awayof thesereactionsand an almost free-fall collapse.

As the core becomeshotter anddenser,neutrinosbecometrappedat a densityof —3 x 10” gcm3,
i.e., their meanfree pathbecomessmallerthanthecoreradius,andfrom thenon theyare entrainedby
the collapsingmaterial.The infall is haltedonly whenthe medium reachesnucleardensitieswherethe
equationof state stiffens. The sudden interceptionof the collapse leads to a “bounce”, i.e., the
formation of a shockwave at a massshell around(0.8—0.9)M

0,well inside the iron core. This shock
wave movesoutward, depositingenergyand thus dissociatingthe nuclei of the medium as it passes.
When it reachesthe neutrino-sphere,i.e., the shell inside of which neutrinos are trapped, the
dissociationof the nuclei leadsto a suddendecreaseof thecoherentneutrinocross-sectionsandthusto
a break-outof the neutrino luminosity (fig. 10.1). When the shock reachesthe edgeof the iron core
after -‘--1 s, a “proto-neutronstar” or “nascentneutronstar” has formed, and abouthalf of its binding
energy,Eb — (2—3) x i0~erg, hasalreadybeenemitted. The further evolution must be viewed as a
cooling phenomenon,not unlike the cooling of a white dwarf. This means that the star is now
essentiallysupportedby degeneracypressureso that its further thermal evolution (cooling) does no
longer changeits structurein anydramaticway.

10.1.2. SN1987A neutrino observations
While the emissionof neutrinosfrom a fixed neutrinosphereover the nextseveralsecondswith a

thermalspectrumis an oversimplification, such a cooling model is sufficiently detailedto allow for a
comparisonwith the sparsedata from the neutrinoobservationsof SN 1987A (tables10.1 and 10.2).

i0
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Fig. 10.1. Schematicview of theneutrinoluminosity expectedfrom atype II supernova(adaptedfrom Coopersteinin ref. [1591).Thereareseveral
breaksof scalein the horizontalaxis,separatingthefollowing periods:first —0.2s, infall from core density, —10’°g cm3, to maximum scrunch,
—10” gcm3 next —0.004s,from bounceto shock breakoutat the neutrino sphere;further—is until shockreachesedge of iron core; in the
following —lOs, mostof theremainingbinding energyis radiatedfrom the neutrino sphere.
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Table 10.1 Table 10.2
Neutrinoburst from SN 1987A in the 1MB detector[166].The event Neutrino burst from SN 1987A in the Kamiokande-lidetector[168].
time is relativeto thefirst eventwhich occurredon 23 February1987. The event time is relative to the first event which occurredon 23
7:35:41.374 (UT), with an uncertaintyof ±O.05s.The angle is the February1987, 7:35:35(UT), with an uncertaintyof ±1:00mm.The
polar angle with respectto the direction away from the SN. The angle is the polar angle with respectto the direction away from the
energyis the measuredenergyof the electronor positron. If the SN. The energyis themeasuredenergyof theelectronor positron
eventswere due to i + p—~n + e~on free protons, Eb was typically

—2 MeV larger thanthe measurede energy Time Angle Energy
____________________________________________________________Event [s] [deg] [Mev]

Time Angle Energy 1 0 00 18 * 18 20 0 * 2 9
Event [s] [deg] [MeV] 2 0111 40±27 13.5±3.2

0.00 80 ±10 38 ±7 3 0.30 108 ±32 7.5 ±2.0
2 0.41 44 ±15 37 ±7 4 0.32 70 ±30 9.2 ±2.7
3 0.65 56 ±20 28 ±6 5 0.51 135 ±23 12.8±2.9
4 1.14 65±2(1 39±7 6 0.69 68±77 6.3±1.7
5 1.56 33±15 36±9 7 1.54 32±16 35.4±8.0
6 2.68 52 ± 10 36 ±6 8 1.73 30 ±18 21.0 ±4.2
7 5.01 42 ±20 19 ±5 9 1.92 38 ±22 19.8±3.2
8 5.58 104±20 22±5 10 9.22 122±30 8.6±2.7

11 10.43 49±26 13.0±2.6
12 12.44 91 ±39 8.9 ±1.9

The most detailedanalysisalong theselines was performedby Loredo and Lamb [211] who were the
first authorsto include the detectorbackgroundeventsin their analysis.They investigateda variety of
cooling modelsand found that an exponentialcooling modelwaspreferredwith a constantradiusof the
neutrino sphere,RObS,and a time-varying temperature,

T(t) = T,1 e
tsr, (10.1)

so that r is the luminosity decaytime scale.Moreover, they usedthe parameter

a (R
065110km)(50kpc!D)g

t’2 , (10.2)

whereD is the distanceto SN 1987A andg is aweight factor which is unity if only left-handed,massless
neutrinosof any given flavor are beingemitted(threeflavors areassumedto exist). They alsotook the
mass of the electron neutrino as a free parameterin order to allow for signal dispersion,and they
introducedtwo separateoffset times for the 1MB and KamiokandeII detectorsbetweenthe arrival of
the first neutrinosandthe first detectedevent.Hencethey allowedthe following six parametersto vary
in order to achievea maximum likelihood result: T

0, 3~,a, m~,t0~1(IMB),and t0ff(KII). The best-fit
valuesaregiven in table 10.3, first column,wherewe alsoshow the inferredvaluesfor the neutronstar
properradius,R, the total amountof binding energy,andthe numberof expectedneutrinodetections
in eachdetector.In fig. 10.2 we showthe projectionof the 68% and 95% confidencevolume on the
T0—i--plane.The neutrinomassis found to be limited by 23 eV at the 95% CL, andtaking thisvalue as a
fixed choice, the best-fit values for the remainingfive parametersare given in table 10.3, second
column.

These resultsconfirm beautifully the standardpicture of neutron starformation, and in particular
confirm the expectedvalues for the temperatureat the neutrinosphere,the time scaleof cooling, and
the total amount of energywhich was radiated in neutrinos.This latter result directly excludesthe
possibleexistenceof morethan two or threeextraneutrinoflavors, aresultwhich is, of course,obsolete
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Table 10.3
Maximum likelihood resultsinferred from the observedneutrino pulseof SN 1987A, using an exponentialcooling model, andincluding
detectorbackgroundeventsin theanalysis(LoredoandLamb [211]).If theneutrinomassis takento beafree parameter,thebest-fit result
is m, = 0, with all otherparametershavingthebest-fit valuesshownin thefirst column. In thesecondcolumn, weshowtheresultsif m is

assumedto be 23 eV, a value which is an upper limit at the95%CL
Fitted parameters Inferredparameters

0 23eV m 0 23eV

T,, 4.47 MeV 4.84MeV Eb 2.86 x iO’~erg 2.33)< 1O’~erg
T 4.15s 2.96s R 22.6km 20.6km
a 2.26 2.06 N,,

0, (KIl) 12.5 11.5
t~,(KIl) 0 3.57s N~0,(1MB) 5.51 6.14
t0,, (1MB) 0 0.85s

in view of the recentprecisionmeasurementsof the Z°width at SLAC [449] and CERN [450—453].
Most importantfor ourpurposesis the confirmationof the cooling time scalewhich was not excessively
shortenedby novel effects. This conclusionremainsvalid evenif one allows for signal dispersion,i.e.,
theinferredtime scaleof neutrinoemissionat the sourceis not very sensitiveevento an extremechoice
of an assumedneutrinomass.

10.1.3. Late-timecooling and Einstein observations
After a few seconds,the temperatureat the neutrinospherehasdroppedsomuchthat the 1MB and

KamiokandeII detectorsareno longer sensitiveto the neutrinoflux, but the starcontinuesto cool by
surface neutrino emission.When the inner temperaturehas reached —i0

9 K--- 100keV after (10—
100)yr, the neutronstarbecomestransparentto neutrinos,andcontinuesto cool by neutrinovolume

l0~_I I I I I I I I I I I I I I I I I

I I I C I I —

3 4 5 6 7

T
0 (MeV)

Fig. 10.2. Projectionof the68% (dashedline) and95% (solid line)confidencevolume for theexponentialcoolingmodel (Loredoand Lamb [2111).
The cross marks the best-fit values (seefirst column in table 10.3). (I thank T. Loredo for providing an original for this figure.)
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emission.After ‘—i05 yr it reachesan inner temperatureof —2 x 108 K, a point at which photon
emissionfrom the surfacebecomesthe dominantform of cooling. In fig. 10.3 we show the central
temperature,surfacetemperature,neutrino luminosity, and photon luminosity as functions of age,
takenfrom a numericalcalculationof Nomoto and Tsuruta[454],their case“FP” which correspondsto
a phenomenologicalequationof stateof intermediatestiffness.

Suchcalculationscan be confrontedwith observationsby usingdataof the EinsteinObservatory,the
X-ray satelliteHEAO-2that was launchedin 1979.In severalsupernovaremnants,X-ray emissionfrom
a compactsourcewas discovered,while in most casesthe non-observationof such a sourceallows one
to set an upperlimit (seetable10.4). In thesecasesit is not evencertainwhetherthereis aneutronstar
in the SN remnant.The absenceof a neutronstarcan be understoodsince type I supernovaeare
thought to occurwhen a white dwarf accretesenoughmaterial to ignite carbon,leading to a nuclear
run-awayand likely to the disruptionof the star. Hence type I supernovaeare physically completely
distinct from typeII. The absenceof a neutronstarcan alsobe understoodif blackholesform in some
type II supernovae.

Therefore,the most crucial test consistsof a comparisonof the four X-ray sourcesin SN remnants
listed in table 10.4, 3C58, the Crabpulsar,RCW-103,andthe Vela pulsar,wherethe effective surface
temperatureswere quantitativelyestablished.Given the large uncertaintiesin the observationsand in
the theoreticalpredictions,we maygroup the first threecasestogetherat an age of —~-i03yr wherethey
yield a surfacetemperatureof (2.0—2.4)x 10~K, while the Vela pulsar yields (0.8—1.1)x 106 K at

i04 yr (see table 10.5). Standardcooling calculations,notably of Nomoto andTsuruta [454,456],
using a variety of plausible equationsof state,andincluding such effects as nucleon superfluidity and

~4O- ~ —

Neutrinos
~38— —

~ I I I Photons III

log(t) [yr]

Fig. 10.3. Cooling of a neutron star with an equationof stateof intermediatestiffness,ignoring such effects asnucleon superfluidity or a pion
condensate(after Nomoto and Tsuruta [4541,caseFP).
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Table 10.4
Einsteinobservationsof supernovaremnants,adaptedfrom Tsuruta[455].An h in theagecolumn refersto a historical

supernova.The uncertaintyof the observationsis mostly due to the uncertainamountof interstellarabsorption

Age T
0,, of compactsource[106 K]

Name [yr] Pulsar detected detection upper limit

CasA 300 (h) — 1.5±0.1
Kepler 375 (h) — 2.0±0.2
Tycho 407 (h) — 1.1±0.1
3C58 (800) (h) — 2.2 ±0.2
Crab 925 (h) radio, optical, X-rays 2.2 ±0.2
SN 1006 973 (h) — 0.68 ±0.06
0540-693 1660 optical, X-rays detected
RCW-103 1500±500 — 2.15±0.15
RCw-86 1794 (h) — 1.5 ±0.1
MSH15-52 1850±250 radio,X-rays detected
W-28 3400 — 1.6±0.1
G350.O-18 —8000 — 1.6±0.1
022.7-0.2 —10000 — 2.0±0.2
Vela X —12000 radio, optical 0.95±0.15

Table 10.5
Confrontingneutronstarcooling calculationswith observations.(Datafrom table 10.4, predictionsfrom

Nomoto and Tsuruta [456].)

Surfacetemperature[106 K]
Age

Objects [yr] observed predicted

3C58, Crab, RCW-i03 —i0
3 2.0—2.4 1.6—2.3

Vela X —i0~ 0.8—1.1 1.2—1.7

magneticfields, yield surfacetemperaturesat theseagesas given in table 10.5. The observationsat
i03 yr are in agreementwith the predictions,while the Vela result at i04 yr is, at best, in marginal
agreement,and probablytoo low. This ledNomoto andTsuruta[456] to speculatethata novel form of
input physics may be neededto bring theory and observationsinto agreement.Conversely, the
agreementat i03 yr may not be significant becauseit is not certain that HEAO-2 actually observed
thermalsurfaceradiation becauseof the lack of spectral sensitivity of that instrument. Since X-rays
conceivablycan be producedby other mechanismsin the environmentof a young neutron star, the
agreementat the younger age may be fortuitous. Therefore the most serious limitation to the
significanceof any boundsof exoticcooling processesderivedfrom thesecasesis the uncertaintyof the
measuredX-ray spectrum.

10.2. Supernovaexplosionsand newparticle physics

While the birth of a neutron star in type II supernovaexplosions must be considereda well
understoodphenomenon,the actual explosionwhich ejects the mantleandenvelopeof the progenitor
star is moredifficult to accountfor. Theproblemis thatmostof the energyliberatedin the collapseof
the iron core, (2—3) x i0~erg, is emittedin neutrinos,while only —1%is transferredto the mantleand
envelope. In other words, coupling the implosion of the core to an explosionof the mantle and
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envelopeis a difficult theoreticalproblem. The generalview is that theselayersare pushedout by the
shockwavethatformsat the corebounce.However, the energyof this shockis severelydepletedas it
passesthrough the outerlayers of the iron coreso that is is very difficult to obtainSN explosionson the
computer,andit maybeimpossibleunlessthe iron core of the progenitorstaris smallerthan hadbeen
thoughtpossibleuntil recently. A variation on this themeis Wilson’s delayedshockscenariowherethe
shockwave stalls, but neutrinosfrom the cooling core transferenoughenergyto revive the shockand
causethe SN to explode.

This difficulty is sometimescalled the “supernovaproblem” and hasstimulatedsomespeculations
about the role of new particle physics to obtain an explosion. Falk and Schramm [1391discussed
radiativelydecayingneutrinosand,from the requirementthat such decayswouldnot transfertoo much
energyto the mantleand envelope,deriveda boundon the radiative decaywidth. Conversely,for a
narrow range of decay parameters,such effects could help trigger the explosion,a possibility first
advancedby Sato and Kobayashi[457],and furtherelaboratedby TakaharaandSato [4581. Schramm
and Wilson [459]obtainednumericalSN explosionsby energytransferthrough radiatively decaying
standardaxions,particleswhich arenow excludedbut which at the time hadreportedlybeendetected.

If neutrinoshavemagneticor electric dipole moments,the electromagneticscatteringof trapped
left-handedneutrinosin the SN core on chargedparticleswill flip their helicity, and if the helicity-
flipped statesareright-handed,i.e., sterile with respectto weak interactions(implying that neutrinos
areof Dirac type), theycan escapefrom the core.This leadsto a newmechanismof cooling andthusto
constraints on neutrino dipole moments (section 10.3 below). However, once the right-handed
neutrinoshave left the core, they can be rotatedback into interactingstatesby the strongmagnetic
fields that arethoughtto existnearthe coresurface,andthat areobservedat pulsars.Therefore,again,
neutrinoswould transferenergyto the mantleand envelopeand trigger the explosion.This scenario
was first proposedby Dar (1987), but never published becauseof heavy criticism. More recent
discussionsare those of Voloshin [144] and of Blinnikov and Okun [138] who included in their
discussionthe problemof magneticspin oscillationsin the presenceof a densemediumwherethe left-
and right-handedneutrinosfollow different dispersionrelations, leading to the possibility of strong
suppressionor resonantenhancementof the oscillations.

Onemaytake the oppositepoint of view and look at situationswherenew particleswould deprive
the shock of evenmoreenergythanin SN modelswith standardphysics.The observedoccurrenceof
SN explosionsthenleadsto constraintson certainparticleproperties.Nötzold [142]deriveda boundon
(Dirac) neutrinodipole momentsof ~ ~ 6 X 10t2~iB(Bohr magnetonP’~= e!2me)on the basisof such
reasoning.

In the following section we will discussboundson particlepropertiesthat were derived by the
requirementthat the observedneutrinosignal from the cooling proto-neutronstar after collapsewas
not unduly shortened.It mustbe stressed,however,that particleswith propertiesthat remainallowed
by thatargumentmaystill havean important impactduring the infall phaseandon the formation and
propagationof the shock wave. This point was stressedby Fuller, Mayle and Wilson [1091who
investigatednumerically theeffect of the triplet majoronmodelon SN physicsduring the infall andcore
bouncephase.*)

*1 The triplet majoron model, however, is now obsoletebecausethe recentprecisionmeasurementsof the Z” decaywidth at SLAC [4491and

CERN [450—453]excludetheexistenceof triplet majoronswhich would contributetheequivalentof two neutrinoflavors (seethe lastparagraphof
ref. [lOll).



G.C. Raffelt, Astrophysicalmethodsto constrainaxionsand othernovelparticle phenomena 89

10.3. SN1987A boundson novelcooling phenomena

10.3.1. Generalargument
In section10.1.2we haveshown thatthe 1MB andKamiokandeII neutrinoobservationsarein good

agreementwith the standardpicture of the formationand earlycooling by neutrinosof a neutronstar
after a SN collapse.Now assumethe existenceof somenew particle,X, light enoughto be thermally
producedin the SN core,m~~ 10 MeV, and moreweakly interacting than neutrinos.If the interaction
of theseX-particles, e.g., axionsor right-handedneutrinos,is strong enoughfor them to be trapped,
theywill be thermallyemittedfrom an “X-sphere” at a radiusR,, <R0 (neutrinosphereradiusR0). By
the Stefan—Boltzmannlaw, the total flux, L,,, from this black-bodyemissionscalesas R~T

4(RX).Fora
nascentneutron star, R2T4(R) is a rapidly decreasingfunction of radius so that L~>L

0, i.e., L~
increaseswith a decreasingcoupling strength,g~,of theseparticles. This behavioris schematically
illustrated in fig. 10.4. Of course,if ic,, is so small that the X meanfree pathexceedsthe neutronstar
radius, theseparticles will be emitted from the entire volume of the star. In this caseL~will be
dominatedby somespecific emissionprocess,e.g., axion bremsstrahlungfrom nucleons , n+p—~n+
p + a, and thus will be proportional to g~,see fig. 10.4, so that L~now decreaseswith decreasing
interactionstrength. This leavesa rangeof couplingstrengthswherethe new particleswould dominate
the cooling of the nascentneutronstar, a generalargumentfirst raisedby Ellis and Olive [69]who also
showeda figure similar to fig. 10.4.

Observationallythis means that the total energyemitted in neutrinoswill be reduced,and the
cooling time scalewill be shortened.It turnsout, however,that the total amountof energyemittedin
neutrinos,E0, is relatively insensitiveto the X couplingstrength.This is so becauseabouthalf of E0 is
emittedimmediatelyafter the shockwavehasbrokenthroughthe neutrinosphere(fig. 10.1) whenthe
dissociationof large nuclei leads to a suddenjump in the neutrinomean free path. The (volume)
emissionof X-particles,however,will typically be dominatedby the inner corewherethe densitiesare
highest.This part of the core,however,is at first atrelatively low temperatures,seefig. 10.5 wherewe
showsnapshotsof the temperatureprofile of a newly born neutronstarfor the first 20 seconds.Hence

L —

gmin gmax

log10 (g~)

Fig. 10.4. Schematicdependenceof the “exotic” luminosity, L,, on thecoupling strengthof the new particles,g, whichcould be, for example, the
Yukawacoupling of axionsto nucleonsor a“right-handedFermi constant”. In therangegm,, < <g000, thenovelenergylosswould exceedthe
neutrinoluminosity, L,. (Takenfrom Raffelt and Seckel[92].)
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80— .

~ ~ 2.0

Mass (M0)

Fig. 10.5. Snapshotsof themattertemperatureversustheenclosedbaryonmass of thecaseA standardcollapsecalculationof Burrowset al. [58].
The initial model (t = 0) is thebottom curve.The snapshotsareevery0.1 s for thefirst two seconds,andthenevery2s until the endat t = 20s. (I
thank A. Burrowsfor providing an original for this figure.)

the (volume)emissionof X-particleswill startslowly as energydiffusesinto the innercore, andthuswill
be importantmostly during the exponentialcooling phaseafter the first neutrinoburst.

Thereforenovel forms of energyloss will mostlycompetewith neutrinocooling after the first burst,
andthuswill mostlyshortenthe “cooling tail” of the signal [92].Here themain observableto constrain
particle parametersis the duration of the neutrino signal, not the total amount of binding energy
inferred from this signal. The durationof the neutrino signal as a function of particle parametersis
illustrated in fig. 10.6 for the caseof invisible axionswherewe showthe durationas a function of the
axion—nucleoncoupling strength,g5. For details seesections10.5 and 10.6 below; here we only note
that if axionsarevery weakly interacting theydo not affect the neutrinosignal (free streamingside in
fig. 10.6), and if they arevery strongly interacting theyalsohaveno effect (trappingside of fig. 10.6).
For a certainrangeof couplingstrengthsthey shortenthe signal substantially.
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1.0

:0.8- -

~ 0.6— -

‘~ [L4
Free -

~ 0.2 —Streami T appin~—

El. ‘‘‘‘‘~ ,~ , ,,,,,l , ,,~ ,

1012 1O~’~ 10_B 10~

Yukawa Coupling
0a

Fig. 10.6. Duration of the neutrino pulse from a supernova,taking axionemissioninto account,assumingidenticalYukawa couplingsto protons
and neutrons,g~.For a very small or very large coupling strengththeduration is normalizedto unity, reflecting thestandard valuewhere axion
cooling is irrelevant.This figure is basedon the numericalinvestigationsof Burrows et al. [58,59], caseB. We showan averageof the results
relevantfor the 1MB and Kamiokandedetectors.No numericalresultsare available in the intermediateregime betweenfree streamingand
trapping,partly becausethereis no simple numericalprocedureto treat that regime.
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In general,the observeddurationof neutrinoemission(seetable 10.3)precludesL~to exceedL~by
much, andbecauseL~—3x 10~uerg/sduring theexponentialcoolingphase,andbecausethe coremass
is ‘-‘-lM<, a crudeboundon new particlepropertiesis set by the requirement

s~~10
19ergg’st, (10.3)

wherethe novel energyloss rate is to be calculatedat the core conditions,p — 0.8 x 1015g cm3 and
T—’ (30—60) MeV. This simple criterion applies to the free streamingcasewhile no simple argument
appearsto exist for the trappingregime.

10.3.2. Application to specific cases
Detailednumericalinvestigationsin the frameworkof this methodareavailableonly for axions,see

sections10.5 and 10.6 below. For many other cases,variations of the generalargumentin a simple
analyticform were applied, andwe maynow go througha list of casesotherthanaxions.A summaryof
the results is given in table 10.6.

A classof particlesotherthan axionsthat could drain the SN core of energyareright-handed(RH)
neutrinos,i.e., noninteractingstates.Theseparticlescould be an entire new classof sterile neutrinos,
particularly if the known neutrinosare of Majoranatype. If the knownneutrinosare Dirac particles,
they could simply be the helicity-flipped states.The simplestway to produceRH neutrinosis by the

Table 10.6
Constraintson the propertiesof light particles basedon the observedduration of the SN 1987A neutrino pulse.The quotedresultsare
“middle of the road”values,ignoring possiblereductionsby many-bodyeffectsandby variousuncertainties.These numbers,therefore,are
uncertainby at least afactorof —3 in either direction. The issueof Nambu—Goldstonebosonscoupledto neutrinoswas motivatedby the
triplet majoron model. Becauseof the lepton-numberviolating propertiesof that model, SN physics may be more complicated,and the
quotedboundshavebeenquestioned[107].Seealsorefs.[105,106, 109]. However,thetriplet majoronmodel is now excluded(seefootnote
in subsection10.3.1) so that this discussionhas becomeobsolete.Boundson singlet majoronswere providedin refs. [112—114], but they

cannotbe representedin a simple way in this table

Particle property Dominant process Constraint References

Dirac neutrino, mass helicity flip of trappedCL m,<20keV [92, 149—151]
+ N—aN + CR

Dirac neutrino, helicity flip of trapped~L ~a<0.5 X 10~2~a,, [141]
dipole moment CL + (p, e)—a(p,e) + v

5 j.ç<8 x 10’
2p.,, [136]

Right-handedFermi constant modifiedurea processes GR,i <0.3 X 104G~ [92,147]
(chargedcurrents) n + n—an + p + e +

n + p + e- —an + n + VOR

Right-handed Fermi constant pair bremsstrahlung: GRH< 104Gb [92]
(neutralcurrents) n + p—an+ p + CR + v,,

Squarkmass pair bremsstrahlung m~> 1 TeV [127—129]
n + p—an + p + ~ + ~

Yukawa coupling, g,, of nucleon bremsstrahlung <10’° [58,80, 81, 92, 97]
pseudoscalarboson,~, n + p-an+ p + 4’ (see also section 10.5.)
to nucleons

Yukawa coupling, g
0, of neutrino annihilation g, <0.3x 10’ [111]

pseudoscalarboson,4’, vi’—a24’ g,,<2x iO’ [108]
to neutrinos
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sameprocesseswhich produceLH states,assumingthereexist RH weak interactionson somelevel.
Assumingfurther that theseRH interactionshavethe samestructureas the LH interactions,onemay
easily derive boundson a RH Fermi constant,GRH. On the basis of the modified urca processes,
n + n—* n + p + e + i

5eR and e + fl + ~ n + n + VeRywhich involve chargedcurrents,onefinds in the
free streamingregime[92] GRH ~ 3 x i0~GF. The trappingregimeis of much lessinterestbecauseit
overlaps with a regime excluded by laboratory data. On the basis of another emission process,
e +p—*n+VR one finds a similar constraint [1471. In the standardleft—right symmetricmodels,this
result can be translatedinto a bound on the mass of RH gauge bosons, mW, and the standard
W~—W~-mixingangle, ~ [147],

[~2 + (m~/m~)4]l2 ~ 3 X i0~. (10.4)

Similarly, one may constrain RH neutral currentson the basis of bremsstrahlungprocesses,
N + N—~N + N + ~RVR, yielding [92] GRH ~ i0~,althougha somewhatweakerboundwasreportedby
other authors [129, 147, 1481. Moreover, in standardleft—right symmetric models, the RH neutral
current hasvectorstructureand thusdoesnot contributeto nucleonbremsstrahlung[129],leavingus
with a muchless efficient emissionprocess,e~e—~i’RVR. For E

6 models, whereRH neutrinomasses
can be expectedto be naturally small, the neutral-currentbremsstrahlungratesarenot suppressed,and
a detailedanalysis and interpretationof the constraintsis available [129, 148]. A constraint on a
neutrino chargeradius [145], we believe, should be discussedin a unified picture with RH neutral
currentinteractionssincein the frameworkof electroweakgaugetheoriesa neutrinochargeradiusis a
problematicconcept.

In the previouscasesone had to assumethat the massof the RH neutrinoswas small enoughfor
them to be thermally emitted from the SN. The following argumentsrely on various processesof
flipping the helicity of Dirac neutrinos,therebytransformingan interacting (LH) state into a sterile
(RH) stateof the samemass.For Ve andv~,the following constraintsarethusvalid without restriction,
while for VT with a laboratorylimit on its massof 35 MeV most likely thereexistsa massrangenearthis
limit wherethe following boundscan be evaded.Thesimplestway to flip the helicity is by a massterm,
i.e., the neutrinostrappedin the SN corewill developRH componentsif theyhavea Dirac mass.The
resulting neutrinoluminosity will be so large that onecan infer a bound[92, 149—151] m6 ~ 20 keV. It
was claimed that the excludedmass rangereachesup to —‘-35 MeV, with a substantialuncertainty,
however,so that ‘r neutrinoswith massesneartheir laboratorylimit arestill allowedby this argument.
If neutrinoshada magneticor electric dipole moment, interactionswith chargedparticles in the SN
core would also flip the helicity, yielding a bound [136, 140, 1411 of p~,,~ 10’

2j~~where/-Ln = e/2meis
the Bohr magneton.Finally, the helicity flip in the gravitationalfield of the nascentneutronstarin the
context of novel gravitationalinteractionswas also discussed,allowing oneto constrainthe parameters
of suchmodels [152].

In supersymmetricmodels with light photinos, these particles would be emitted by nucleon
bremsstrahlungprocesses.The cross section is ~ m~4,leading to a constrainton the squarkmass of
[127—1291m~~ 1 TeV.

Many authors [101—114]havediscussedthe effect of majoronson supernovae,although most of
them concentratedon the triplet majoronmodelwhich is now excludedon thebasisof themeasuredZ°
width (see footnotein section 10.3.1). However, the most recent investigation [1141is a detailed
account of boundson the singlet majoronmodel, excluding a large rangeof neutrino massesand
vacuumexpectationvalues.
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10.4. Non-detectionof newparticlesfrom SN1987A

It is still possible that the SN core emitted a large pulse of new particles and one may wonder
whethertheycould havebeendetectedin the 1MB and KamiokandeII detectors.Oneinterestingcase
is that of right-handedneutrinoswhichwereproducedby helicity flips from electromagneticinteractions
with chargedparticles.Theseneutrinoscould oscillatebackinto left-handed,interactingstateson their
way from the SN core to Earth. Indeed, this possibility was raisedas a mechanismto causethe SN
mantleto explode(section10.2). The angleof rotationof the expectationvalueof the neutrinospin is
proportionalto J p~B~dl whereB~is the transversemagneticfield alongthe line of sightwith the SN.
Of course, in the mantleand envelope,the relevantexpressionis morecomplicatedbecausethe two
helicity states follow different dispersion relations. However, even the galactic magnetic field of
~ x 10~G with a coherencescale of ‘—300 pc is enough to reflip neutrinos from SN 1987A if

~ 3 x ~ The reflipped neutrinoscould be detected,and would causea different signal from
that observed becausetheir energies would be characteristic of core temperaturesrather than
characteristicfor the temperatureat the neutrino sphere [136, 1421. This argumentis especially
powerful for those neutrinosthat were emitted from behind the neutrinosphere,before the shock
reachedthis point, i.e., the right-handedneutrinosthat would be emittedbefore the deleptonization
burst. The electronneutrinosin this region aredegenerateand havelarge Fermi energiesand would
thuscausea very prominentsignal. The absenceof such detectionsled Nötzold [142] to infer

~,, <1.5 x 10’2~B, (10.5)

a boundwhich appliesto the diagonalmagnetic(or electric) dipole momentof Diracelectronneutrinos.
It is conditionalon the assumptionthat the Earthwas not coincidentallylocatedat a “node” of the spin
oscillationpatternof the neutrinopulse.

Another interestingcaseis that of axionswhich are on the trappingside of the regimeexcludedby
the cooling argument.Engel, SeckelandHayes[96] arguedthat axions which interactso strongly that
they are trappedcould also be detectedin the water Cerenkovdetectors.Especially the reaction
a+ tôç~~ 160* could serveto absorbaxions in the detector.The nuclearde-excitationoften includes
-y-rays with energiesof 5—10 MeV which trigger the Kamiokandedetectorwith an efficiencysimilar to
that of electronsin the sameenergy range. Taking a common Yukawa coupling to protons and
neutrons,g,,, theseauthorsfind that in the range6 x 10~~ g,, s 1 x i03 the axion flux should have
producedmore than5 (andup to 200) observableeventsat Kamiokande,andso thisrangeis excluded.

10.5. SN1987A axion boundsfrom numericalinvestigations

While the “cooling argument”of the nascentneutronstar in SN 1987Ahasyieldedmanyinteresting
constraints,notably on neutrinoproperties(seetable 10.6), only the casesof invisible axions [58, 80,
81] andthat of triplet majorons[109]havebeeninvestigatednumerically.We do not considerthe triplet
majoronmodelanyfurtherbecauseit is nowexcluded(footnote in section10.3.1).When the numerical
works for the axion casewere performed,the understandingof the relevantemission rateswas in a
stateof flux, and none of the groupsused the appropriateratesdescribedin section 4.8. Burrows,
TurnerandBrinkmann(BTB) [58]used the “exact” ratesof BrinkmannandTurner [57], but with the
vacuum nucleonmass, therebyunderestimatingthe axion luminosity. Mayle, Wilson, Ellis, Olive,
SchrammandSteigmanin their first paper(MI) [80]usedthe degeneraterateswith the vacuumnucleon
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mass,while in their secondpaper(Mu) [81] theyusedthe nondegeneraterates,againwith the vacuum
nucleon mass,although they mentionedthat one should usean effective nucleonmassof —O.SmN.
Moreover,BTB considereda “generic axion case”with equalcouplingsto protonsand neutronswhile
MI and MII used specifically the DFSZ model, and statedtheir results as a function of the free
parameter,/3, of this model. We will attemptto reducetheseresultsto a commonand correctset of
assumptions.

We begin with pseudoscalarparticleswhich couple to protons and neutronswith equal Yukawa
strengths,g6. This is the case consideredby BTB who includedthe rates eq. (4.63) in Burrows’
supernovacode, using fixed form factors correspondingto /3 = 1/2 (table 4.2), i.e., F~= F~= 5/6,
F1 = 2/3, andF2 = 14/15, andusingthe vacuumnucleonmass.For severalvaluesof g,, theycalculated
the numberof neutrinoeventsto be expectedin the 1MB andKamiokandeII detectors,N5e1, andthe
durationof the neutrinopulsesin eachdetector.In their work, thisquantity is definedto be the time,
~t(90%), which is required to accumulate90% of the expectedcountsin each detector.They also
calculatedthe total amountof energyin neutrinos,E~,andaxions,Ea, to be emittedin eachcase.They
performedthis calculationfor threedifferent equationsof state.In fig 10.7 we show theseresultsfor
their “caseB” (casesA andC yield similar results).As predictedin our generaldiscussionin section
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Fig. 10.7. Core collapseincluding axionemission,afterBTB [58],caseB. The mostsensitive observablequantity is theduration of the measured
neutrino pulse.The lower panelof this figure correspondsto the free-streamingpart of fig. 10.6.
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10.3, it is the durationof the neutrinopulsewhich is the observablemostsensitiveto axion losses,while
the total amountof energyradiatedin axions as well as the total numberof neutrinosdetectedremain
almostunchangedfor valuesof g,, wherethe durationof the pulsedropssubstantially.(Seealsofig. 10.6
for the variation of the pulse duration.)

No precisestatistical reasoningwas offeredin the numericalworks that would allow one to statea
confidence level at which the expected pulse duration for a given value of g,, is in agreementor
disagreementwith the observeddata. Nevertheless,the quantity g12, i.e., the couplingstrengthga at
which the pulsedurationis shortenedby a factor1/2 appearsto be a reasonablealbeitarbitrarychoice.
From the calculationsof BTB one infers g1/2 -‘- I x 10_b. However, theseauthorsused the vacuum
nucleon mass in their calculations.From fig. 10.5 we concludethat typical temperaturesrelevantfor
axion emission were in the range (20—40) MeV, at densities correspondingto Fermi-momenta
—‘380 MeV. Hence, from fig. 4.8 we concludethat they underestimatedaxion emissionby a factorof
—1/2. With eq. (4.70) we concludethat BTB’s emissionratesshould be multiplied by -—2 x0.3 x 2±2.
Since the emission ratesare proportionalto g~,we estimate

g112 1.3 x 10b0 x2k’. (10.6)

Next, we turn to MI and MIl who also consideredthe durationof the neutrinopulse as their main
criterion. They usedthe DFSZmodel,but for /3 = 72°the neutronandphotoncouplingsareequal,and
we can extracttheir resultsthat would correspondto BTB’s “genericcase”. FromMI, wheretheyused
the degenerateemissionrates,we infer g~1~= 0.5 x lO~for their limiting value after correctingfor an
erroneousfactor of 2 in their emissionrate (seeMIl). FromMI!, wherethey used the nondegenerate
rates throughout, we infer ~ = 1.3 x lOu. However, they used the vacuum nucleon mass, and
following their discussion,avalueof m~-—- O.Sm~would havebeenappropriate,leadingto a correction
factor of 0.525/2. Hencewe infer from MI and MIl an identical result of g11,,, —0.5x 10_It.

While the agreementbetweenthesetwo resultsconfirms our earlier conclusionthat the conditions
pertainingto axion boundsare intermediatebetweendegeneracyand nondegeneracy,this agreement
also means that both results equally overestimatethe actual bound. The asymptotic expressions
overestimatethe emissionratesin the region of crossoverby as much as a factorof 5, see Brinkmann
and Turner [57]. Also, we must apply the factor eq. (4.70) so that we infer g11,~—0.2 x 10’°x ~
Finally we notefrom their displayof the ~e luminosity, that their curvemarked“fa = 0.08 X 10’~GeV”
correspondsto a reductionof the time constantof the neutrinopulsea factor of ‘—2, while theyactually
useda valuefa = 0.2 X 1012GeV to derive their limiting case.Hence we infer

X 10’°X 2~, (10.7)

on the basis of MI and MIl.
The discrepancyof abouta factorof 3 betweenthe two groupsprobablymay be ascribedto different

input physics.Mayle and Wilson’s modelsare characterizedby higher temperatures,leadingto larger
emissionratesandhencemorerestrictiveaxion bounds.It thusappearsreasonableto combinethe two
resultsto infer

—-‘(0.3—2.6) x 10_b , (10.8)

for the axion coupling constantwherethe neutrinopulse would be shortenedby a factor of 1/2.



96 C. C. Raffelt, Astrophysicalmethodsto constrain axionsand othernovelparticle phenomena

If the axion couplingsto protonsandneutronsarenot equal,we mayestimatethe dependenceof the
emissionrateson the individual couplingsby taking specific valuesfor the massfractions of neutrons
and protons,respectively.While BTB do not statespecific values,MI and Mil give X~= 0.88 and
X~= 0.12 as a typical case.Of course,thesevalueschangewith time and radiusso that our following
estimateis very crude. With thesemassfractionsandusing the valueslisted in table4.2, weinfer that
the degenerateemissionrates,eq. (4.59), areproportionalto O.l5a~+ O.O8c~+ 0.22a1+ 0.56a2,while
the nondegeneraterates,eq. (4.60), are proportionalto 0.42a5+ 0.01a~+ 0.07ct1 + 0.51c~2. Taking an
average,we find that the neutrinosignal will be shortenedby a factor 1/2 if

[0.55g~~+ 0.31g~~+ 0.14(g~6+ gap)
2/41”2— (0.3-2.6)x i0”.

Finally, using table 2.1 (bottom line) we find

rn
1,.2 (0.2-1.7)x i0~eV X [0.55c~+ 0.31c~+ 0.14(c,1+ c~)

2/4]~2 (10.9)

for the axion masswhich shortensthe neutrinosignal by a factor 1/2.
We now discussthis result in the frameworkof two typicalaxion models.Beginningwith KSVZ-type

axions,we usethe couplingsof table2.2, keepingthe amountof protonspin carriedby strangequarks,
a free parameter.In fig. 10.8 we show m

1 /2 asa function of ~s wherethe hatchedbandreflectsthe
uncertaintyof this result. We also show mirap (see below): axion massesbetweenm1~2and mtrap are
excludedby the SN 1987Aneutrinoobservations.Clearly, the boundaryof the excludedrangeis very
uncertain,andevenaxion massesas largeas 102 eV may be tolerable.The variation of the resultswith
~s is a relativelyminor uncertaintycomparedwith the uncertaintyresulting from SN physics and the
uncertaintyof the emission rates. In fig. 10.9 we show similar results for DFSZ-axions,taking two
specific values, i~s= 0.0 (NQM) and —0.26 (EMC).

10 :1 I I I I I I I I I I I I I I I I I I I I’ 10 :1 I I I I I I I I I I I I I I I I:
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Fig. 10.8. SN 1987A axion bounds for KSVZ-axions, using the cou- Fig. 10.9. SN 1987A axion boundsfor DFSZ-axions.using the cou-
plings of table 2.2. The hatchedhand is therangeform1.,, the axion plings of lable 2.2, analogousto fIg. 10.8. The NOM casecorresponds
massfor which thedurationof theneutrinosignal would be shortened to ~s= 0 (solid line) while the EMC case has Lu = —0.26 (dashed
by a factor 1/2, inferred from the numericalworks [58,80, 811. The line).
‘trapping mass” was inferred from ref. 1971. but no estimatefor Its

uncertaintyis available.



C.C. Raffelt,Astrophysicalmethodsto constrainaxionsand othernovelparticle phenomena 97

10.6. Axion trapping

If axions interacttoo strongly, they do not freely streamout of the SN core, but rather will be :
radiated from an “axio-sphere” similar to the neutrino sphere.Turner [97] has investigated this
questionquantitatively,andhe finds that axionswhich couplemorestrongly thangtrap = 1.7 x i0~are
not excludedon the basisof the SN 1987Aneutrinoobservations.However,Turner’sinteractionrateis
too small by a factor of —2, relaxing this boundaryto —1.1 x i07. The conditionsmost relevantfor
axion trappingare thosenearthe neutrinospherewith temperaturesof (5—10) MeV, anda densityof
.-...lO~gcm3, more than three orders of magnitude less than in the inner core. Therefore the
nondegenerateinteraction rates are fully justified, the nucleon mass is at its vacuum value, and all
interactionscan be viewedas taking placein vacuum.However,neglectingthepion massin the matrix
elementis a ratherbadapproximation.The form factors,F, in the emissionrates,andsimilar factorsin
the absorptionrate, arisefrom terms such as A(k) = Ik~4/(~k~2+ m~)2in the squaredmatrix element
where k is the momentum transfer carried by the intermediatepion. Taking T = 8 MeV as a
temperaturecorresponding to the axio-sphere leads to a typical momentum transfer of k~--‘

(3mNT)112—-‘ 150MeV, hence —0.3. Taking equalnumbersof protonsandneutronsnearthe neutrino
sphereyields the trappingcondition 2.0X i07 -— (0.5g~~+ 0.5g~~)”2,or

mirap—-‘ 1.3eV x (0.5c~+ 0.5c~)”2. (10.10)

It is not quantitativelyclear,however,howthis valuerelatesto the shorteningof the observedneutrino
pulseandthus it is only a crudeupperlimit for the axion massesthat can be excluded.We showmirap
for KSVZ- and DFSZ-axionsin figs. 10.8 and 10.9.

Very recently a numericalinvestigationof the trappingregimewas conductedby Burrows, Ressell
and Turner [59] who implementedradiative energytransfer by axions in their supernovacode. This
work for the first time allows oneto relatequantitativelythe durationof the neutrinosignalto aparticle
couplingconstantin the trappingregime. In fig. 10.6 we showthe durationof the neutrinosignal in the
trappingregime, assumingequalcouplingstrengthsto neutronsandprotons.To preparethis figure we
havetakenan averagebetweenthe resultsrelevantfor the 1MB andKamiokandedetectors.Fromfig.
10.6 we concludethat the neutrinosignal in the axion trappingregime is reducedby a factor 1/2 for

= 2 x i07 which fortuitously coincideswith our above correctedversion of Turner’s [97] analytic
result. Henceeq. (10.10) remainsvalid and, moreover,can be interpretedas giving the valuefor m~,

2
in the trappingregime.

10.7. Axion boundsfrom Einstein observations

Iwamoto [77] showedthat in youngneutronstarsaxion emissionwould dominateneutrinoemission
for a large rangeof parametersnot excludedby other arguments,except for the SN 1987A neutrino
observationswhich werenot availableat the time. Later TsurutaandNomoto [99]incorporatedthe nn
bremsstrahlungrates into their numericalevolution code and calculatedcooling curves for several
values of the axion—neutroncoupling. Assumingthat the Einstein data actually establishthe surface
temperatureof young neutronstarsat t -— i0

3 yr (table 10.5), they found an axion constraintof

ga,,, ~
10_b (10.11)
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It is not clear, however,how this resultwould vary if onealso consideredthe axion—protoncoupling,
andif onewould allow thesecouplingsto vary independently.Nevertheless,this result is comparableto
the SN 1987A results.

Finally, it was proposedthat the axionsemergingfrom a neutronstar couldconvertinto X-rays in
the strong magneticfields nearthe pulsarsurface,leading to a detectablesignal [83]. However, these
transitionsare strongly suppressedby photonrefractive effects causedby the magneticfields (section
4.9.4) so that the argumentsof ref. [83] do not apply as was shownin ref. [4111.

10.8. What if neutron stars are strange quark stars?

It hassometimesbeenspeculatedthat the groundstateof nuclearmatterwould bea medium of free
quarksand gluons, i.e., that at sufficiently high densitiesnuclearmattermakesa phasetransitionto a
quark—gluonplasma.This meansthat “neutron stars” could consistof free quarksand gluons rather
than of nucleons,and a supernovacore after collapsecould contain a region of aquark—gluonplasma.
Most recently a numberof authors[55, 55a, 94] haveinvestigatedthe issue of axion emissionfrom a
quark—gluonplasmaand how it would affect boundson the axion massfrom SN 1987A.

The SN 1987Aboundsaremostly of importancefor hadronicaxion modelsfor which boundsbased
on the axion—electroncouplingdo not apply. Hadronicaxionsby definitiondo not coupleto leptonsat
tree level and also typically do not couple to normal quarks.Hence for conditions of a quark—gluon
plasmasuchaxions only couple to exotic heavycoloredobjects(which would not be presentin a SN
core)andto free gluonsby virtue of the Lagrangianeq. (2.3) which is the mostgenericingredientof all
axion modelsso that the axion—gluon interaction is completelymodel-independent.Therefore, in a
quark—gluonplasmahadronicaxions can be producedonly by processesinvolving their coupling to
gluons while thereis no equivalentto the nucleonbremsstrahlungprocesseswhich dominatein the
nuclearmatter phase.

Salati and Ellis [94] have discussedaxion emission from the gluonic plasmon decay process,

g~—* g~+ a, where g~and gf refer to transverseand longitudinal gluonic modes,respectively.The
emissionrate from this processalone is much less than that for nucleonbremsstrahlungat the same
density and temperatureso that theseauthorsconcludethat the axion boundswill be substantially
weakenedif SN cores actuallyconsistof a quark—gluonplasma.However, Altherr [55a] pointed out
that the gluonic Primakoff effect,g + q—* q + a, would bemoreimportant.This processis analogousto
fig. 4.9 if the doubleline is interpretedas representinga quark and the wavy lines as representing
gluons. Altherr found that the bound on the Peccei—Quinnscale and thus on the axion mass would
remainessentiallyunchanged,i.e., that the emissionratewould be aboutthe sameas that from nuclear
matter at similar densitiesand temperatures.

11. Summary of axion and neutrino bounds

We summarizethe astrophysicalboundson axionsandneutrinosthat were discussedin this report.

11.1. Neutrinos

11.1.1. Masses
From the absenceof dispersionof the neutrinopulseof SN 1987Aone infers a massboundfor the

electronneutrinoof
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m~<23eV (11.1)

at the 95% CL (section 10.1.2 and ref. [211]). If neutrinosare Dirac particlesso that flipping their
helicity causesthem to be sterile with respectto standardweak interactions,the cooling argumentof
the SN 1987A neutronstar (section10.3) yields a bound [92, 149—151]

m~~25keV, (11.2)

with an uncertaintyof at leasta factor of 3 in eitherdirection.The laboratoryboundsarem~<250keV
at 90% CL andm~<35MeV at 95% CL [325].Thereexistsa rangeof allowedmassvaluesfor V

1 near
this experimentalboundbecauseof trapping.

11.1.2. Right-handedinteractions
If right-handedneutrinosexist they would havebeenproducedin the core of SN 1987A, escaped

freely, and thus the cooling argument applies (section 10.3). If the right-handedinteractions are
describedby an effective current—currentLagrangianin analogy with the left-handedcurrents, the
right-handedFermi constantis constrainedby GRH ~ 0.3 x 10

4GF (chargedcurrents) and GRH ~
104GF (neutral currents), see section 10.6 and table 10.6. The best laboratory bound is GRH ~
0.17 x 102GF(chargedcurrents).

11.1.3. Magneticand electric dipole moments
It is nowknownthat thereexist exactlythreelight neutrinoflavors [449—453],all of which could have

anomalousmagnetic dipole and transition moments, ji~,, as well as electric dipole and transition
moments, r,~,where i, j = 1, 2, 3, denoting the mass eigenstates.These propertieswould allow for
radiativeneutrinodecays,v

1 —* is1 + -y, plasmondecayin stars,‘y~1—* v1v1., andelectromagneticscatter-
ings, v, + (Ze)—>(Ze) + is1, provided that the appropriatekinematic constraintsare observed.(See
section4.10 for the ratesand crosssections.)All of theseprocesseshavebeenused to constrainvarious
entriesof the magneticand electric dipole matrices.

During the time of the neutrino observations,the solar maximum mission (SMM) satellite was
operational and registereda normal backgroundflux of -y-rays [182]. The absenceof a -y burst in
associationwith the neutrino burst allows one to constrain radiative neutrino decays[181—183],
r,, /m,, ~ 2 x 1015 s/eV, where ‘r is the radiative lifetime only. A similar bound pertainsto p~and T

neutrinosif they are lighter than about 20 eV while for larger massesthe bound is less restrictive
becausethe photonspectrumwould be spreadout in time. A generalbound,valid for all families, is
[183]

2X 10
15(m~/1eV)if m~.-_20eV,

-~-~ 3x1016 if20eV~m~~100eV, (11.3)
is

8 x 1017(1eV/m,,) if 100eV ~ m~~ 1 MeV.

More interestingly, theseresults can be expressedin terms of the electric or magnetic transition
moments.Consideringspecificallythe decayv,—~is. + -y we find
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(~~2 + r11~
2)~2 1 x 10~(1eV/m~)2 if m~ 20eV,

-Il) . (11.4)
5x10 (1eV/mr) lfm~l00eV,

where /.LB = e/2m~is the Bohr magneton.
The SN 1987A cooling argument(section 10.3) can be usedbecausethe electromagneticmoments

would lead to helicity flips in the electromagneticscatteringof trapped,left-handedneutrinos on
chargedparticles. This argument [136, 141], as well as the absenceof high-energy events in the
detectors[142]leadsto the constraint

(3 (~2 + E~2)) I/2 <(0.5-5) x 10~’2~B, (11.5)
i,j=1

wherethe sum is to be extendedover all neutrinoswith m.~ 1 MeV.
Finally, the plasmon-decaywidth for -y~~—~v

1i~1would lead to the cooling of the core of red giants
beforethe helium flash, increasingthe coremassof red giants andhorizontalbranchstars(section8.5),
and leading to a constraint [146]

(±(~2 + E11~2)) <2 x 10
t2~B. (11,6)

A constraintof 1 X 10_I~B arisesfrom the white dwarf luminosity function (section9.3) andfrom the
durationof helium burning in low-massstars (section8.4). This resultappliesto Dirac neutrinos,while
for Majorananeutrinosthefinal statesmustnot be countedtwice, i.e., the boundsare lessrestrictiveby
a factor 21/2.

11.2. Axions

11.2.1. Pseudoscalarcouplingsto fermionsandphotons
We beginwith the boundson the couplingsof (pseudoscalar)Nambu—Goldstonebosonsto fermions.

The most restrictive lower boundon the Yukawa coupling to electrons,gac, arisesfrom the “helium
ignition argument” (section 8.3.2). It was first presentedin ref. [631, and a slightly revisedresult
(section8.3.2) is

g~p<3x10’3, (11.7)

valid for ma ~ 30 keV. This bound is conservativebecauseeven if the helium flash occurred, the
increasedcoremasswould makeitself knownby an increasedluminosity at the tip of the giant branch
and a shortenedhelium burning lifetime (section 8.4). A boundwhich is only slightly less restrictive
arisesfrom the white dwarf luminosity function (section9.4 andrefs. [84, 85, 88]). If the interaction is
too strong, our bosonswould not escapefrom red giant coresor white dwarfs, but then they would
contributeto the energytransferin stars (chapter5), and the known propertiesof the Sun preclude
such strong interactions(section7.1 and refs. [160, 161]), leavingno room for a window below the
boundeq. (11.7).

The most restrictive boundson the Yukawa coupling to nucleons,g~and gap~arise from the
observeddurationof the SN 1987A neutrinosignal (section 10.5 and refs. [58, 59, 80, 81, 92, 971)

Neglectinga small term proportionalto ~ + gap)2’ the bound is

(0.6g~~+ 0.4g~~)”2~ 3±1 x 10b0. (11.8)
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The largeuncertaintyarisesfrom variationsbetweendifferentnumericalSN codes,unknowncorrection
factorsdue to many-bodyeffects, and the sparsedata (few observedneutrinosfrom SN 1987A). The
criterion in deriving this boundwas a shorteningof the observedneutrinopulse by a factorof 1/2. If
the pseudoscalarsinteract too strongly they are trapped,and it was estimatedthat for (0.5g~~+

0.5g~~)~2~ 2 x i0~the neutrinosignal would also be shortenedby a factorof 1/2 (section10.6 and
refs. [59, 97]).

A boundsimilar to eq. (11.8) arisesfrom the observedcooling time scaleof neutronstarsat an age
of -‘--i03 yr (section10.7 andrefs. [77,99]), but theseargumentshaveto rely on the assumptionthat the
observedX-ray emission of compact sourcesin SN remnants actually representsthermal surface
radiation.

The photoncouplingwas constrainedby consideringthe helium burning lifetimes of low-massstars
(section8.4 and ref. [89]), leadingto a bound, for ma ~ 30 keV,

g~<1 X 10b0GeV1, (11.9)
assumingthat the lifetime is not shortenedby morethan a factor of 1/2. In this casemany-bodyeffects
can be treatedwith high accuracyso that the majoruncertaintylies in the observationaldetermination
of the helium burning lifetime which is thought to be knownto at least within a factorof two from
numbercountsin openclustersandthe old galactic disk population.Conceivably,this boundcould be
enhancedby a detailedcomparisonof numbercountsin globular clusterswith numericalevolutionary
sequences.

11.2.2. Axion massboundsand axion windows
We maynowtranslatethe boundson the variouscouplingconstantsinto axion massbounds.Taking

the genericrelationshipbetweenfermion couplingsand the axion masseq. (2.31), the boundon the
electroncoupling eq. (11.7) yields

ma<0.35x i02eVc’. (11.10)

In the DFSZ-model,specifically, we havece = cos2/3/Nfaccordingto eq. (2.32) so that

ma<1.1x102eV/cos2/3, (11.11)

wherewe havetakenthe numberof families to be N~= 3. Similar, the SN 1987Aboundyields abound
of

ma~0.6 x i0~°’5eV (0.6c~+ 0.4c~)’~2. (11.12)

For the KSVZ-model this is ma t~~ X i0~sr~5(fig. 10.8) while for DFSZ-axionsthe excludedregime
was shown as a function of the free parameter/3 in fig. 10.9.

Finally, the constrainteq. (11.9) on the photoncoupling, togetherwith table2.1, yields

ma <0.7eV E/N—i.92 (11.13)

For DFSZ-axionsor any GUT axion model (E/N = 8/3) the correctionfactor equals 1, while for
modelswith EIN = 2 this bound is strongly suppressed.

The axion boundsare bestsummarizedby fig. 11.1 wherewe show the excludedmassrange. For
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Fig. 11.1. Synopsisof astrophysicalandcosmologicalboundson theaxion mass. For KSvZ-axions,theonly free parameteris E/N, thecoefficient
of the electromagneticanomaly, while for DFSZ-axionsit is the angle f3 which measuresthe ratio of thevacuum expectationvalues of two
low-energyHiggs fields which give massesto up and downquarks, respectively.The SN 1987A boundsfor DFSZ-axionsare shown for theEMC
casewith Lu = —0.26. The parameterE/N is not a continuousvariable,rather it is theratio of small integers.For E/N = 2, thereis awindow of
allowed massesbetweenthe SN 1987A andthe red giant bound. “No Inflation” meanseither that thereis no inflation, or that theuniverse was
reheatedbeyondthe Peccei—Quinnscaleafterinflation, allowing for theformationof cosmicstringsand domainwalls, effectswhich excludemodels
with N> 1 suchas the DFSZ-model. In thepresenceof inflation, the initial “misalignmentvalue” of theaxionfield, aI2srf,, cantake on any value
in the interval [0, 1]. Ibis disputedwhether or not all of thesevalueshave equal conditional probabilities to producepossibleobservers,and
accordingto Goldberg [361],thereis no dependenceon a. we alsoindicate theuncertaintyof the SN 1987A bound andof the inflationary axion
bound. It is not clearwhetheror not thereis awindow betweentheDavis—ShellardboundandtheSN 1987A bound. If thereis no window, axions
need inflation.
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KSVZ-type axions it is shown as a function of the electromagneticanomaly coefficient,EIN, which
affects the coupling strength to photons, while all other couplings are uniquely fixed, barring the
uncertaintyof the amountof proton spin carriedby strangequarks.However, the results are rather
insensitive to this value within the experimentallyallowed range. While E/N in any realistic axion
model must be the ratio of small integers,the graphicaldisplay is facilitated by treating it as a
continuousvariable. The dip in the constraintsfrom the photoncouplingat EIN = 1.92 could equally
occurat E/N= 2 becausethe number1.92 is uncertainwithin ±0.08(seesection2.3.2). However, the
dip would be filled in somewhatby higher-orderinteractions.For DFSZ-axionsthe constraintsare
shown as a function of /3 which affects somewhatthe coupling to nucleons,affects drastically the
coupling to electrons,and leavesthe photoncouplingentirely untouched:E/N=813.

Becauseof axion trappingin thesupernovafor ma exceedinga few eV thereexistsa smallwindow of
allowed axion massesfor hadronic axions between the red giant and SN 1987A bound, a range
sometimesreferredto as “Turner’s window”. The magnitudeof this window, andwhetheror not one
hasto appealto E/N = 2 for its existence,dependscritically on the SN 1987A axion boundsin the
trappingregime.Moreover, for most parametersin this window axionscould trigger the Kamiokande
detectorso efficiently that most of the relevantparameterrangeis excluded(seesections10.6 andref.
[96]).

We also show the cosmologicalconstraintsthat were discussedin chapter3. If the universenever
underwentinflation, or if it inflated before the Peccei—Quinnsymmetrybreaking,we haveto focuson
N= 1 models to avoid overclosingthe universeby the energyassociatedwith domain walls. Even for
N = 1 modelsthereis only a narrowrangeof axion masseswhich possiblyremainsallowed. If Davis and
Shellard’s[348]treatmentof the string radiatedaxion densityis correct,axionsare necessarilya large
fraction of the cosmic mass density, and most likely affect supernovaphysics. A more rigorous
treatmentof string radiationandof supernovaphysicswith axionsmight revealthat this entire window
is closed.

If the universeinflated after the Peccei—Quinnsymmetry breakingthereremainsa large rangeof
masseswhereaxionsare allowed, and for specific combinationsof ma and the initial “misalignment”
theywould be the dark matterof the universe.In the massrangearoundi0~eV galacticaxionscan be
detected,in principle, in laboratoryexperiments.

11.2.3. Summaryand outlook
In summary, the astrophysicaland cosmologicalaxion constraintsleave a numberof interesting

windowsfor the possibleexistenceof axionsthat shouldbe furtherexplored.A better understandingof
many-bodyeffects in the core of supernovaeand a truly self-consistentcalculationtaking theseeffects
into~accountis of greatinterest. “Turner’s window” betweenthe red giant and SN 1987A boundsfor
hadronic axion models can be explored, in principle, by laboratoryexperimentssearchingfor solar
axions(section7.3), andthe samewindow is accessibleto searchesfor a spectralline from axion decay
in the “glow of the night sky” (section3.4). The cosmicmassdensityfrom axionic string decayshould
be treatedin more detail so that, perhaps,the SN 1987A andthe cosmologicalboundscan be brought
to overlap,allowing one to concludethat axions needinflation, unlessthey lie in Turner’s window.

The most important question,however, is whether axions are the dark matter of the universe.
Searchesfor galactic axions (section 3.5) are thereforeof paramountimportance. While a negative
searchresult cannot rule out the existenceof axions, the parameterrange accessibleto microwave
cavitysearchescoversa well-motivatedrangeof parametersfor oneof the few seriouscolddark matter
candidates.
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Note addedin proof

After completionof the manuscriptseveralrecentworkshavecometo my attentionwhich ought to
be mentionedin this report. Gould [461]has investigatedthe captureof solar systemWIMPs by the
Earthand found that one may essentiallyuse the “free space”captureformula althoughthe Earthis
deepin the potential well of the Sun. Cox et al. [462] haveinvestigatedsolar oscillations including
cosmion energy transfer in their models. They found that they could not match the observedand
calculatedfrequenciesand claimedthat cosmionscould not solve the solar neutrinoproblem.Equally,
Kaplanetal. [463]havenumericallyinvestigatedthe cosmionproblemandfound that the confrontation
with helioseismologicaldata disfavorscosmionsin the Sun.

Burton andCarlson[464]haveinvestigatedGoldberg’sclaim that evenin aninflationary scenariothe
cosmicaxion densitydid not dependon an initial value for the axion field (ref. [361] andsection3.1).
They disagreewith Goldbergand reaffirm the standardaxion scenario.Accordingto theseauthorsthe
cosmic axion densitydoesdependon initial conditions as shown in the upper left panelof fig. 11.1.

As discussedin section3.4, hadronicaxions with a massarounda few eV could producea decayline
in the glow of the night sky. The decay photonscould, indeed,stimulatefurther axion decay.It has
beenspeculatedthat coherentlyenhanceddecayof cosmic axionscould providethe energysourcefor
quasars[465]or evenleadto the formationof the observedvoidsin the structureof the universeby the
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explosionof clusteredaxions [466].Axions with such parameters,however,are probablyexcludedby
the absenceof axion inducedsignals in the SN 1987A neutrinoobservations[96].

It hasbeenproposed[467]to upscalethe University of Florida axion searchexperimentin order to
conduct a realisticaxion search.The main ingredientof this proposalis to usea largesuperconducting
magnet(volume of magneticfield —‘2.8 m3 at ‘—‘7 T) owned by LawrenceLivermore National Labora-
tory (California) that could be madeavailablefor this purpose.Moreover,one would subdividethe
field volume in anywherefrom 1 to 1024 individual cavitiesin orderto allow for searchmassesfrom 0.6
to 16 [ieV.Overa searchtime of ‘--‘4 yearsonemaybe able to reachthe “axion line” in fig. 3.2 over the
rangeof searchmassesand thuswould be able to find or excludeGUT axionsin their role as the dark
matterof our galaxy.

Goyaland Anand[468]havecomputedthe neutrinoemissivity of strangequarkmatter,while Anand
et a]. [469]havecomputedthe emissionof axionsby bremsstrahlungprocessesinvolving quarks.They
found that the emissivity of strangequarkmatter was a factor of 4—10 belowthat of nuclearmatter at
the samedensityandtemperatureso that boundson DFSZ-typeaxions (which couple directly to light
quarks)from SN 1987A would be diminishedif the SN core consistedof strangequark matter. This
work is complementaryto refs. [55,55a, 94] discussedin section 10.8.

Gandhi and Burrows[470]haveconsideredthe flipping of neutrinosinto right-handedstatesin SN
1987A, assuminga Dirac massterm (section10.3.2 and table 10.6). They includedthe corresponding
energyloss rate in Burrows’ supernovacodeand computedthe durationof the neutrinosignal in the
1MB and Kamiokandedetectorsalong the lines discussedin section 10.5. They founda mass bound
m~< 14 keV, in good agreementwith the result given in table 10.6.

Severalgroupsof authors[471—473]haveconsideredparticleswith a small fractionalelectriccharge
(milli- or mini-chargedparticles).Theyhavederivedconstraintsin the mass—chargeplanefrom various
arguments,including thestellarenergyloss argumentappliedto HB stars,white dwarfs,andSN 1987A.
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