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PrimaryPrimary CosmicCosmic Ray Ray ComponentsComponents -- HistoryHistory

1920: 1920: PhotonsPhotons ((MillikanMillikan)) oror ParticlesParticles ((ComptonCompton))

1940: 1940: MostlyMostly ProtonsProtons
1948:1948: NucleiNuclei of of heavyheavy elementselements
19601960--1980s:1980s: UltraheavyUltraheavy elementselements
1960s:1960s: ElectronsElectrons and and PositronsPositrons
19801980--1990s:1990s: AntiprotonsAntiprotons
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PrimaryPrimary CosmicCosmic Ray Ray compositoncompositon

CosmicCosmic Ray Ray consistsconsists ofof
98%98% nucleinuclei

87%87% protonsprotons
12%  12%  heliumhelium nucleinuclei
1%1% heavierheavier nucleinuclei

2 %2 % electronselectrons and and positronspositrons

1000 1000 eventsevents cmcm--22 ss--11 in in thethe earthearth atmosphereatmosphere
→→ Term "Term "rayray" " isis misnomermisnomer, as , as cosmiccosmic particlesparticles arrivearrive

individuallyindividually notnot in in thethe form of a form of a rayray oror beambeam of of 
particlesparticles



10. Dezember 2008 5

Are there antimatter contributions?Are there antimatter contributions?

positrons and antipositrons and anti--protonsprotons
Both species are generated at 10Both species are generated at 10--44 level as compared to protons level as compared to protons 
from interactions in the ISMfrom interactions in the ISM

DetectionDetection of a of a singlesingle antiheliumantihelium nucleusnucleus wouldwould requirerequire
thethe existenceexistence of a of a antistarantistar
No evidence for heavy antiNo evidence for heavy anti--nuclei in the cosmic nuclei in the cosmic 
rays, at a level of  <10rays, at a level of  <10--66 for antihelium/helium!for antihelium/helium!

►► Cosmic rays do not provide new insight on the Cosmic rays do not provide new insight on the 
matter/antimatter asymmetry of the universematter/antimatter asymmetry of the universe..
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CosmicCosmic--RaysRays

twotwo categoriescategories of of CosmicCosmic Rays:Rays:
PrimaryPrimary –– CosmicCosmic Rays Rays thatthat arisearise in extrasolar in extrasolar sourcessources
SecondariesSecondaries -- Interaction of Interaction of CosmicCosmic--RaysRays and interstellar and interstellar 
mediummedium createscreates SecondarySecondary CosmicCosmic--RaysRays ((mostlymostly spallationspallation))

ClassifyClassify thethe observedobserved CR CR intointo sixsix subcategoriessubcategories
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CosmicCosmic Ray Ray ElementalElemental CompositionComposition
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CosmicCosmic Ray Ray ElementalElemental CompositionComposition

SecondariesSecondaries, , e.ge.g. . 
Li, Be, B Li, Be, B areare
muchmuch moremore
abundantabundant in in 
CosmicCosmic Rays Rays 
thanthan in in thethe Solar Solar 
SystemSystem
ProducedProduced byby
spallationspallation of of thethe
primaryprimary nucleinuclei in in 
thethe ISMISM
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CosmicCosmic Ray Ray ElementalElemental CompositionComposition

mainlymainly identicalidentical to to compositioncomposition
in solar in solar systemsystem
dominant dominant elementselements::
H, He, C, O, Si, FeH, He, C, O, Si, Fe
Evident Evident depletiondepletion in in CosmicCosmic
Rays:Rays:
He, O, Ne, S and ArHe, O, Ne, S and Ar
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CosmicCosmic Ray Ray IsotopicIsotopic CompositionComposition

CosmicCosmic--rayray sourcesource
isotopicisotopic ratiosratios differdiffer onlyonly
littlelittle fromfrom Solar Solar systemsystem
in in contrastcontrast to to thethe
elementalelemental sourcesource
compositioncomposition
Dominant Dominant isotopesisotopes::
44He, He, 1212C, C, 1616O, O, 2828Si, Si, 5656FeFe
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ParticlesParticles´́ EnergyEnergy

CosmicCosmic Rays Rays areare relativisticrelativistic
particlesparticles withwith energiesenergies up to up to 
E~10E~102020 eVeV
ComponentsComponents poorlypoorly knownknown
aboveabove E ~10E ~1012 12 eVeV
AccurateAccurate elementalelemental spectralspectral
measurementmeasurement onlyonly up to up to 
E~10E~1013 13 eVeV

→→ onlyonly overover a a smallsmall rangerange of of 
energyenergy thethe elementalelemental
compositioncomposition cancan bebe
measuredmeasured directlydirectly..
butbut: : compositioncomposition isis essential essential 
forfor understandingunderstanding
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ExtragalacticExtragalactic CosmicCosmic RaysRays

EnergeticsEnergetics of of ““universal universal ““ cosmic ray population cosmic ray population 
would be difficult to explainwould be difficult to explain
Gamma ray observationsGamma ray observations with EGRET consistent with EGRET consistent 
with cosmic ray populations in our and nearby (e.g. with cosmic ray populations in our and nearby (e.g. 
LMC) galaxiesLMC) galaxies
CosmicCosmic--ray ray electronselectrons cannot be extracannot be extra--galacticgalactic
Cosmic rays can be efficiently confined in the galaxy up Cosmic rays can be efficiently confined in the galaxy up 
to at least 10to at least 101717 eVeV: : GyroGyro--radiusradius of proton at 10of proton at 101717 eV is eV is 
100 pc at 1100 pc at 1μμGauss fieldGauss field

►► Except for the highest energies, extragalactic Except for the highest energies, extragalactic 
contributions to cosmiccontributions to cosmic--ray intensity seem to be ray intensity seem to be 
small.small.
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PathPath lengthlength decreasedecrease withwith EnergyEnergy

SecondarySecondary ((likelike Boron) to Boron) to 
PrimaryPrimary ((likelike CarbonCarbon) ) ratioratio
decreasedecrease withwith EnergyEnergy
CosmicCosmic Ray Ray nucleinuclei traverse traverse 
aboutabout

7g/cm7g/cm22 at a at a fewfew GeVGeV//nucleonnucleon
lessless thanthan 1g/cm1g/cm22 at 100 at 100 
GeVGeV//nucleonnucleon

beforebefore leavingleaving thethe galaxygalaxy
→→ thethe interstellar interstellar pathlengthpathlength

((amountamount of material of material traversedtraversed
byby cosmiccosmic raysrays in in thethe GalaxyGalaxy) ) 
Λ isis decrasingdecrasing withwith energyenergy
Λ ∝ E-0.6 (above 10 GeV/nucleon)
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Energy spectrum of particles injected by the 
source is different from observed spectrum:

ObservedObserved energyenergy spectrumspectrum: : 
PowerlawPowerlaw EE--2.72.7

•
Observer

* Source
(whatever it is)

--- Λ(E)  ---

With  Λ ∝ E-0.6 hard source 
energy spectrum is required: 
source power law ∝ E -2.1
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ElementalElemental sourcesource spectraspectra

nearlynearly all all elementalelemental
energyenergy spectraspectra areare similarsimilar
indicate same source indicate same source 
mechanism for all nuclei, mechanism for all nuclei, 
such as shock such as shock 
acceleration in acceleration in 
Supernova RemnantsSupernova Remnants
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best fit best fit powerlawpowerlaw indexindex aboveabove 10101212 eVeV

powerpower lawlaw::
dEdE//dNdN = E= E--δδ

Best fit Best fit spectralspectral indexindex::
δδ ~ 2.65~ 2.65
Λ ∝ E-0.6

→→ sourcesource spectralspectral indexindex::
δδ ~ 2.1~ 2.1

Spectra can be fit to Spectra can be fit to 
common power law but common power law but 
this might be this might be 
oversimplification.oversimplification.
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AccelerationAcceleration ProcessProcess

CosmicCosmic Rays Rays areare acceleratedaccelerated byby SuperNovaSuperNova
remnantsremnants ((SNRsSNRs))
BUT: BUT: DataData Analysis Analysis showedshowed thatthat notnot oneone butbut
manymany SNRsSNRs areare neededneeded forfor thethe observedobserved
metallicitymetallicity and and energyenergy of of CosmicCosmic RaysRays

SuperbubbleSuperbubble -- ModelModel
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TheThe SuperbubbleSuperbubble ModelModel

Basic Basic ideaidea: : useuse thethe collectivecollective effecteffect of of manymany
SuperNovaeSuperNovae explodingexploding closeclose to to oneone anotheranother, so , so thatthat thethe
sourcesource material material isis acceleratedaccelerated byby all of all of themthem
LuckilyLuckily Massive Stars Massive Stars areare foundfound in in associationsassociations

→→ formationformation of large of large structuresstructures knownknown as as SuperbubblesSuperbubbles
ConclusionConclusion: : 

SuperbubblesSuperbubbles surroundsurround OB OB associationsassociations

SuperbubblesSuperbubbles accelerateaccelerate thethe ambient ISM to ambient ISM to 
CosmicCosmic Ray Ray energiesenergies
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SourceSource material material forfor GalacticGalactic CosmicCosmic--RaysRays

proposedproposed sourcesource materialsmaterials

freshfresh ejectaejecta fromfrom supernovasupernova explosionsexplosions

stellar wind stellar wind 

interstellar interstellar dustdust and gasand gas
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SourceSource materialmaterial

ItIt isis well well establishedestablished thatthat CR CR getget acceleratedaccelerated in in 
Supernova Supernova remnantsremnants
Also well Also well establishedestablished thatthat nucleosynthesisnucleosynthesis of of heavyheavy
elementselements occursoccurs in SNin SN

Major Major QuestionQuestion::

DoesDoes a SNR a SNR accelerateaccelerate nucleinuclei to CR to CR energiesenergies soonsoon
afterafter theythey werewere synthesizedsynthesized oror do SNR do SNR accelerateaccelerate

““oldold““ ambient material in ambient material in thethe ISM, ISM, whichwhich was was 
synthesizedsynthesized in in previousprevious eventsevents??
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AccelerationAcceleration Time Time DelayDelay ClocksClocks

CRIS on ACE CRIS on ACE answersanswers thethe majormajor questionquestion aboutabout
AccelerationAcceleration Time Time DelayDelay::
SomeSome basicbasic factsfacts::

30%30%--60% of 60% of thethe massmass 59 59 nucleinuclei synthesizedsynthesized in SN in SN isis 5959NiNi
5959Ni Ni isis unstableunstable againstagainst electronelectron capturecapture withwith a a halfhalf--lifelife of of 
0.760.76xx101055 yryr (in (in laboratorylaboratory))

at CR at CR energiesenergies all all electronselectrons areare strippedstripped offoff

→→ 5959Ni Ni isis stablestable at at thisthis energyenergy
SN SN shockshock time <<time << 5959Ni Ni halfhalf--lifelife
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AccelerationAcceleration Time Time DelayDelay ClocksClocks 22

IfIf 5959Ni Ni isis acceleratedaccelerated soonsoon
afterafter itit was was synthesizedsynthesized itit
shouldshould survivesurvive
IfIf thethe SNR SNR acceleratedaccelerated ISM ISM 
5959Ni Ni isis decayeddecayed
No No 5959Ni Ni isis observedobserved in in thethe
CR, CR, becausebecause itit all all decayeddecayed to to 
5959CoCo

AccelerationAcceleration time time delaydelay

~ 10~ 105 5 yryr
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Supernova Supernova ejectaejecta oror interstellar gas?interstellar gas?

Composition of cosmic rays is similar to the Composition of cosmic rays is similar to the 
““universaluniversal”” abundance scale in the solar systemabundance scale in the solar system
No evidence for the enhancement of nuclides No evidence for the enhancement of nuclides 
typical for SN nucleosynthesistypical for SN nucleosynthesis
Time delay between nucleosynthesis and Time delay between nucleosynthesis and 
acceleration is larger than about 10acceleration is larger than about 1055 yearsyears

Galactic cosmic rays injected mainly from gas Galactic cosmic rays injected mainly from gas 
and dust of the interstellar mediumand dust of the interstellar medium
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GCR GCR anomaliesanomalies: : 2222Ne Ne excessexcess

Wolf Rayet-Stars are evolved, massive stars (over 20 solar masses), 
which are losing mass rapidly by means of very strong stellar wind.

CosmicCosmic Ray Ray ratioratio 2222Ne/Ne/2020Ne 5 Ne 5 timestimes higherhigher thanthan
in solar windin solar wind
2 2 possiblepossible explanationsexplanations::

Solar System Solar System isis somehowsomehow depleteddepleted in in 2222Ne Ne comparedcompared
to to thethe GalaxyGalaxy
WolfWolf--RayetRayet--StarsStars, , whichwhich also also havehave a a 2222Ne Ne excessexcess, , 
contributecontribute fewfew percentpercent of of CosmicCosmic RaysRays
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First First IonizationIonization Potential vs. Potential vs. VolatilityVolatility

Fine Fine structurestructure amongamong thethe heavyheavy elementelement
abundancesabundances
StructureStructure isis primarilyprimarily governedgoverned byby atomicatomic, , notnot
nuclearnuclear physicsphysics
relevant relevant atomicatomic physicphysic parameterparameter

First First IonizationIonization Potential (FIP)Potential (FIP)
elementalelemental volatilityvolatility, , i.ei.e. . itsits condensationcondensation temperaturetemperature
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FIP vs.FIP vs. VolatilityVolatility ( T( TC C ))
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FIP vs. TFIP vs. TCC

CorrelationCorrelation betweenbetween FIP and TFIP and TCC: : 
lowlow FIP FIP compoundscompounds ((metallsmetalls) form ) form refractoryrefractory elementselements, , whilewhile
highhigh--FIPFIP elementselements (H, (H, nonmetalsnonmetals, noble , noble gasesgases) form volatile ) form volatile 
compoundscompounds oror do do notnot condensecondense at allat all
CrucialCrucial elementselements areare exceptionsexceptions to to thisthis generalgeneral correlationcorrelation: : 
lowlow--FIPFIP volatile volatile elementselements and and highhigh--FIPFIP refractoriesrefractories
CrucialCrucial elementelement ratiosratios::

Na/MgNa/Mg
P/SP/S
Ge/FeGe/Fe
Pb/PtPb/Pt
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TTCC as as thethe relevant relevant atomicatomic parameterparameter

All All fourfour ratiosratios point point towardtoward
volatilityvolatility, , notnot FIP as FIP as thethe relevant relevant 
parameterparameter

EnhancementEnhancement of of refractoryrefractory
elementselements relative to volatile relative to volatile onesones
EnhancementEnhancement of of thethe heavierheavier
elementselements amongamong thethe volatile volatile 
elementselements

RefractoryRefractory elementselements areare largelylargely
lockedlocked intointo solid solid dustdust grainsgrains in in 
ISM, SN ISM, SN ejectaejecta and stellar wind and stellar wind 
envelopesenvelopes
existenceexistence of of grainsgrains isis importantimportant forfor
accelerationacceleration modelsmodels to to explainexplain thethe
transittransit fromfrom thermal to thermal to nonnon--
thermalthermal energiesenergies
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ConfinementConfinement time in time in thethe GalaxyGalaxy

Beta Beta decaydecay isotopesisotopes ((electronelectron capturecapture excludedexcluded) ) 
cancan helphelp to date of to date of thethe meanmean time time thatthat CR CR areare
confinedconfined in in thethe GalaxyGalaxy
UnstableUnstable isotopesisotopes

1010Be Be halfhalf--lifelife 1.5 1.5 MyrMyr
2626Al Al halfhalf--lifelife 0.87 0.87 MyrMyr
3636Cl Cl halfhalf--lifelife 0.30 0.30 MyrMyr

ConfinementConfinement time time isis inferredinferred fromfrom ratioratio withwith
nearbynearby stablestable secondariessecondaries
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ExampleExample: : MassMass spectrumspectrum of Beof Be

Substantial Substantial peakspeaks in in massmass
spectrumspectrum forfor 99Be and Be and 77BeBe
99Be and Be and 77Be Be areare stablestable
isotopesisotopes in in CosmicCosmic RaysRays
Small Small butbut distinctdistinct peakpeak forfor
1010BeBe
99Be ten Be ten timestimes higherhigher thanthan
1010BeBe

→→ Most of Most of 1010Be has Be has decayeddecayed
beforebefore itit couldcould reachreach usus

MeanMean confinementconfinement time time 
15.0 15.0 ±± 1.6 1.6 MyrMyr
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ChemicalChemical Evolution of Evolution of thethe GalaxyGalaxy

Solar System Solar System abundancesabundances reflectreflect thethe chemicalchemical compositioncomposition of of thethe
GalaxyGalaxy, as , as itit consistedconsisted 4.6 4.6 GyrGyr agoago
LifetimeLifetime of of CosmicCosmic Rays in Rays in thethe GalaxyGalaxy: ~20 : ~20 MyrMyr

→→ CosmicCosmic Rays Rays areare „„youngyoung““ and and reflectreflect thethe chemicalchemical compositioncomposition of of thethe
GalaxyGalaxy ““todaytoday““

→→ differencesdifferences in in thethe isotopicisotopic and and elementalelemental abundancesabundances of GCRS and solar of GCRS and solar 
systemsystem shouldshould reflectreflect thethe chemicalchemical evolutionevolution of of thethe GalaxyGalaxy duringduring thethe last 4.6 last 4.6 
GyrGyr sincesince thethe Solar Solar systemsystem formedformed
MetallicityMetallicity of of starsstars shouldshould increaseincrease overover timetime

→→ neutronneutron richrich isotopesisotopes of Si and Mg of Si and Mg shouldshould enhanceenhance
ThisThis doesdoes notnot appearappear to to bebe thethe casecase

→→ 2 2 possiblepossible explanationsexplanations
‚‚prepre--SolarSolar--nebulanebula‘‘ formedformed in a in a moremore evolvedevolved portionportion of of thethe GalaxyGalaxy and and thatthat thisthis
effecteffect compensatescompensates forfor 4.6 4.6 GyrGyr evolutionevolution
RelativelyRelatively littlelittle chemicalchemical evolutionevolution in in thethe GalaxyGalaxy overover thethe last 4.6 last 4.6 GyrGyr comparedcompared
to to thethe time time betweenbetween thethe formationformation of of GalaxyGalaxy and and thethe formationformation of Solar System of Solar System 
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ConclusionConclusion

also also itit isis importantimportant to to knowknow thethe elementalelemental
compositioncomposition itit isis eveneven moremore importantimportant to to knowknow
thethe isotopicisotopic compositioncomposition of of thethe CRCR
WhatWhat cancan wewe learnlearn fromfrom CosmicCosmic Rays?Rays?

WeWe cancan learnlearn somethingsomething aboutabout::
thethe CosmicCosmic Ray Ray sourcessources and and sourcesource compositioncomposition
thethe interstellar interstellar mediummedium
thethe galacticgalactic chemicalchemical evolutionevolution
thethe rolerole and and extentextent of a of a galacticgalactic halohalo



10. Dezember 2008 33

ThanksThanks forfor youryour attentionattention..

Are Are therethere anyany QuestionsQuestions??


