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Victor Hess (1912):Victor Hess (1912):

DiscoveryDiscovery

increasing increasing height height 

→→→→→→→→ increasing # of electronsincreasing # of electrons
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electrometer electrometer in in balloon balloon „„HöhenstrahlungsHöhenstrahlungs--Labor“ Labor“ (Zugspitze)(Zugspitze) Eiger glacialEiger glacial



Robert Millikan (1920s):Robert Millikan (1920s):

IdentificationIdentification
extraterrestric originextraterrestric origin
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cloud chamber (1911) cloud chamber (1911) track track of of positron positron (1932)(1932) nuclear emulsions (>1940)nuclear emulsions (>1940)

Particle DetectorsParticle Detectors



primary → 

Secondary → 

distinguishdistinguish

primary primary & & 
secondary secondary 
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Secondary → secondary secondary 
CRs CRs 

((scattering in scattering in 
atmosphereatmosphere))



CRs = CRs = particlesparticles & & IRIR--waveswaves

Astroparticle Physics (APP) Astroparticle Physics (APP) makes themakes the bridgebridge
from from particle physics particle physics toto

astrophysics astrophysics && cosmologycosmology

all all kinds of kinds of particle detectorsparticle detectors, , 
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ICECUBEICECUBE

MAGICMAGIC

CherenkovCherenkov
neutrino&gamma rayneutrino&gamma ray
telescopestelescopes
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all all kinds of kinds of particle detectorsparticle detectors, , 
arranged arranged as as telescopestelescopes



CRs CRs = = many phenomena! many phenomena! 
Phenomena Phenomena = Facts in Nature (= Facts in Nature (BogenBogen & Woodward)& Woodward)

• effects (Photo, effects (Photo, ZeemannZeemann, , BohmBohm--AharanovAharanov, Quantum Hall, …) , Quantum Hall, …) 
•• explanandaexplananda of theories & of theories & predictionspredictions from theoriesfrom theories

APP: APP: →→ Where do they Where do they Come Come FFromrom??

CRs = CRs = high & low energy rayshigh & low energy rays
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APP: APP: →→ Where do they Where do they Come Come FFromrom??
→→ MeasureMeasure && Explain Explain thethe SpectrumSpectrum !!

ICECUBEICECUBE

MAGICMAGIC

CherenkovCherenkov
neutrino&gamma rayneutrino&gamma ray
telescopestelescopes
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> 1930> 1930 unravelling particle contentunravelling particle content

(C.D.Anderson, …) (C.D.Anderson, …) 

> 1954 > 1954 energy measurements ofenergy measurements of
of charged of charged CRs  (B.Rossi)CRs  (B.Rossi)

> 1964> 1964 discovery of 3K CMB discovery of 3K CMB 
(A.Penzias, R.Wilson)(A.Penzias, R.Wilson)
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(A.Penzias, R.Wilson)(A.Penzias, R.Wilson)

> 1967> 1967 gamma ray emission from gamma ray emission from 
our galaxy (satellites)our galaxy (satellites)
gamma ray bursts (gamma ray bursts (GBRs)GBRs)
(military defense satellites) (military defense satellites) 

> 1987> 1987 energy flux of charged energy flux of charged & & 

uncharged uncharged CR CR particlesparticles

•• Power law Power law 
decreasedecrease

•• two „kinks“: two „kinks“: 
„knee“ & „knee“ & 
„ankle“„ankle“



All Particle All Particle SpectrumSpectrum

particle content of particle content of 
primary CRs:primary CRs:
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primary CRs:primary CRs:
charged particles:charged particles:
90 % protons 90 % protons 
9 % 9 % αα--particlesparticles
1 % electrons1 % electrons

(uncharged particles: (uncharged particles: 
photons & neutrinos)photons & neutrinos)

•• Power law Power law 
decreasedecrease

•• two „kinks“: two „kinks“: 
„knee“ & „knee“ & 
„ankle“„ankle“



Grand Unified Photon SpectrumGrand Unified Photon Spectrum
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eV][
E

TeV 0.5
E

bg

cut =

cutcut--off off energyenergy
PeV TeV GeVPeV TeV GeV

GeV  TeV  PeV  ZeV  EeVGeV  TeV  PeV  ZeV  EeV
photonphoton energyenergy



Astrophysical NeutrinosAstrophysical Neutrinos

Hard to catch!Hard to catch!

very low reaction ratevery low reaction rate

(precursor of ICECUBE)(precursor of ICECUBE)

–– predictionspredictions

(supernovae)(supernovae)
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»» look for look for bottombottom--upup
neutrino events, in    neutrino events, in    
mountains, ice, water mountains, ice, water 
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CRs CRs 

carrycarry
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carrycarry

Information Information 
from Cosmic from Cosmic 
SourcesSources



InformationInformationInformationInformationInformationInformationInformationInformation

= signal transmisson = signal transmisson = signal transmisson = signal transmisson = signal transmisson = signal transmisson = signal transmisson = signal transmisson 
from from emitter emitter emitter emitter emitter emitter emitter emitter 

to to receiverreceiverreceiverreceiverreceiverreceiverreceiverreceiver

Signal transmissionSignal transmission
= particle propagation = particle propagation 

from source to detector from source to detector 
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to to receiverreceiverreceiverreceiverreceiverreceiverreceiverreceiver

to read it out, youto read it out, youto read it out, youto read it out, youto read it out, youto read it out, youto read it out, youto read it out, you
must know 2 of:must know 2 of:must know 2 of:must know 2 of:must know 2 of:must know 2 of:must know 2 of:must know 2 of:

•• cosmic sourcecosmic source

•• nature of signalnature of signal

•• interactions   interactions   
during transferduring transfer



Only Only 

uncharged particles uncharged particles uncharged particles uncharged particles uncharged particles uncharged particles uncharged particles uncharged particles 

point topoint to

their source!their source!

Particle propagationParticle propagation
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their source!their source!

They allowThey allow

„direct observation“„direct observation“„direct observation“„direct observation“„direct observation“„direct observation“„direct observation“„direct observation“

of source, of source, 

no interactions no interactions 
during transferduring transfer

(D.Shapere 1982)(D.Shapere 1982)



Photon & neutrino Photon & neutrino Photon & neutrino Photon & neutrino Photon & neutrino Photon & neutrino Photon & neutrino Photon & neutrino 
telescopes telescopes telescopes telescopes telescopes telescopes telescopes telescopes 

observeobserve

extragalactic extragalactic 

Scientific Realism?Scientific Realism?
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extragalactic extragalactic 
sources,  sources,  

like like like like like like like like 

Galileo observed      Galileo observed      
Jupiter moonsJupiter moons

Proton detection   Proton detection   Proton detection   Proton detection   Proton detection   Proton detection   Proton detection   Proton detection   
does not! does not! does not! does not! does not! does not! does not! does not! 
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Be Be Be Be Be Be Be Be cautious! cautious! cautious! cautious! cautious! cautious! cautious! cautious! 

Shapere‘s example:  Observation of Shapere‘s example:  Observation of sunsunsunsunsunsunsunsun with with solar neutrinossolar neutrinossolar neutrinossolar neutrinossolar neutrinossolar neutrinossolar neutrinossolar neutrinos

Solar neutrino experimentsSolar neutrino experiments

⇒⇒⇒⇒⇒⇒⇒⇒ neutrino neutrino neutrino neutrino neutrino neutrino neutrino neutrino oscillationsoscillationsoscillationsoscillationsoscillationsoscillationsoscillationsoscillations
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⇒⇒⇒⇒⇒⇒⇒⇒ neutrino neutrino neutrino neutrino neutrino neutrino neutrino neutrino oscillationsoscillationsoscillationsoscillationsoscillationsoscillationsoscillationsoscillations
(information about (information about 
messenger particlesmessenger particlesmessenger particlesmessenger particlesmessenger particlesmessenger particlesmessenger particlesmessenger particles, , 

notnot source!) source!) source!) source!) source!) source!) source!) source!) 

Observation of Observation of cosmic sources cosmic sources dependsdepends
on on knowledgeknowledge of of messenger particles messenger particles 

& their & their interactions !interactions !

„theory„theory--ladenness“ladenness“



Sources & their Sources & their 
activitiesactivities

astrophysical astrophysical datadatadatadatadatadatadatadata::

Extragalactic sourcesExtragalactic sources
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astrophysical astrophysical datadatadatadatadatadatadatadata::

luminosity & spectra & luminosity & spectra & 
temporal evolutiontemporal evolution

of of 

AGNs, AGNs, AGNs, AGNs, AGNs, AGNs, AGNs, AGNs, 

GRBs, GRBs, GRBs, GRBs, GRBs, GRBs, GRBs, GRBs, 

SNRsSNRsSNRsSNRsSNRsSNRsSNRsSNRs



(precursor of ICECUBE)(precursor of ICECUBE)

–– predictionspredictions

(Supernovae)(Supernovae)

Sources & their Sources & their 
activities:activities:

astrophysical astrophysical modelsmodelsmodelsmodelsmodelsmodelsmodelsmodels

Extragalactic sourcesExtragalactic sources
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astrophysical astrophysical modelsmodelsmodelsmodelsmodelsmodelsmodelsmodels

of of 

AGNs, AGNs, AGNs, AGNs, AGNs, AGNs, AGNs, AGNs, 

GRBs, GRBs, GRBs, GRBs, GRBs, GRBs, GRBs, GRBs, 

SNRsSNRsSNRsSNRsSNRsSNRsSNRsSNRs
tested tested by gamma ray &by gamma ray &

neutrino telescopes!neutrino telescopes!

(Cosmic Neutrino   (Cosmic Neutrino   
Background)Background)



Dark matterDark matter

Missing gravitational massMissing gravitational mass

astrophysical data (astrophysical data (Fritz Zwicky,1933)Fritz Zwicky,1933)::

Galaxies in ComaGalaxies in Coma--Cluster do not behave Cluster do not behave 
according to Newtonian gravitationaccording to Newtonian gravitation
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according to Newtonian gravitationaccording to Newtonian gravitation
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particle telescopesparticle telescopes
of APP of APP 
sensitive  sensitive  to to WIMPS  WIMPS  

Dark matterDark matter
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sensitive  sensitive  to to WIMPS  WIMPS  
(Weakly Interacting   (Weakly Interacting   

Massive Particles)Massive Particles)

suspected behind suspected behind 

dark matterdark matter

produced produced 
during transferduring transfer



Astrophysical Explanation Astrophysical Explanation 
of of All Particle Spectrum of CRsAll Particle Spectrum of CRs

September 23, 2011
brigitte.falkenburg@tu-dortmund.de      
Astroparticle  Physics & Cosmology 23

Power law decreasePower law decrease
ddΦΦ/dE /dE ⋅⋅ EE2.702.70

•• two „kinks“: two „kinks“: 

„knee“ & „ankle“ „knee“ & „ankle“ 
SupernovaeSupernovae

Supernovae Remnants Supernovae Remnants 

Active Galactic  Nuclei Active Galactic  Nuclei 



How to explain CRs?How to explain CRs?
Where do Where do 10102121 eV eV CRs come from?CRs come from?

Goal of physics:Goal of physics: to explain the phenomenato explain the phenomena
Explanation: Explanation: very very different views! different views! 
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»» „true causes„true causes“ “ (Newton:(Newton: particles & forces)particles & forces)

»» economy of thought economy of thought (Mach: (Mach: nono Laws of Nature)Laws of Nature)

»» unification (Einsteinunification (Einstein, , Planck: Planck: universal lawsuniversal laws))

»» classification by analogies (Bohr: classification by analogies (Bohr: correspondence correspondence 
& complementarity)& complementarity)

in terms of:in terms of: concepts & modelsconcepts & models
»» Do Do they they describe describe PPhysical hysical RRealityeality??



In the practice of APP,In the practice of APP,

differentdifferent attitudes coexist!   attitudes coexist!   

Entity Entity realism:realism: belief in belief in cosmic rayscosmic rays & & cosmic sourcescosmic sources
(many cases of „direct“ observation / evidence)(many cases of „direct“ observation / evidence)

Causal Causal realism: realism: search search for for causescauses ofof CRsCRs

25

Causal Causal realism: realism: search search for for causescauses ofof CRsCRs

StructuralStructural realism: realism: belief in belief in quantum lawsquantum laws // wavewave--particle dualityparticle duality
((e.g., e.g., neutrino oscillations)neutrino oscillations)

Universal Universal laws:laws: belief inbelief in unity of natureunity of nature
(otherwise, (otherwise, the practice of APP makes the practice of APP makes no sense!)no sense!)

Realism of Realism of modelsmodels: : belief belief only only in in specific modelsspecific models of of data, CRs &data, CRs &
sources sources based on based on safe safe background knowledgebackground knowledge

beyond:beyond: Instrumentalistic views!Instrumentalistic views!
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Astro Particle Physics (APP)Astro Particle Physics (APP)

-- a a peculiarpeculiar discipline!discipline!

Phenomena:Phenomena: cosmic rays (CRs)cosmic rays (CRs)
light & radio waves, gamma rays, light & radio waves, gamma rays, 

all kinds of subatomic particlesall kinds of subatomic particles

DisciplineDiscipliness: : particle physics & astrophysicsparticle physics & astrophysics
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DisciplineDiscipliness: : particle physics & astrophysicsparticle physics & astrophysics
Methods:Methods: mixed mixed 

Models:Models: nuclear & particle physics & astrophysicsnuclear & particle physics & astrophysics

Detectors:Detectors: particle detectors particle detectors arranged as arranged as telescopestelescopes

Theory:Theory: no theory on its ownno theory on its own
2 2 standard models &standard models &

2 2 incompatible theoriesincompatible theories



Goal of physics:Goal of physics: to explain the phenomenato explain the phenomena
Astroparticle physics:Astroparticle physics: to explain origin & spectra of cosmic rays to explain origin & spectra of cosmic rays 

in terms of:in terms of: concepts concepts & & modelsmodels

How to explain CRs?How to explain CRs?
In terms of a In terms of a unified explanation unified explanation ??
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in terms of:in terms of: concepts concepts & & modelsmodels
-- CRs = CRs = messenger particlesmessenger particles
-- carry carry informationinformation from from extragalactic sourcesextragalactic sources
-- information may be information may be disturbeddisturbed

»» do they describe do they describe physical realityphysical reality ??

Problem of APP: no Problem of APP: no unified unified foundationsfoundations
» „» „ true causes“true causes“ or or economy of thoughteconomy of thought ??

Are you Are you 
sure sure 

what you what you 
know?know?



No unified theoryNo unified theory
for for highhigh & & lowlow energy CRs !energy CRs !

�� high energy:   ehigh energy:   e±±±±±±±±, p, , p, γγγγγγγγ, , νννννννν, …   , …   Quantum Field TheoryQuantum Field Theory

�� WaveWave--particle duality particle duality (neutrino oscillations)(neutrino oscillations)

Messenger particlesMessenger particles::
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&& “Standard model”  “Standard model”  of of Particle PhysicsParticle Physics..
�� low energy:      3K CMB         low energy:      3K CMB         Special & General Relativity:Special & General Relativity:

�� Signal Signal Transmission Transmission restricted to light cone light cone 
& “Standard model” “Standard model” ofof CosmologyCosmology

�� NoNo Quantum Gravity: Quantum Gravity: 

�� InformationInformation generated & transmitted by interactions interactions of
quantum particles quantum particles →→→→→→→→??←←←←←←←← cosmic sourcescosmic sources



No unified theoryNo unified theory
of of quantum particles quantum particles & & cosmic sources!cosmic sources!

2 standard models2 standard models2 standard models2 standard models2 standard models2 standard models2 standard models2 standard models, but , but 

quantum field theory quantum field theory quantum field theory quantum field theory quantum field theory quantum field theory quantum field theory quantum field theory →→→→→→→→ ←←←←←←←← cosmologycosmologycosmologycosmologycosmologycosmologycosmologycosmology

UnificationUnification
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UnificationUnification

of particle physics & of particle physics & big bang big bang cosmology cosmology 

needs needs quantum realism quantum realism quantum realism quantum realism quantum realism quantum realism quantum realism quantum realism but there is but there is none none !!
(„Many Worlds“ = metaphysics, no physics(„Many Worlds“ = metaphysics, no physics

„hidden variables“ „hidden variables“ ←←←←←←←←????????→→→→→→→→ quantum field theory)quantum field theory)



Who Who 
measured measured 

No unified theoryNo unified theory
of of quantum particles quantum particles & & the universe!the universe!
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measured measured 
the universe the universe 

herehere??



Modest pragmatic strategiesModest pragmatic strategies of unification:of unification:

�� MethodologicalMethodological: : Particle DetectorsParticle Detectors Arranged as Arranged as TelescopesTelescopes
(„Piecemeal“ Physics á la N.Cartwright)(„Piecemeal“ Physics á la N.Cartwright)

Nevertheless, Nevertheless, Nevertheless, Nevertheless, Nevertheless, Nevertheless, Nevertheless, Nevertheless, 

APP makes the bridge!APP makes the bridge!APP makes the bridge!APP makes the bridge!APP makes the bridge!APP makes the bridge!APP makes the bridge!APP makes the bridge!

How is this possible?How is this possible?How is this possible?How is this possible?How is this possible?How is this possible?How is this possible?How is this possible?

(„Piecemeal“ Physics á la N.Cartwright)(„Piecemeal“ Physics á la N.Cartwright)

�� PhemenologicalPhemenological: : „All Particle Spectrum“„All Particle Spectrum“

(Belief in Unified descripton of CRs) (Belief in Unified descripton of CRs) 

�� ConceptualConceptual: : Concept of Concept of „Messenger Particles“„Messenger Particles“

(Entity realism & Causal realism)(Entity realism & Causal realism)

�� ExplanatoryExplanatory: : ModelsModels of of Cosmic Sources Cosmic Sources & & Acceleration Acceleration 
Mechanisms Mechanisms & & Propagation Propagation && DetectionDetection
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APP contributes APP contributes to empirical basis of to empirical basis of cosmology:cosmology:

�� 3K CMB3K CMB Low energy Low energy Photons Photons && NeutrinosNeutrinos
(photons: astrophysics; (photons: astrophysics; neutrinos: APP)neutrinos: APP)(photons: astrophysics; (photons: astrophysics; neutrinos: APP)neutrinos: APP)

�� high energy CRs:high energy CRs: Models of Active Galactic Nuclei (AGN)Models of Active Galactic Nuclei (AGN)
((Mechanisms of CR Acceleration) Mechanisms of CR Acceleration) 

APP integrates APP integrates data of data of astrophysicsastrophysics & & particle physicsparticle physics..

�� CMB & SN data: CMB & SN data: contribute tocontribute to test  test  
of of cosmological models!cosmological models!
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APP contributes to test APP contributes to test 

of cosmological models:of cosmological models:

This diagram is part This diagram is part 
Clusters: 
Sensitive This diagram is part This diagram is part 

of of many many APP talks!APP talks!
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CMB: 
Sensitive 
to ΩM+ΩΛ

flat:
Inflationary
cosmology

Sensitive 
to ΩM



Astroparticle PhysicsAstroparticle PhysicsAstroparticle PhysicsAstroparticle PhysicsAstroparticle PhysicsAstroparticle PhysicsAstroparticle PhysicsAstroparticle Physics
& Cosmology& Cosmology& Cosmology& Cosmology& Cosmology& Cosmology& Cosmology& Cosmology

Summary Summary Summary Summary Summary Summary Summary Summary 

1. Cosmic Rays1. Cosmic Rays1. Cosmic Rays1. Cosmic Rays1. Cosmic Rays1. Cosmic Rays1. Cosmic Rays1. Cosmic Rays

Particles from Cosmic SourcesParticles from Cosmic SourcesParticles from Cosmic SourcesParticles from Cosmic SourcesParticles from Cosmic SourcesParticles from Cosmic SourcesParticles from Cosmic SourcesParticles from Cosmic Sources

2. Messenger Particles 2. Messenger Particles 2. Messenger Particles 2. Messenger Particles 2. Messenger Particles 2. Messenger Particles 2. Messenger Particles 2. Messenger Particles 

Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources 
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Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources Carry Information about Cosmic Sources 

3. Scientific Realism3. Scientific Realism3. Scientific Realism3. Scientific Realism3. Scientific Realism3. Scientific Realism3. Scientific Realism3. Scientific Realism (with caution)(with caution)

Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature Search for Causes & Trust in Unity of Nature 

4. Unification4. Unification4. Unification4. Unification4. Unification4. Unification4. Unification4. Unification
Strategies in Lack of a Unified TheoryStrategies in Lack of a Unified TheoryStrategies in Lack of a Unified TheoryStrategies in Lack of a Unified TheoryStrategies in Lack of a Unified TheoryStrategies in Lack of a Unified TheoryStrategies in Lack of a Unified TheoryStrategies in Lack of a Unified Theory

5. APP & Cosmology5. APP & Cosmology5. APP & Cosmology5. APP & Cosmology5. APP & Cosmology5. APP & Cosmology5. APP & Cosmology5. APP & Cosmology
APP Contributes to the Tests of CosmologyAPP Contributes to the Tests of CosmologyAPP Contributes to the Tests of CosmologyAPP Contributes to the Tests of CosmologyAPP Contributes to the Tests of CosmologyAPP Contributes to the Tests of CosmologyAPP Contributes to the Tests of CosmologyAPP Contributes to the Tests of Cosmology


