
Cosmic Rays
Patrick Berghaus



2

Runway

South 
Pole

IceCube
Neutrino
Detector



3

Runway

±

South 
Pole

IceCube
Neutrino
Detector



4

±



5



6

LHC  Energy
(7 TeV Beam)

fixed target collider

Source:
T. Gaisser



7

Source:
T. Gaisser

Power Law!
E

10 Orders of Magnitude!
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Source:
T. Gaisser

Power Law!
E

10 Orders of Magnitude!

>99% Atomic Nuclei
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Source:
T. Gaisser

?
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Earth Observation Satellite
“ResursDK1” (2006)

*Payload for Antimatter Matter Exploration and Lightnuclei Astrophysics

Direct Observation: Example PAMELA*
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$ 2,000,000,000
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2014: You are wrong!
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2015: Oops, never mind...
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Source:
T. Gaisser

Balloons

Direct

Satellites
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Above about 100 TeV,
flux is too low for 

direct measurement!
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Indirect Observation:
 Example IceTop 

Nuclear Interactions

Charged Particles

Cherenkov Light

Detector Signal
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arXiv: 0711.0353

Indirect Observation: Example IceTop 

“DoubleLogarithmic Parabola”:
Simulationderived empirical description

(slope)

(amplitude)

Primary Energy:
E

prim
 = f(S

125
, 

zen
)
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Heavy Primary Nucleus 

Proton Primary

Early fragmentation
in upper atmosphere

“Punches through” to denser atmosphere

Indirect Observation:
Elemental Composition
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Heavy Primary Nucleus 

Proton Primary

Early fragmentation
in upper atmosphere

“Punches through” to denser atmosphere

Shower Maximum
“x

max
” [g/cm2] arxiv.org:

1408.1726

Simulated Data, E
prim

 > 1018.2 eV
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arxiv:0608118

arxiv.org:0901.3389

arxiv.org:0907.5194

Shower Maximum: Composition

Lateral Extension: Energy

Atmospheric Fluorescence
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p

Fe arxiv:0904.0725

CR Primary Composition with Shower Maximum Measurement
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Dense air: short mean free path, more reinteractions    , fewer meson decays

Thin air: long mean free path, fewer reinteractions    , more meson decays

Muonic vs. Electromagnetic

less  
More EM

More 
less EM

e



e+







K
nuclear

fragment

K


e+ 
nuclear

fragment
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Electromagnetic Particles
(10s100s of MeV)

LE Muons
(110 GeV)

HE Muons
(TeV)

Shower Axis

IceTop

“InIce”

Ratio of EM particles
to muons depends on

primary type

Heavy: +mu EM
Light: mu +EM

2.5x more muons in
Fe showers than p

Ratio of EM particles
to muons depends on

primary type

Heavy: +mu EM
Light: mu +EM

2.5x more muons in
Fe showers than pSurface Measurement

(electromagnetic)

Deep (2km) Measurement
(TeV Muons)
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protons

Iron

protons

Ironx
max

other

Measurements are not
always consistent!
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Source:
T. Gaisser

Balloons
Extended Air Shower 

(EAS)
Arrays

NEVOD ShAL

Direct Indirect

Satellites
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Source:
T. Gaisser

GAP!

Direct Indirect



28

Source:
T. Gaisser

“Proton” Satellites (13,4)
Launched between 1965 and 1968

Proton 4: Most Massive Scientific 

Satellite Ever (17t)GAP!



29

arxiv.org:0803.2943
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astroph/0601475

Two, Three, Many Populations?

Proposal by Zatsepin and Sokolskaya:
Supernovae inside and outside 

of “Local Superbubble”
(Caused by Supernova about 10 My ago)

500 ly
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KneeKnee

AnkleAnkle

Air Shower Arrays:
Detectors usually optimized for
either Knee (EHE, 1015 eV) or 
Ankle (UHE, 1018 eV) region!

KneeKnee

AnkleAnkle
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CR Measurement Gaps

30 TeV300 TeV:
Flux too low for direct
measurements (satellites,
balloons)
Showers too small for
air shower arrays

100 PeV1 EeV:
Flux too low for arrays
investigating Knee
Showers too small for
EHE detectors
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CR Spectrum Features

KneeKnee

AnkleAnkle

Second Knee?Second Knee?
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arxiv:0904.0725

p

Fe

The Knee

I. Steepening of 
CR Spectrum

II. Heavier Primary
 Composition

E3.1 to 3.2

E2.6 to 2.7
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Rigidity: E/Z
Resistance to deflection by magnetic field
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d z

dE0

=Z
0 [1 E0

Etrans

c

]
− 

c

Example: “Polygonato” Model

Slope 
ChangeSmoothness 

of Transition

Transition Energy

CRKnee

astroph/0210453

Primary composition becomes heavier

Knee caused by sharp cutoff
in individual components

Naturally explains 
composition change
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astroph/0505413

KASCADE Composition
Measurement

General picture more or less confirmed



38

The View from Above
Compilation of EHE air 

shower array results

Measurements ReScaled for
Consistency

2nd Knee: 17.5 (300 PeV)
Ankle: 18.6 (4 EeV)arxiv:0704.3721

AnkleAnkle
Second KneeSecond Knee
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Knee:≃4PeV

Ankle:≃3EeV

2ndKnee:≃300PeV

2.7 3.0

3.2

2.6

“Traditional” 
Picture
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Current
Situation

Knee and 
Second Knee
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KASCADEGrande
Karlsruhe, Germany

KASCADEGrande
Karlsruhe, Germany

TUNKA
Tunka Valley, Russia

TUNKA
Tunka Valley, Russia

IceTop
South Pole, Antarctica

IceTop
South Pole, Antarctica
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S. B. Shaulov et al. : The form of the CR energy spectrum up to 1018 eV
First shown in 2001, published December 2009
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TUNKA

KASCADEGrande

arXiv:1201.2122/arxiv:1206.3834

New PeV Cosmic Ray Paradigm

KneeKnee

KneeKnee

“Heavy Knee”“Heavy Knee”

“Heavy Knee”“Heavy Knee”

DipDip

DipDip

Dip/Concavity around 1020 PeV
2nd Knee around 100 PeV

Different Knee behavior for 
light/heavy primaries?

IceTop
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The View from Both Sides

arxiv:0704.3721

Real Feature?
Additional Population?



45

A M Hillas 2005 J. Phys. G: Nucl. Part. Phys. 31 R95

H(illas) 3a Model

Second Knee caused by 
intermediate component 

(single source?)
Extragalactic Flux included 

Original Hillas Proposal

Galactic Single
Source?

Extragal.

Gaisser Parametrization (H3a)

A

B
EG

exponential
cutoff:
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Gaisser Hillas 
3 Population

Helium from Population 1
Iron from Pop. 1 and 2

Gaisser Stanev Tilav 
“Global Fit”

Peaks explained by
He and Fe from same 

Population!
But: Requires SuperHeavy 

Elements (A>200) 

Data: arxiv:1303.3565
Models: arxiv.org:1307.3795
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Current
Situation

Ankle
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Pierre Auger Observatory
Malargüe, Argentina

Pierre Auger Observatory
Malargüe, Argentina

Telescope Array (TA)
Utah, USA

Telescope Array (TA)
Utah, USA
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Ankle
(“Dip”)

Ankle
(“Dip”)

CutoffCutoff

“Bump”“Bump”

arXiv:1310.0325
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arxiv.org:0502550
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arXiv:1310.0325

“Hillas Plot”
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arXiv:0907.5194

UHE CR Primary Composition

Auger: 
Mixed!

HiRes/TA: 
Protons!

Open Questions: 
Nature of Ankle

GZK Cutoff vs. End of Acceleration
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What causes the spectral break at 200 GeV? What causes the spectral break at 200 GeV? 

Is there a structure before the knee? Is there a structure before the knee? 

What causes the knee? What causes the knee? 

What causes the EHE cutoff? What causes the EHE cutoff? 

Is there a “third knee”? Is there a “third knee”? 

Why is there an ankle? Why is there an ankle? 

Are there heavy nuclei above the ankle?Are there heavy nuclei above the ankle?

Is the rigidity cutoff model correct?Is the rigidity cutoff model correct?

Are air showers understood?Are air showers understood?

Open Questions (NOT complete)!
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What causes the spectral break at 200 GeV? What causes the spectral break at 200 GeV? 

Is there a structure before the knee? Is there a structure before the knee? 

What causes the knee? What causes the knee? 

What causes the EHE cutoff? What causes the EHE cutoff? 

Is there a “third knee”? Is there a “third knee”? 

Why is there an ankle? Why is there an ankle? 

Are there heavy nuclei above the ankle?Are there heavy nuclei above the ankle?

Is the rigidity cutoff model correct?Is the rigidity cutoff model correct?

Are air showers understood?Are air showers understood?

Open Questions (NOT complete)!
Where

do 
they 
come 
from?
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arxiv:0904.0725

The Knee
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Knee Composition and Models
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arxiv:1304.7114

KASCADE Light Elements
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arxiv.org:1004.1123

PowerLaw Fit:
p: =2.66±0.02

He: =2.58±0.02

Nucleon spectrum probably harder than 2.7
IC59 diffuse analysis: =2.583±0.023(stat.)

Before The Knee: CREAM
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