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Introduction

‣What are Cosmic Rays? 

‣The term "Cosmic Rays" refers to 
elementary particles, nuclei, and 
electro-magnetic radiation of extra-
terrestrial origin. These may include 
exotic, short-lived particles such as 
muons, pi-mesons or lambda baryons.
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Cosmic Rays
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What are Cosmic 
Rays?

‣In the energy range of 1012-1015 eV 
(electron-volts*), cosmic rays arriving 
at the edge of the Earth's atmosphere 
have been measured to consist of: 

‣~ 50% protons 

‣~ 25% alpha particles 

‣~ 13% C/N/O nuclei 

‣< 1% electrons 

‣< 0.1% gammas

An electron-volt is a microscopic unit corresponding to the energy 
gained/lost by an electron in crossing a potential gap of 1 V (volt). A 
typical battery (e.g. a AA-cell used in remote control units for 
television sets) has a voltage difference of 1.5 V. For comparison: a 
40 W (watt) reading-light uses about 1024 eV of energy in one hour.

J. Beringer et al. (Particle Data Group) 
Phys. Rev. D86, 010001 (2012)
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Route to Discovery

‣At the start of the 1900's, French 
physicist Henri Becquerel discovered 
that certain elements are unstable, 
and would transmute into other 
elements, and in the process, emit 
what appeared to be particles. These 
"particles" were given the name 
"radiation", and the process itself 
referred to as "radioactive decay".
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Route to Discovery

‣It was noticed that an instrument 
called an "electroscope" would 
spontaneously discharge in the 
presence of radioactive materials. The 
rate of discharge of an electroscope 
is then used as a measure of the level 
of radiation. The electroscope thus 
became a standard instrument for 
studying radiation and radioactive 
materials in the first decades of the 
Twentieth Century.
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Route to Discovery

‣However, physicists 
noticed that 
electroscopes were found 
to discharge slowly even 
in the absence of 
radioactive matter! 

‣This residual discharge 
could not be attributed to 
leakage. There appears to 
be a background radiation.

A gold-leaf Bennet-type electroscope 
(ca. 1880s) manufactured by Ducretet.
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Discovery of 
Cosmic Rays

‣To study the 
source of this 
background, 
Austrian physicist 
Victor. F. Hess 
made measurements 
of radiation levels 
at different 
altitudes with 
electroscopes 
aboard a balloon.
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Discovery of 
Cosmic Rays

‣The motivation for 
this study was to 
distance the 
electroscopes 
from radiation 
sources in the 
Earth.
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Discovery of 
Cosmic Rays

‣Hess went as high as 
17,500 feet (over 5 km!) 
in his balloon without 
oxygen tanks. 

‣Surprisingly, he found 
that the radiation 
levels increased with 
altitude!

The flight of Hess & crew on August 7, 
1912, started in Aussig at 06:12 and 
reached the maximum height of 5350 m at 
10:45. The landing took place near Pieskow 
in Brandenburg at 12:15.

Variation of ionization with altitude according to 
(a) Hess (1912) and (b) Kolhörster (1913,1914).
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Discovery of 
Cosmic Rays

‣Hess interpreted this result to mean 
that radiation is entering the 
atmosphere from outer space. 

‣He gave this phenomenon the name 
"Cosmic Radiation", which later evolved 
to "Cosmic Rays". 

‣Hess was awarded the Nobel Prize in 
1936 for his discovery of cosmic rays.
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Cosmic Rays 
Energy

‣Cosmic rays have been observed with 
energies from 109 eV to over 1020 eV. 

‣the "flux" of cosmic rays appears to 
follow a single power law ~E-3. 

‣The variation of the flux with energy 
is referred to as the "Energy 
Spectrum".
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Energy Spectrum
‣It appears to be a 
smooth curve over 
10 decades of 
energy. 

‣The small changes in 
the spectral index 
are at ~1015 eV and  
~1018 eV.  

‣they appear as small 
"kinks" in the line. 

‣In the field, these 
features are usually 
referred to as the 
"knee" and the "ankle".
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Energy Spectrum

1 GeV = 109 eV 

~1 TeV = 1012 eV accelerator-high

1019 eV 

UHECRs

1 EeV ≝ 1018 eV 
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Energy Spectrum

J. Beringer et al. (Particle Data Group) 
Phys. Rev. D86, 010001 (2012)
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The Mystery of 
UHECRs

‣Cosmic Rays with energies above 1018 eV 
are referred to as "Ultra-High Energy 
Cosmic Rays" (UHECR). 

‣These are microscopic particles with a 
macroscopic amount of energy - about a 
Joule or more.  
(For comparison: 1 J = 6.25x1018 eV.) 

‣The existence of such energetic 
particles remains a mystery!
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Motivation

‣The three main questions concerning 
UHECR's are: 

‣How are these particles accelerated to such 
extreme energies? 

‣Where do UHECRs come from? 

‣What is the composition of the UHECRs?
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Motivation

‣To study the acceleration mechanism, 
one must measure the energy spectrum 
to compare with the predictions from 
different acceleration models. 

‣To understand where they come from, 
one needs to survey the arrival 
directions, and search for both small- 
and large-scale anisotropies in their 
distribution. 

‣Composition is one of the most 
difficult measurements because 
UHECRs cannot be detected directly 
using conventional particle detectors. 
(More later.)
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Acceleration 
Mechanisms

‣One of the earliest 
theories on the 
acceleration of 
cosmic rays was 
proposed by Enrico 
Fermi in 1949 [1]. 

‣It became known as 
the "Second Order 
Fermi Mechanism".

[1] Fermi, E. Phys. Rev., 75, 1169 (1949).
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Fermi’s 2nd Order 
Mechanism

‣In this model, particles collide 
stochastically with magnetic clouds in 
the interstellar medium. 

‣Those particles involved in head-on 
collisions will gain energy (similar to 
a sling-shot process used to 
accelerate spacecrafts around 
planets), and those involved in tail-
end collisions will lose energy. 

‣On average, however, head-on 
collisions are more probable. In this 
way, particles gain energy over many 
collisions.
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Fermi’s 2nd Order 
Mechanism

‣This mechanism naturally predict a 
power law energy spectrum, but the 
power index depends on the local 
details of the model and would not 
give rise to a universal power law for 
cosmic rays arriving from all 
directions. 

‣This mechanism is also too slow and 
too inefficient to account for the 
observed UHECRs.
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Acceleration 
Mechanisms

‣A more efficient 
version of Fermi 
Acceleration was 
proposed by a 
number of workers 
in the late 70's [2]. 

‣This model is 
referred to as the 
"First Order Fermi 
Mechanism".

[2] Blandford, R.D. and Ostriker, J. P. 
Astrophys. J., 221, L29 (1978)
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Fermi’s 1st Order 
Mechanism

‣In this model, particles are 
accelerated by a strong shock 
propagating through interstellar 
space; e.g. [3] 

‣Shock waves typically have moving 
magnetic inhomogeneities both 
preceding and following them. 

‣A charged particle traveling through 
the shock wave can greatly increase 
its energy through multiple 
reflections. 

‣The resulting energy spectrum of many 
particles undergoing this process 
turn out to be a power law!

[3] Longair, M. S., Chapter 21 of High Energy 
Astrophysics Vol. 2, 2nd Ed. Cambridge 
University Press (1994).
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mini-break

‣so far: 

‣Introduction, 
some History, and 
acceleration 
mechanisms 

‣Coming soon: 

‣ possible 
sources, 
limitations, and 
other ideas
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Possible Sources

‣supernova 
remnants 

‣In 1995, Japan's 
ASCA X-ray 
Satellite, reported 
positive 
observation non-
thermal X-ray 
emissions from the 
Supernova 
Remnant SN1006.

Source candidates usually include large, 
energetic structures where strong shocks are 
expected to be found.
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Possible Sources

‣supernova 
remnants 

‣The observed 
emission spectrum 
is consistent with 
synchrotron 
emission by 
accelerated 
charged particles. 

‣This confirmed 
supernova 
remnants as a 
possible source of 
cosmic rays.
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Possible Sources

‣The observed emission from SN1006, 
with some fine tuning of the emission 
models, can explain the existence of 
cosmic rays up to ~1015 eV. 

‣However, it is difficult to explain the 
existence of cosmic rays above 1018 
eV, because supernovae are simply not 
large enough to maintain acceleration 
to the UHE range. 

‣Furthermore, no positive correlation 
has been observed between the arrival 
directions of UHECRs and supernova 
remnants.
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Possible Sources
‣Strong shocks 
are possible 
around 
colliding 
galaxies such 
as NGC 
4038/9. 

‣However, there 
is no evidence 
to indicate 
these objects 
are sources of 
UHECRs.
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Possible Sources

‣Another 
candidates are 
active galactic 
nuclei (AGN). 

‣AGN is the 
generic name 
given to a class 
of galaxies 
suspected to 
have at their 
center a super 
massive black-
hole.
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Possible Sources

‣AGN are 
typically 
accompanied by 
jets which can 
extend 50 - 100 
thousand light-
years. 

‣Roughly one of 
every ten known 
galaxies is an 
AGN.

it is possible to find an AGN within error of 
the arrival direction of a UHECR.  
(More on this later!)
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Conventional 
Explanation
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Discovery of CMB

‣Arno Penzias 
and Robert 
Wilson 
discover the 
cosmic 
microwave 
background 
(CMB) in 1964.
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CMB

γ + p→ ∆
+
→ p + π

0

γ + p→ ∆
+
→ n + π

+
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GZK effect

Kenneth 
Greisen

Georgiy 
Zatsepin

Vadim 
Kuzmin
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GZK effect
They should not be there!
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GZK effect
...but they are!

Even b
efore 

CMB was 

discove
red!
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GZK flux 
suppression

γ + p→ ∆
+
→ p + π

0
γ + p→ ∆

+
→ n + π

+

1 pc = 3.26 ly

326 Mly ≣
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still 
conventional...

44



no more 
conventional?
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Exotic Mechanisms

Other ideas for explaining the existence 
of UHECRs include: 

‣Top-Down Models: 

‣Decay or annihilation of some super-heavy 
particles or cosmological relics 
(e.g. topological defects, relic magnetic 
monopoles.) 

‣Acceleration in catastrophic events 

‣GRB's 

‣New Physics
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Scientific 
Motivation

‣Origin of Cosmic Rays 

‣Acceleration Mechanism (or Decay?) 

‣Distribution of Sources, local or 
cosmological?
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The Challenge
‣Very very low flux...
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The Reward
‣...but they might point back!
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Motivation

‣Energy Distribution 

‣GZK suppression 

‣Need for new physics? 

‣Directionality 

‣Known Astrophysics? 

‣New Physics? 

‣Primary Composition 

‣p, γ, Fe, n, ν,...?

We must address:
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Summary

‣Introduction to Cosmic 
Rays 

‣History 

‣Scientific Motivation
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Next Class

‣Extensive Air Showers 

‣Detection Techniques 

‣The Pierre Auger 
Observatory

Thank You!
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