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Learning outcomes and goals

Describe the cosmic ray (CR) energy spectrum and composition. 
Discuss CR origin, acceleration and propagation.

Explain the relationship between charged CRs, cosmic gamma-rays 
and cosmic neutrinos. 

Discuss the detection principles of the measured quantities (mass, 
charge, momentum, energy, rigidity, …) of astroparticle physics 
experiments. 

Interpret the main results of selected experiments

Assess / Evaluate the state of the art of astroparticle physics
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No history https://timeline.web.cern.ch/timeline-header/146
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Cosmic rays were discovery by Victor Hess in 1912

In CRs we discovered:
• the positron (first antiparticle, 1932); 
• the muon (first second-generation matter particle, 1936); 
• the pion (first meson, 1947); 
• the kaon (1947) and the lambda (1950) (first particles containing the strange 

quark).
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Method 

Slides and blackboard, during lectures and exercises.

Slides and video recording (A.Y. 2021-2022) will be 
uploaded after each lecture on the Moodle page:
(https://moodle.epfl.ch/course/view.php?id=14967).
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Evaluation 

4 ECTS

IAPP 2025 C. Perrina

Oral exam:
Wednesday, June 18 

from 08:15 to 18:15 (GR C0 01)

20/25 minutes: 
preparation

+
20/25 minutes: 

discussion

https://wish.agepoly.ch
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Wish distributes people in various slots maximizing the global satisfaction

We will prepare the schedule of oral exam with

https://wish.agepoly.ch/


Cosmic rays
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Energetic elementary particles and nuclei 
continually hitting the Earth’s atmosphere

1) What is the energy of these particles/nuclei?

2) How many are there?

3) What kind of particles/nuclei are they?

4) Where are they produced?

5) How are they accelerated?

6) How do they propagate?

7) How can we detect them?
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Charged elementary particles (p, e-, e+, anti-p) 
and nuclei (He, Li, Be, …)
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All-particle differential energy flux of CRs±

The differential flux above 10 GeV is a 
segmented/broken power law of 𝐸:

𝐹 𝐸 =
𝑁(𝐸)

𝑑𝐴 𝑑Ω 𝑑𝐸 𝑑𝑡 = 𝑘 𝐸!"

• 𝑘 is a constant that does not depend on 𝐸
(from several GeV to beyond 100 TeV, 
𝑘 = 1.8 × 10! GeV".$m%& s%" sr%") 

• 𝛾 is the differential spectral index

The CR spectrum spans over
> 12 orders of magnitude in Energy (E)
> 32 orders of magnitude in Differential Flux

Energy (eV)
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All-particle differential energy flux of CRs±

Energy (eV)
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98 % nuclei (p, He, Li, …)
< 1 % electrons

~ 0.01 % positrons and anti-protons

𝐸 < 10 GeV ∶ charged CRs are 
affected by the Earth’s 
magnetic field and by the 
modulation in time due to the 
solar wind
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Up to few PeV, CRs are believed to be of 
galactic origin; above a few EeV, the 
sources are most likely extragalactic. 



Chemical composition of cosmic nuclei
• Protons and helium nuclei are less abundant in cosmic 

rays than in the solar system. 

• In both cosmic rays and solar system abundances:
1) There is a peak for carbon (C), oxygen (O) and iron (Fe).
2) There is an even-odd effect: (A-Z, Z) even-even are 

more abundant.

• Two groups of elements
1) lithium (Li), beryllium (Be), boron (B)
2) scandium (Sc), titanium (Ti), vanadium (V,) chromium 

(Cr), manganese (Mn) 
are significantly more abundant in cosmic rays than in the 
solar system. 
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94% H

6% He

< 1% others

#p,#n EE OO EO OE Tot
Stable 146 5 53 48 252
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Solar system abundances derived from the 
spectral lines in the photosphere of the Sun and 
from the studies of meteorites 

In both: 



Chemical composition of primary CR nuclei

Is the x-axis showing total or 
kinetic energy?

A. Total
B. Kinetic
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What is the magnetic rigidity of a charged particle?
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Primary cosmic rays

Primary elements, 
(protons, nuclei of He, C, 

O, Ne, Mg, Si..., Fe) 
are produced

during the lifetime of 
stars.
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Nuclear fusion in stars
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Acceleration of cosmic rays
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How do CRs reach their huge energies?

Why a power law spectrum? 
Acceleration mechanism

What can accelerate CRs?

Perkins
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How do CRs reach their huge energies?
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The power required to accelerate CRs in the disc of our Galaxy is:

𝑊34 =
𝜌34×𝑉
𝜏

𝝆𝑪𝑹 = 𝟏 𝐞𝐕/𝐜𝐦𝟑: cosmic-ray energy density

𝑽 = 𝝅𝑹𝟐𝑫: volume of the disc

𝝉𝐂𝐑 𝐢𝐧 𝐌𝐖 = 𝟑𝐌𝐲𝐫: CR residence time in the Galaxy (MW)

𝑹 = 𝟓𝟎’𝟎𝟎𝟎 𝐥𝐲 = 𝟏𝟓 𝐤𝐩𝐜: radius of the disc

𝑫 = 𝟏’𝟎𝟎𝟎 𝐥𝐲 = 𝟎. 𝟑 𝐤𝐩𝐜: height of the disc

𝟏 𝐩𝐜 = 𝟑×𝟏𝟎𝟏𝟔𝐦

𝟏 𝐩𝐜 = 𝟑. 𝟑 𝐥𝐲
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https://pdg.lbl.gov/2023/reviews/rpp2023-rev-phys-constants.pdf
https://pdg.lbl.gov/2023/reviews/rpp2023-rev-astrophysical-constants.pdf
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How do CRs reach their huge energies?
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The power required to accelerate CRs in the disc of our Galaxy is:

𝑊/0 = ⁄J yr𝑊34 =
𝜌34×𝑉
𝜏
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𝑊/0 = 3 × 1012 J/yr

𝝆𝑪𝑹 = 𝟏 𝐞𝐕/𝐜𝐦𝟑: cosmic-ray energy density

𝑽 = 𝝅𝑹𝟐𝑫: volume of the disc

𝝉𝐂𝐑 𝐢𝐧 𝐌𝐖 = 𝟑𝐌𝐲𝐫: CR residence time in the Galaxy 

𝑹 = 𝟏𝟓 𝐤𝐩𝐜: radius of the disc

𝑫 = 𝟎. 𝟑 𝐤𝐩𝐜: height of the disc

𝟏 𝐩𝐜 = 𝟑×𝟏𝟎𝟏𝟔𝐦

𝟏 𝐩𝐜 = 𝟑. 𝟑 𝐥𝐲



Who can provide this power? 
A Type II Supernova is a Supernova (star at the end of its life 
cycle which goes through a violent explosion) which 
spectrum contains lines of hydrogen, ejecting in the 
interstellar medium a shell with:

𝑀 = 10𝑀⨀

𝑣 = 10$m/s
𝑓 = 2 ± 1 /century
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𝑀⨀ = 𝟐 × 𝟏𝟎𝟑𝟎 𝐤𝐠

𝑊=>?@A =
1
2 𝑀 𝑣A 𝑓

Even if the shell transmits only a few percent of its kinetic energy 
to cosmic rays, it would be enough to account for the total 
cosmic ray energy density. 

𝑊/0 = 3 × 1012 J/yr
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𝑊56!78 = 2 × 1019 J/yr



Acceleration mechanism
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When a relativistic charged particle, 
travelling in the positive x-direction, is 
scattered backwards by the field due to a 
shock front moving with non-relativistic 
velocity u in the negative 
x-direction, it receives a fractional energy 
increase of order u/c. 

∆𝐸
𝐸 ~

𝑢
𝑐 ≡ 𝛼

At each step of the acceleration the particle can escape further cycles. 
Let P be the probability that the particle stays for further acceleration. 

E. Fermi proposed that the CR acceleration could be due to shock fronts (acting as 
magnetic mirrors). There are many sources of shocks and Type II supernovae shells seem 
to be good candidates. 
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Why a power law spectrum? 
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𝐸: = 𝐸; 1 + 𝛼 :

Step Energy Number of particles

0 𝐸; 𝑁;

n

∆𝐸 = 𝛼𝐸 P is the probability that the particle stays in the process.

𝑁: = 𝑃:𝑁;
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Why a power law spectrum? 
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𝑑𝑁
𝑑𝐸 = constant × 𝐸!<!2

For shock-wave acceleration, typically s = 1.1
𝑑𝑁
𝑑𝐸 = constant 𝐸!8.2

𝐸 = 𝐸; 1 + 𝛼 : 𝑁 = 𝑃:𝑁;

The softer spectrum observed (𝛾 = 2.7) could be explained if the escape probability 
(1−P) is energy dependent. 
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𝑠 ≡ −
ln(𝑃)

ln(1 + 𝛼)



Who can accelerate CRs?
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Hillas criterion: The source must have a Size (L) at least of the order of the Larmor radius (rL)

bs is the acceleration efficiency of the 
source and depends on the shock 

velocity and on the geometry

10.2 Possible Acceleration Sites and Sources 595

rL =
pc

ZeBc
(10.32)

where Z is the atomic number of the nucleus.
Note that the charged particle acceleration in a given magnetic field depends thus

on the ratio of its linear momentum and of its electric charge, parameter defined
usually as the rigidity:

R = rL Bc =
pc

Ze
. (10.33)

The rigidity is measured in volt V and its multiples (GV, TV).
In convenient units, the energy of the accelerated particles, the magnetic field and

the source size are related as:

E

1 PeV
≃ Z

B

1 µG
×

R

1 pc
≃ 0.2Z

B

1 G
×

R

1 AU
. (10.34)

This entails the so-called Hillas relation, which is illustrated in Table 10.1 and
Fig. 10.9. We remind that the energies in the Hillas plot are maximum attainable
energies: besides the containment, one must have an effective acceleration mecha-
nism.

In the following, known possible acceleration sites are described.

10.2.1 Stellar Endproducts as Acceleration Sites

We have seen that most VHE gamma-ray emissions in the galaxy can be associated
to supernova remnants. More than 90 % of the TeV galactic sources discovered up to
now are, indeed, SNRs at large (we include here in the set of “SNR” also pulsar wind
nebulae, see later).

The term “supernova” indicates a very energetic “stella nova”, a term invented by
Galileo Galilei to indicate objects that appeared to be new stars, that had not been
observed before in the sky. The name is a bit ironic, since Galilei’s diagnosis was
wrong: supernovae are actually stars at the end of their life cycle with an explosion.
Five supernovae have been recorded during the last millennium by eye (in the year

Table 10.1 Typical values of radii and magnetic fields in acceleration sites, and the maximum
attainable energy

Source Magnetic field Radius Maximum energy (eV)

SNR 30 µG 1 pc 3 × 1016

AGN 300 µG 104 pc >1021

GRB 109 G 10−3 AU 0.2 × 1021
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In the Galaxy, the prime candidate 
sources are supernova remnants where 

particles can be shock-accelerated by their 
shock waves. Other candidates are 

pulsars, star cluster winds, stellar wind 
binaries, micro quasars (a source powered 

by accretion from a donor star onto a 
stellar mass black hole) or the Galactic 

Center. The candidate sources for 
extragalactic CRs are Active Galactic 

Nuclei (AGN), gamma-ray bursts, starburst 
galaxies and magnetars. 

𝐸>?@ = 𝛽< × 𝑍 × 𝐵 × 𝐿


