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What is particle astrophysics?



What is physics?



What is physics?

Oxford dictionary :

Physics, plural noun [treated as singular] : 
the branch of science concerned with the nature and properties 
of matter and energy. 



What is particle astrophysics?

Particle astrophysics : 
the branch of science concerned with the nature and fundamen-
tal properties of matter and energy in the Universe. 



Many different aspects:

• Study of violent phenomena in the Universe : particles ejected provide
a complementary signal to visible (or electromagnetic) observations 

• The early Universe a a particle physics laboratory

• The matter and energy content of the present Universe: dark and luminous
matter, neutrinos, radiation, dark energy…

In the big bang theory, the early 
     Universe is hot and dense



A story of neutron stars, black holes and big bangs… 

e.g. gamma ray burst

size of the source < 300 000 km

Very compact source of energy !  
Best candidates are black holes and neutrons stars.

large amount of energy released



Astrophysics at the end of XXst century :

   The milky way



Astrophysics: a multi-wavelength strategy



A multi-wavelength strategy : the Ma 421 source



A multi-wavelength strategy : the Ma 421 source

 gammas
E > 1 GeV



A multi-messenger strategy

Ideally, one would like to study the same source by detecting 
the photons, protons, neutrinos and gravitational waves emitted : 

• gravitational waves give information on the bulk motion of 
matter in  energetic processes  

• neutrinos give information on the deepest zones,  opaque to 
photons (e.g. on the origin --hadronic or electromagnetic-- of  γ).

• protons provide information on the cosmic accelerators that have 
produced them 

• high energy photons trace populations of accelerated particules, 
 as well as dark matter annihilation



Outline of these lectures:

Chapter I   The tools of the trade 

Chapter II  The violent universe
 
Chapter III The Universe at large
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I - The tools of the trade



1. An extraterrestrial radiation
2. The light of particles
3. Detector Earth
4. Particle detectors in space
5. Going underground: neutrinos and dark matter
6. Ripples of spacetime

Outline



1. An extraterrestrial radiation



1785 Coulomb



1785 Coulomb

The electrometer discharges with time. Why?



Faraday : the air is a conductor because of ionisation

Molecules of air Ions
unknown radiation

What is the nature of this radiation?

Radioactivity?

silver

α

β

γ



The cosmic adventure begins

In 1909, Theodore
Wurtz who had de-
veloped an ultra-
sensitive electros-
cope sets it up at
the top of the Eiffel
Tower…

 

In 1912, Victor Hess
climbs to an altitude of
4200 m to prove that
the ionising radiation
decreases with altitude:
it has a cosmic origin



Millikan calls this radiation cosmic rays

Millikan - Compton controversy

1868-1953

Cosmic rays are neu-
tral (gamma rays). 
This is why they are 
so penetrating

Cosmic rays are charged.
This why they are so ener-
getic. They can be accele-
rated by cosmic magnetic
fields



Millikan calls this radiation cosmic rays

Millikan - Compton controversy

1868-1953

Cosmic rays are neu-
tral (gamma rays). 
This is why they are 
so penetrating

Cosmic rays are charged.
This why they are so ener-
getic. They can be accele-
rated by cosmic magnetic
fields

Solved by Jacob Clay on a trip from Genova to Java

Cosmic rays
are charged!



Geiger counter developped in 1912-1928 proved to be very useful for studying cosmic rays

absorber makes no difference

Incident particles come preferentially from the zenith

1933 Rossi
No single particle can hit 
    the three detectors

coincidence method



Geiger counter developped in 1912-1928 proved to be very useful for studying cosmic rays

absorber makes no difference

Incident particles come preferentially from the zenith

1933 Rossi
No single particle can hit 
    the three detectors

coincidence method

Triple coincidences are observed!



Several particles arrive in coincidence:
                                   cosmic ray showers

In late ‘30s, Pierre Auger and collaborators study these showers

100 m

Jungfraujoch (alt. 3500m)

Energy of the primary particle can reach 1015 eV  (1000 TeV)! 

What is the source of such particles?



2. The light of particles



Early ‘30s, young Ph.D. student Pavel Cherenkov is asked to study this blue light

radium

blue light

Is this fluorescence? 

Fluorescence is associated with the emission of a photon by an excited molecule
returning to its fundamental state.

Cherenkov: no, because the phenomenon does not depend on the type of liquid

1937, Frank and Tamm: a (light) shock wave due to the fact that the 
energetic charged particles travel at a velocity larger than the speed of light. 



In a medium of index n, light travels at a speed c/n

Hence, particles can travel at velocity v > c/n 

θ

(c/n)Δt

vΔt

In direction θ, all light waves emitted
successively by the particle interfere
constructively :

cos θ =

θ= 1°  in air
     42° in water

v
(c/n)

Polarization of a medium

positive charge at rest or in slow motion

- +

+

+ -

- d d



How to collect this light?   Photomultipliers

γ

Photocathode (inner face)

dynode

amplification up to 107

e



Examples of photomultipliers



Detecting high energy gammas through their Cherenkov light:
             the Cherenkov telescopes of the HESS experiment in Namibia

Detection of gamma rays in the 100 GeV to 10 TeV range



one HESS telescope

stereoscopic view



Detection of the shell structure of a supernova remnant

X ray



The Pierre Auger observatory

To study the cosmic ray showers of the highest energy, one needs 
to instrument a very large area

In Argentina, the Pierre Auger Observatory uses an array of 1600 detectors
                                   to cover an area of 3000 km2

fluorescence detectors

Cherenkov detectors



tanks filled with  
water fpr Cherenkov
light detection 

telescopes for detec-
ting fluorescence light
produced by shower



One tank of Auger (Cherenkov light)



Fluorescence detectors

Internal lay out

optical system

aperture box
shutter
filter UV pass
safety curtain

segmented
spherical mirror

440 PMT camera
1.5° per pixel

corrector lens
(aperture x2)



Using fluorescence to observe these showers from space: JEM-EUSO on the ISS



3. Detector Earth



To track the elusive neutrinos, one uses the Earth as detector.

Neutrinos are very difficult to detect because of their small cross section

e.g. neutrinos produced in the Sun reach the Earth with a flux of 60 billion/cm2,
        only 1 in 1012  are stopped

Positive side: cosmic neutrinos arrive on Earth unperturbed
                      they trace the sources



Example of ANTARES in the Mediterranean

40 km cable

junction
box

350 m

100 m

12 m

60 m







4. Particle detectors in space

Why go into space?

Catch the primary cosmic particles before they hit the atmosphere 
and form cosmic ray showers.



launched in 2006



γ from 10 keV to 300 GeV

Large Area Telescope (20 to 300 MeV)

γ

Rejecting charged cosmic rays
through anticoincidence

     Measuring trajectories
      using Si and tungsten

     Measuring energies
     with a calorimeter

Launch in 2008



Detecting the primary particles responsible for cosmic rays: AMS on the ISS

permanent
  magnet

(charged particles)

(launch 16 May 2011)



AMS02 anchored on the ISS

First events collected on 19 May 2011

20 GeV electron 42 GeV carbon



5. Going underground

The detection of elusive particles such as neutrinos or dark matter particles
requires very low background environments, hence to hide from cosmic rays
                             → underground laboratories
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SuperKamiokande (in Japan) during the filling of the tank

Neutrino (solar and atmospheric)  detectors



Edelweiss-II experiment to detect dark matter



6. Ripples of space-time



Space-time (4D) is « elastic ».
Any mass or localized form of energy perturbs it  and curves it.
Just as when you drop a stone in a pond …

… violent phenomena (sudden motion of bulk of matter) may lead to 
waves of deformaton of spacetime that will propagate in the Universe.



Two types of polarisation for gravitational waves



One introduces the amplitude of the gravitational wave:

h = ΔL
L

variation of length due
  to the gravitational wave

total length

Examples:

• explosion of a supernova in the Virgo cluster (15Mpc): h=10-21 à 10-24

• binary system of 2 black holes (M=1,4M) at 10 Mpc: h=10-22 à 10-23

ΔL



For masses localized at a distance of one kilometer

ΔL = h L ~ 10-22 . 103 = 10-19 m !

Only known solution : interferometry



Mirror 1
(fixed)

L2

L1

Mirrow 2 (mobile)

 Michelson interferometer

semi-reflecting surface



Mirror 1
(fixed)

L2

L1

Mirror 2 (mobile)

x

x = m λ / 2 

semi-reflecting surface



Albert Michelson counting interference
fringes

Sensitivity in 1887: ΔL= 6.10-10 m!



Which size for an interferometer detecting grviational waves?

Size ~ Wavelength of the gravitational wave 

          ~ c / f



Frequency f of gravitational waves ~√ M/R3

Neutron stars (M ~ 1,4M) : f ~ 100 Hz

                       ⇒ size ~ 3000 km 

Supermassive black holes (M ~ 106 M) : f ~ 10-4 à 10-2 Hz

                       ⇒ size ~ 30 million km 

(Kepler law for binary systems)

Ground 
Interferometers?

LISA



Virgo interferometer near Pisa

Size = 3 km



How to obtain the 3000 km necessary?



VIRGO

     LF band
0.1 mHz - 1 Hz

The wall of seismic waves

h

Sensitivity of ground detectors 



How to ecape as much as 
possible seismic waves?

Suspend the interferometer

(ou put it underground)

Virgo suspensions



Sensitivity to displacement of
ground interférometers

LIGO Hanford
Eté 2005

1 x 10 -19 m/√Hz!

6 x 109 times better than
Michelson/Morley 1887!



VIRGO

     LF band
0.1 mHz - 1 Hz

The wall of seismic waves

h

How to completely get away with the seismic wall?



     LF band
0.1 mHz - 1 Hz

VIRGO

h

Go into space : LISA interferometer



5 106 Km




