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un rappel

C'est quoi un rayon gamma?

• le rayonnement le plus énergétique 
• la gamma en énergie le plus large
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l'Astrophysique gamma - pourqoui?

 le rayonnement le plus énergétique (il prend un tiers du spectre)

Trevor Weekes (Fermi Summer School 2012)
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Trevor WEEKES 
(1940 - 2014) 

One of founders of VHE 
gamma-ray astronomy



Les rayons gamma proviennent des réigions les plus violentes de l'univers
+ intéressantes?l'Astrophysique gamma - pourqoui?
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1989 - ~2003

Whipple 
Arizona, USA HEGRA 

La Palma, Canary Islands
CANGAROO 

Woomera, Australia

CAT 
Themis, FranceSeven TA 

Utah, USA

“Deuxième génération”télescopes:
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l'Astrophysique gamma - la connextion irlandaise

La nebeuleuse de Crabe: The Crab Nebula

La Première Source des hautes énergies (1989):

... détectée par 
Whipple en 1989 
(après de 
nombreuses 
années de 
développement du 
technique)

... confirmée 
prochainement 

par CAT et 
HEGRA
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La Nébuleuse de Crabe:

1054 AD: Observations des Anasazi Indians
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Le	reste	de	supernova	était	detecté	en	1844	par	Lord	Rosse	-	un	homme	
Irlandais.	Son	assistant	a	produit	un	"sketch"	de	nébeuleuse	qu'ils	ont	vue	et	cela	
rassamblait	a	la	griffe	d'un	crabe	-	donc	ils	l'ont	appelé	"The	Crab	Nebula"	...

La Nébuleuse de Crabe:
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mais	...	je	me	demande	si	ils	avaient	eu	un	meilleur	télescope	...	

La Nébuleuse de Crabe:
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mais	...	je	me	demande	si	ils	avaient	eu	un	meilleur	télescope	...	

La Nébuleuse de Crabe:



- electron-positron 
annihilation 
- neutral pion decay 
- bremsstrahlung / 
synchrotron 
- inverse Compton 
scattering

Nuclear  &  Non-nuclear

- nuclear decay

Comment produire les rayons gamma?
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Comment produire les rayons gamma?
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L'idée centrale: champ magnétique 
choque

il faut un moyen d'accélerer des particules chargées - dans 
une source astrophysique - puis c'est eux qui permettent la 
production des rayons gamma

e- e+ 
p

... et comme ça, on peut étudier et (mieux) comprendre les 
méchanisms d'accéleration
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à la fin de ma thèse - nous avions 15 sources de hautes énergies 
(pas grâce à moi!!) - le 3ème génération était prête à démarrer

État du ciel aux hautes énergies: 2005 (avant 3ème gén)
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État du ciel aux hautes énergies: 2005 (avant 3ème gén)
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For the current status of 
the TeV sky, go to TeVCat: 
http://tevcat.uchicago.edu 

http://tevcat.uchicago.edu


Etat du ciel au TeV aujourd'hui:
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Au moment de rédaction de cet exposé: on a 210 sources aux TeV

HESS, MAGIC, 
VERITAS all 

online



Et maintenant?
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Maintenant chaque nouvelle source n'est pas 
"une grande nouvelle" 

et on est vraiment dans l'ère de 
faire des études détailées 

des sources de rayons gamma



Quelles sont les sources de rayons gamma?

Non-identifiéss
Noyaux Actifs de Galaxies

Galaxies à flambées d'étoiles
Nébuleuses de pulsars

vestiges de supernovae
Pulsars

Binaries
"Autre"
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3 Massive star clusters 
2 Superbubbles 
1 Globular cluster 
2 Extended TeV halos



CARACTERISTIQUES

• le noyau central est plus lumineux que le 
reste de la galaxie 

• ils émettent à travers le spectre entier: 
radio ... keV ... MeV ... TeV
➡non thermique 

• mass: 108 Msoleil 
• jets relativistiques ... mouvement 
superluminal
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Les Noyaux Actifs de Galaxies (NAGs)



energy

power

• <5% des NAGs 
• le jet point “vers” nous
• émission très variable 
• spectral energy distribution

CHARACTERISTIQUES

Les Blazars
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PKS 2155-304 
1-minute time bins 
BH mass: ~ 109 Msun
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distance: milliards 
d'années-lumière 

Les Blazars VARIABILITÉ



• leptonic models provide good fits to many blazars

• X-ray and gamma-ray emission often correlated - a fact naturally explained by SSC models

Blazejowski, M. et al. 2005, ApJ, 630, 130 PRELIMINARY

Fortson et aL. (2012) Gamma 2012

rayons X

rayons γ
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Les modeles de l'émission des blazarsLes Blazars



• The extragalactic background light is the second largest energy resevoir in the universe (after the cosmic 
microwave background radiation field) 

• It comprises the accumulated emission from stars and dust that have lived at all ages of the universe 

• It occupies the region of the spectrum from IR through optical to the UV (~0.1 - 1000 μm) 

• Because of the strong foreground emissions from our solar system and galaxy - it's difficult to measure directly

gamma-ray photons pair produce with the EBL photons and therefore get absorbed ! but...

pair production

TeV EBL

Cosmology - Extragalactic Background Light

for gamma 

rays with  

E > ~200 GeV
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Gamma-ray photons pair produce with the EBL photons and therefore get absorbed! 

The further away the object 
we detect, the more its TeV 
photons are absorbed by the 
EBL - this results in a break 
in the spectrum

ΓHE

ΓVHE

Cosmology - Extragalactic Background Light
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Plan Galactique vu par HESS



  



  

Plan Galactique vu par HESS



Galactic Physics: H.E.S.S. Galactic Plane Survey

2018: "HESS Galactic Plane Survey" est sorti: 
- première publication 2005 (14 sources) ... maintenant 78 sources
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https://www.mpi-hd.mpg.de/hfm/HESS/hgps/



  

Vestiges de supernova

- Morphologie dépend du milieu environnant

- Acceleration de particules au niveau de l’onde de choc

- Permet de tester l’hypothèse de l’origine des rayons 
cosmiques

Rayons X

Rayons γ
Rayons γ



Des étoiles à neutrons
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Les Pulsars

H
E
S
S
 C

o
lla

b
. 

2
0
1
8

- Emission pulsée au TeV

- Physique proche du pulsar



  

Nébuleuse à vent de pulsar (PWN)
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Nébuleuse à vent de pulsar (PWN)

Pulsar

- Morphologie dépend de l’énergie et du milieu

- Echappement des électrons 

- Refroidissement (perte d’énergie) 



WWW..MPI-HD.MPG.DE

observer

Les binaires

LS 5039: the first gamma-ray binary detected - now there are 8 gamma-ray binaries 
- orbital period 3.902 +/- 0.005 days 
- consists of a compact object (pulsar?) orbiting a massive star 
- gamma-ray emission is variable but cyclic

sometimes called microquasars
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Galactic Physics: Binary systems

WWW..MPI-HD.MPG.DE

periodicity of signal established 
(2006)

observer

LS 5039: the first gamma-ray binary detected - now there are 6 gamma-ray binaries 
- orbital period 3.902 +/- 0.005 days 
- consists of a compact object (pulsar?) orbiting a massive star 
- gamma-ray emission is variable but cyclic
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Merci beaucoup 
de

votre attention



Astroparticle / Exotic Physics - Dark Matter Searches
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Astroparticle / Exotic Physics - Dark Matter Searches

• We know that there was a large amount of dark matter in the early universe 
• We see it in the BAO - it comprses ~27% of the total energy budget of the 

universe 

• We see it astrophysically today e.g. galaxy rotation curves 

‣ We know that there has to be some particle associated with it and that 
that particle must be stable enough to have survived since the early 
universe  

 - i.e. it desn't interact (much) with normal matter 
✦ One possibility is the WIMP - it is its own antiparticle (only interacts weakly) 
★ When this annhiliates with itself, it produces gamma rays 
• It clusters in dense astrophysical environments
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Astroparticle / Exotic Physics - Dark Matter Searches

http://kipac-web.stanford.edu/research/FGST
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Astroparticle / Exotic Physics - Lorentz Invariance
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Astroparticle / Exotic Physics - Lorentz Invariance
•The assumption of Lorentz Invariance is one of the founding principles of Modern physics 
• Certain theories that attempt to provide a unified model of quantum gravity predict that the 

vacuum could have an effective refractive index 
•Thus photons with different energies would travel at different velocities becoming more 

pronounced as we approach the Planck Energy (1019 GeV)
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Astroparticle / Exotic Physics - Lorentz Invariance
•The assumption of Lorentz Invariance is one of the founding principles of Modern physics 
• Certain theories that attempt to provide a unified model of quantum gravity predict that the 

vacuum could have an effective refractive index 
•Thus photons with different energies would travel at different velocities becoming more 

pronounced as we approach the Planck Energy (1019 GeV)

To search for the signature of Lorentz Invariance Violation, our test sources should 
have the following properties: 

- emit at the highest energies (effect of vacuum dispersion more pronounced) 
- lie at a very large distance from us (time delay will be larger) 
- exhibit rapid variability (or only emit over a very short time period) so that we 
"know" (assume) photons were all emited at the same time
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Astroparticle / Exotic Physics - Lorentz Invariance

Constraints so far have come form the NON detection of differences in the arrival 

times of photons from distant gamma-ray bursts

•The assumption of Lorentz Invariance is one of the founding principles of Modern physics 
• Certain theories that attempt to provide a unified model of quantum gravity predict that the 

vacuum could have an effective refractive index 
•Thus photons with different energies would travel at different velocities becoming more 

pronounced as we approach the Planck Energy (1019 GeV)

To search for the signature of Lorentz Invariance Violation, our test sources should 
have the following properties: 

- emit at the highest energies (effect of vacuum dispersion more pronounced) 
- lie at a very large distance from us (time delay will be larger) 
- exhibit rapid variability (or only emit over a very short time period) so that we 
"know" (assume) photons were all emited at the same time
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Astroparticle / Exotic Physics - Lorentz Invariance

Next-generation TeV instruments, such as the  
Cherenkov Telescope Array (CTA)  

will enable us to observe many sources and source classes  
as a function of redshift with high statistics so that we can 

disentangle the effects of 
dispersion internal to a paritcular source or source class 

and 
dispersion due to vacuum birefringence
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