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Outlines

 Astrophysical sources of gamma-rays: (Galactic and 
extragalactic) point sources and diffuse emission

 Typical spectrum of common point sources: pulsar, 
supernova remnant, active galactic nucleus etc

 Components and spectra of the diffuse emission

 Beyond standard astrophysics: Dark Matter & axion

 Annoying practicalities of experimental gamma ray astronomy

 Gamma ray telescopes: satellites (Fermi LAT) and 
Cherenkov telescopes



  

(1) Why are we interested in cosmic gamma rays?
● Astrophysical sources of gamma rays
● Exotic sources of gamma rays: Dark Matter and "New Physics"

(2) Cosmic production mechanisms of gamma rays
● Gamma ray as a messenger of non-thermal "violent" physics
● Astrophysical production mechanisms: (i) pion production and decay, (ii) inverse Compton 

production, 
(iii) bremsstrahlung and (iv) synchrotron production

● "New Physics" mechanisms: (i) annihilation or decay of Dark Matter and (ii) other exotics
● Energy spectrum of cosmic gamma rays
● Spatial distribution of cosmic gamma rays

(3) Gamma ray point sources
● Galactic: neutron stars, black holes, Central Black Hole
● Extragalactic: Active Galactic Nucleus

(4) Extended sources of gamma rays
● Galactic: Supernova Remnants, molecular clouds and diffuse gamma rays
● Extragalactic: galaxy clusters (are they?)
● “New Physics”: annihilation/decay of Dark Matter

(5) Propagation of gamma rays
● Absorption mechanisms
● Transparency of the Galaxy
● Absorption in the cosmological scales, the cosmic "gamma ray window"

(6) Intro to gamma ray telescopes
● Satellite telescopes: Fermi satellite
● Terrestrial telescopes: Cherenkov telescopes (MACIG, HESS, VERITAS, CTA) 



  

Why are we
interested in γ-rays?



  



  



  



  

Cosmic production
mechanisms of gamma rays



  

Cosmic production mechanisms of 
gamma rays

 Gamma ray as a messenger of non-thermal "violent" physics
– To produce a gamma ray, very energetic (charged) particles are 
needed. For example: E>GeV (inverse Compton, pi0 production, 
bremsstrahlung), E>TeV (synchrotron radiation)

 Astrophysical production mechanisms
-- pion production and decay (cosmic rays + matter)
-- inverse Compton production (cosmic rays + CMB/starlight/IR, 
pulsars)
-- bremsstrahlung (cosmic rays + matter)
-- synchrotron production (cosmic rays + magnetic fields)

 "New Physics" mechanisms:
-- annihilation or decay of Dark Matter
-- other exotics (cosmic strings etc)

 Energy spectrum of cosmic gamma rays
 Spatial distribution of cosmic gamma rays



  

Astrophysical production 
mechanisms

● pion production and decay (cosmic rays + matter)

● inverse Compton production (cosmic rays + CMB/starlight/IR)

● bremsstrahlung (cosmic rays + matter)

● synchrotron production (cosmic rays + magnetic fields)

● Pulsars: IC, syncrotron



  

To blackboard...

– pion production  (pi0, pi+)

– inverse Compton

– bremsstrahlung (& synchrotron) 



  

Energy spectrum of gamma rays
● Typical spectrum of gamma rays is power law!

● Why?
(i) Typical charged cosmic rays producing gammas have power law 
spectrum – the Fermi acceleration mechanism!
(ii) Even if charged cosmic rays have initially non-power-law 
spectrum their spectrum is quickly converted to power law due to 
diffusion



  

To blackboard...

– initial flux, Fermi mechanism

– diffuse flux, delta



  

Where do they come from?



  

● Two “type” of gamma rays:
(i) from “point” sources
(ii) “diffusive” gamma rays

● “Point” sources:
– true point sources, e.g. pulsars
– extended sources, e.g. supernova remnants

● “Diffusive” component
– true diffusive: interaction between the Galactic cosmic rays and 
matter (or CMB, interstellar starlight and IR)
– unresolved point sources (Fermi LAT angular resolution ~ 0.1 deg)



  

Gamma ray point sources



  

Gamma ray point sources
● Galactic: neutron stars, black holes, Central Black Hole

● Extragalactic: Active Galactic Nucleus



  

Extended sources of
gamma rays



  

Extended sources of
gamma rays

● Galactic: supernova remnants, molecular clouds and diffuse 
gamma rays

● Extragalactic: galaxy clusters (are they?)

● “New Physics”: annihilation/decay of Dark Matter



  

Supernova Remnants (SNR)



  

Supernova Remnants (SNR)

Tycho's supernova

(SN 1572)

Crab Nebula (M1, 

NGC 1952, Taurus A)



  

Detection of the Characteristic Pion-Decay Signature in Supernova 
Remnants, Fermi-LAT Collaboration (M. Ackermann et al), Science 
339 (2013) 807



  

Diffuse gamma rays (from the Galaxy)

Diffusion of charged cosmic rays:



  



  

To blackboard...

– diffusion versus direct propagation,

Green's functions



  

Extragalactic extended sources:
galaxy clusters (are they?)



  

Extended sources of gamma rays:
annihilation or decay

of Dark Matter



  



  

Thermal production of WIMPs

“WIMP miracle!”



  

Why WIMP is so attractive?

Many candidates waiting in particle physics – too many!



  

A possibility to measure DM 
annihilation signal: 

nonlinear development of 
density of CDM



  

Nonlinear 
development of 
density of WIMPs



  

Extended sources of gamma rays:
annihilation or decay of Dark Matter

in our Galaxy



  

Gamma-rays from DM annihilation:
Galactic DM main halo



  

Gamma-rays from DM annihilation:
Galactic DM main halo

J-factor



  

Gamma-rays from DM annihilation:
Galactic DM subhalos (resolved)



  

Gamma-rays from DM annihilation:
Galactic DM subhalos (unresolved)



  

Gamma-rays from DM annihilation:
Galactic total



  

Gamma-rays from DM annihilation:
DM annihilation + background (!)



  

Extragalatic sings of DM 
annihilation/decay



  



  

Angular power spectrum analysis



  

Cross-correlation analysis



  

Propagation of gamma rays



  

Propagation of gamma rays
● Absorption mechanisms

● Galaxy is transparent!

● Absorption in the cosmological scales, the cosmic "gamma 
ray window"



  

How transparent?



  

How transparent?



  

How transparent?



  

Interim summary
 Gamma ray is a messenger of non-thermal "violent" 

physics
 Astrophysical production mechanisms:

(i) pion production and decay, e.g. p+p->p+p+π0

(ii) inverse Compton production (cosmic rays + CMB/starlight/IR, 
pulsars)
(iii) bremsstrahlung (cosmic rays + matter)
(iv) synchrotron production (cosmic rays + magnetic fields)

 Gamma rays can hint “New Physics”
(i) annihilation or decay of Dark Matter
(ii) other exotics

 Energy spectrum of astrophysical gamma rays is (more-
or-less) power law

 There exists gamma ray point (pulsar, AGN, SNR) and 
extended sources (diffuse, close by SNR, “DM 
annihilation/decay”)



  

Intro to gamma ray telescopes



  

Intro to gamma ray telescopes

● Satellite telescopes: Fermi satellite

● Terrestrial telescopes: Cherenkov telescopes (MACIG, 
HESS, VERITAS, CTA) 



  

Fermi satellite



  

Fermi LAT,
a typical gamma ray detector



  

Charged cosmic rays are background
for gamma rays!



  

Charged cosmic rays are background
for gamma rays!



  

Parameters of the Fermi LAT:
Field of View



  

Parameters of the Fermi LAT:
Effective Area



  

Parameters of the Fermi LAT:
Point Spread Function



  

Parameters of the Fermi LAT:
Point Spread Function



  

Parameters of the Fermi LAT:
Energy Dispersion



  

Data system of the Fermi LAT

● Event-by-event data

● Data field: l, b, E, phi, type, zenith angle etc, time etc

● Amount of total data (~4 years): some Gigabytes

● The data is public

● A set of public (open source) analysis tools are available:
Fermi Science Tools 
http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/

● General web page of the Fermi Collaboration:
http://www-glast.stanford.edu/

http://fermi.gsfc.nasa.gov/ssc/data/analysis/software/
http://www-glast.stanford.edu/


  

Catalogs of the Fermi LAT

http://fermi.gsfc.nasa.gov/ssc/data/access/



  

Cherekov telescopes



  

Cherekov telescopes: H.E.S.S.



  

Next generation:
Cherenkov Telescope Array (CTA)



  

Thank you!

andi.hektor@cern.ch



  

Bonus slaids















  

Some discoveries of Fermi LAT: 
“Fermi bubble”



  

Some discoveries of Fermi LAT:
“Fermi 130 GeV line”



  



  

Why a gamma ray line is so special?

➔ There is no “standard physics” giving a gamma ray 
lines!

➔ Lines are more visible over typical power-law like 
astrophysical background

➔ DM annihilation or decay can provide a gamma ray 
lines!
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