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HIGH ENERGY (HE):  ~30 MeV -100 GeV  
(satellites)

FERMI Current Cherenkov Telescopes HESS
(southern hemisphere), 

MAGIC and 

VERITAS 
(northern hemisphere)

CTA

Agile

VERY HIGH ENERGY (VHE): 100 GeV -100 TeV 

(satellites and Cherenkov Telescopes )

https://fermi.gsfc.nasa.gov/science/overview.html
https://magic.mpp.mpg.de/
https://veritas.sao.arizona.edu
https://www.cta-observatory.org/
https://www.asi.it/esplorazione/alte-energie/agile/
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Thermal emission (Th): Non-Thermal emission (NTh)

Thermal radiation is dependent on the temperature T 

of the emitter

Non-thermal radiation cannot be described by T 

and requires accelerators
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• Synchrotron photons in the jet

• Environment photons from Accretion Flow, BLR, NLR, Torus 

• Cosmic Microwave Background (CMB) photons
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Given a power law distribution of electron energies

Synchrotron energy density :

Inverse Compton energy density :
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Non-Thermal processes:
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seed photons (sph)

Ghisellini 2012

https://arxiv.org/abs/1202.5949


The jet emission is strongly Doppler boosted

The key parameter is the  Doppler Factor  δ(β, θ)

For an intrinsic power law spectrum: 

 F’(ν’) = K (v’)-a


the observed flux density is


Fν(ν)= δ3+α F’ν’ (ν)

=
p

(1� �2)
=v/c 


 bulk velocity
Lorentz factor

angle between 

the jet axis and 

the line of sight

Blazar

Non-Thermal emission:
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Detectors

X-rays Gamma-rays 

The photoelectric effect lies at the heart of CCD operation

– Photons in teract in a 
semiconduc tor subs t ra te 
(usually sil icon) and are 
converted into electron-‐hole 
pairs


– Applied electric field used to 
collect charge carriers (usually 
electrons) and store them in 
pixels


– Pixels are “coupled” and 
can transfer their stored 
charge to neighboring pixels


– Stored charge is transferred 
to a readout amplifier


– At readout amplifier, charge 
is sensed and digitized 

(SEE DADINA LESSON)

HE Photons interact with matter by electron-positron pair 
production (γ → e− + e+)
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FERMI Satellite: Scientific Instruments

Gamma-ray Burst Monitor

Large Area Telescope

FERMI:  Sky Survey Observing Mode with a full sky coverage every 2 orbits (3hours)

Note: Chandra, XMM-NEWTON, NuStar : point single sources  
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https://arxiv.org/abs/0908.0450
https://www-glast.stanford.edu/instrument.html


Detectors

Large Area Telescope


The LAT detects γ-rays in the energy range from 20 MeV to more than 1 TeV, 
measuring their arrival times, energies, and directions. The field of view of the 
LAT is ∼2.7 sr at 1 GeV and above.

The tracking section of the LAT has 36 layers of silicon strip detectors 
interleaved with 16 layers of tungsten foil (12 thin layers, 0.03 radiation 
length, at the top or Front of the instrument, followed by four thick 
layers, 0.18 radiation lengths, in the Back section). The silicon strips 
track charged particles, and the tungsten foils facilitate conversion of γ-
rays to positron-electron pairs. Beneath the tracker is a calorimeter.

The LAT consists of an array of 16 tracker (TKR) modules, 16 calorimeter (CAL) 

modules, and a segmented ACD.

The information from the anticoincidence detector, tracker and calorimeter is combined to estimate the energy and direction of the gamma ray.



IMAGE SPECTRUM LIGHT CURVE

Data reduction

X-ray and Gamma-ray data reductions: similar procedure 

More details, later, on the Gamma-ray data reduction  (Tutorial of Ettore Bronzini)



Scientific file -> photon file 

includes the energy of the event, the position, and information 
about the quality of the event reconstruction.

Housekeeping file-> spacecraft file 

contains spacecraft position and orientation information for 30 

second intervals.

Cleaned file that is the starting point for the production of 
images, spectra and light curves

X-rays Gamma-rays : FERMI

https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#PhotonFile
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_Data_Columns.html#SpacecraftFile


FERMI LAT events are classified  on their photon probability and the quality of their reconstruction.

Each event class was partitioned in two conversion event types 
(front and back), depending on the location of the Tracker layer 
where the photon-to-pair conversion occurred.  Photons that 
convert in the front section have intrinsically better angular 
resolution than those that convert in the back section.

https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Data/LAT_DP.html


Important selection to reduce the background: zenit angle

to avoid gamma-ray photons produced by  cosmic ray interacting with the Earth atmosphere

+Z axis of the spacecraft - the line normal to the top surface of the LAT
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✓z zenith angle
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✓r satellite rolling angle
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✓ photon incident angle
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Cleaned file that is the starting point for the production of images, spectra and light curves

Count map is a 2D representation of the studied region. 

The events are binned into user-specified rectangular 
pixels 


A 3-D data cube (spatial +energy) is a ‘set’ of count 
maps produced at different energy bins.


IMAGE

http://www.apple.com/uk


Region of interest (ROI) of several  degrees, including 
all the sources in the target environment, and the 
background

X-rays Gamma-rays : FERMI

Region (“) of the source (generally circular) 

4.
5’

4.5’



Galactic Gamma-ray background


dominated by emiss ion from 
interstellar processes in the Milky 
Way due to energetic particle 
interactions in the ISM, primarily 
protons and electrons


Isotropic Gamma-ray background

dominated by superposition of 
all unresolved extragalactic 
sources

Background region (“) near the source

X-rays Gamma-rays : FERMI

https://iopscience.iop.org/article/10.3847/0067-0049/223/2/26
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/BackgroundModels.html


Instrument Response Function 

IRF

Each event class and event type selection (s) has its own IRFs

X-rays 

Ancillary file  (.arf)

Response matrix   (.rmf)

Gamma-rays : FERMI

R= Aeff * PSF *D

https://iopscience.iop.org/article/10.1088/0067-0049/203/1/4


EFFECTIVE AREA

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm


https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm

PSF



Energy Resolution

https://www.slac.stanford.edu/exp/glast/groups/canda/lat_Performance.htm



BECAUSE OF 

THE PAUCITY OF EVENTS, 


THE LARGE ERRORS ASSOCIATED WITH DETECTING GAMMA-RAYS

A BRIGHT BACKGROUND


ANALYSIS AND INTERPRETATION OF DATA 

REQUIRE COMPLEX 


STATISTICAL TECHNIQUES


WE NEED A LIKELIHOOD ANALYSIS




R= Aeff * PSF *D

and  the 



L IS THE PRODUCT OF THE PROBABILITIES OF OBSERVING       COUNTS IN EACH BIN (   ) WHEN THE NUMBER 
OF COUNTS PREDICTED BY THE MODEL IS 

AVERAGE NUMBER OF EVENTS  


 

    NUMBER OF EVENTS IN EACH  BIN

p�(n) =
�n

n! e
��

�

L=⇧k
m

nk
k e�mk

nk!

 natural logarithmic  of L

=⇧ke�mk⇧k
m

nk
k
n! = e�Npred⇧k

m
nk
k

nk!

log L=�NPred +
P

K nklog(mk)� log(n!)
It does not depend on model .


It can be neglected

The number of counts in each bin is small and this is characterized by the Poisson distribution

<latexit sha1_base64="yEIYSuklW9Cq+E1lUnk1ZlEn4AI=">AAAB8HicdVDLSsNAFJ3UV62vqks3g63gKiS1adNd0Y3LCvYhbSiTybQdOpmEmYlQQr/CjQtF3Po57vwbJ20FFT0wcDjnXObe48eMSmVZH0ZubX1jcyu/XdjZ3ds/KB4edWSUCEzaOGKR6PlIEkY5aSuqGOnFgqDQZ6TrT68yv3tPhKQRv1WzmHghGnM6ohgpLd2VB0xnA1QeFkuW6drVRsWFltmo113HyUjNunCq0DatBUpghdaw+D4IIpyEhCvMkJR924qVlyKhKGZkXhgkksQIT9GY9DXlKCTSSxcLz+GZVgI4ioR+XMGF+n0iRaGUs9DXyRCpifztZeJfXj9RI9dLKY8TRThefjRKGFQRzK6HARUEKzbTBGFB9a4QT5BAWOmOCrqEr0vh/6RTMe2a6dxUSs3LVR15cAJOwTmwQR00wTVogTbAIAQP4Ak8G8J4NF6M12U0Z6xmjsEPGG+fi0+QRQ==</latexit>

�
<latexit sha1_base64="/JOFAu93lm/ZMWTYdsXpHPRMoH0=">AAAB6nicdVDLSsNAFJ3UV62vqks3g63gKiS1adNd0Y3LivYBbSiT6aQdOpmEmYlQQj/BjQtF3PpF7vwbJ20FFT1w4XDOvdx7jx8zKpVlfRi5tfWNza38dmFnd2//oHh41JFRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP73K/O49EZJG/E7NYuKFaMxpQDFSWrot8/KwWLJM1642Ki60zEa97jpORmrWhVOFtmktUAIrtIbF98EowklIuMIMSdm3rVh5KRKKYkbmhUEiSYzwFI1JX1OOQiK9dHHqHJ5pZQSDSOjiCi7U7xMpCqWchb7uDJGayN9eJv7l9RMVuF5KeZwowvFyUZAwqCKY/Q1HVBCs2EwThAXVt0I8QQJhpdMp6BC+PoX/k07FtGumc1MpNS9XceTBCTgF58AGddAE16AF2gCDMXgAT+DZYMaj8WK8LltzxmrmGPyA8fYJImuNug==</latexit>n

<latexit sha1_base64="kf4QKmxYucQDUO8t5VXimxdUWOE=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LLaCp5DUpk1vRS8eK5haaEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpAwKpVlfRiFtfWNza3idmlnd2//oHx41JVxKjDxcMxi0QuQJIxy4imqGOklgqAoYOQumF7l/t09EZLG/FbNEuJHaMxpSDFSWvKqfDitDssVy3TteqvmQstsNZuu4+SkYV04dWib1gIVsEJnWH4fjGKcRoQrzJCUfdtKlJ8hoShmZF4apJIkCE/RmPQ15Sgi0s8Wx87hmVZGMIyFLq7gQv0+kaFIylkU6M4IqYn87eXiX14/VaHrZ5QnqSIcLxeFKYMqhvnncEQFwYrNNEFYUH0rxBMkEFY6n5IO4etT+D/p1ky7YTo3tUr7chVHEZyAU3AObNAEbXANOsADGFDwAJ7As8GNR+PFeF22FozVzDH4AePtE6DBjpg=</latexit>nk
<latexit sha1_base64="TWpQfu4VKMVwFET8pEBEUJJYtRs=">AAAB7HicdVBNS8NAEN3Ur1q/qh69LLaCp5DUpk1vRS8eK5haaEPZbDft0s0m7G6EEvobvHhQxKs/yJv/xk1bQUUfDDzem2FmXpAwKpVlfRiFtfWNza3idmlnd2//oHx41JVxKjDxcMxi0QuQJIxy4imqGOklgqAoYOQumF7l/t09EZLG/FbNEuJHaMxpSDFSWvKq0XBaHZYrluna9VbNhZbZajZdx8lJw7pw6tA2rQUqYIXOsPw+GMU4jQhXmCEp+7aVKD9DQlHMyLw0SCVJEJ6iMelrylFEpJ8tjp3DM62MYBgLXVzBhfp9IkORlLMo0J0RUhP528vFv7x+qkLXzyhPUkU4Xi4KUwZVDPPP4YgKghWbaYKwoPpWiCdIIKx0PiUdwten8H/SrZl2w3RuapX25SqOIjgBp+Ac2KAJ2uAadIAHMKDgATyBZ4Mbj8aL8bpsLRirmWPwA8bbJ586jpc=</latexit>mk

<latexit sha1_base64="6ixuv21Ti1tGAPRQCZ7DXAGTPbE=">AAAB6nicdVDLSsNAFJ3UV62vqks3g63gKiS1adNd0Y3LivYBbSiT6aQdOpmEmYlQQj/BjQtF3PpF7vwbJ20FFT1w4XDOvdx7jx8zKpVlfRi5tfWNza38dmFnd2//oHh41JFRIjBp44hFoucjSRjlpK2oYqQXC4JCn5GuP73K/O49EZJG/E7NYuKFaMxpQDFSWrotT8vDYskyXbvaqLjQMhv1uus4GalZF04V2qa1QAms0BoW3wejCCch4QozJGXftmLlpUgoihmZFwaJJDHCUzQmfU05Con00sWpc3imlREMIqGLK7hQv0+kKJRyFvq6M0RqIn97mfiX109U4Hop5XGiCMfLRUHCoIpg9jccUUGwYjNNEBZU3wrxBAmElU6noEP4+hT+TzoV066Zzk2l1LxcxZEHJ+AUnAMb1EETXIMWaAMMxuABPIFngxmPxovxumzNGauZY/ADxtsnHdyNtw==</latexit>

k

https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Likelihood/Likelihood_formula.html
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https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Likelihood/Likelihood_overview.html



Light curve and variability test

A light curve is produced by dividing the data into time bins and applying 
the likelihood analysis procedure to each.

To test the variability based on the  TSvar index defined as :


is the likelihood obtained in the fit over the total  time 

is the likelihood obtained in each interval by freezing the spectral parameters and adjusting the normalization

Is distributed as   
<latexit sha1_base64="1f/JYK9QjF5Oey/IgGyPyXUKUls=">AAAB73icbVDLTgJBEOz1ifhCPXqZCCaeyC6JjyPRi0dM5JHASmaHXpgwO7vOzJoQwk948aAxXv0db/6NA+xBwUo6qVR1p7srSATXxnW/nZXVtfWNzdxWfntnd2+/cHDY0HGqGNZZLGLVCqhGwSXWDTcCW4lCGgUCm8HwZuo3n1BpHst7M0rQj2hf8pAzaqzUKnXYgD9USt1C0S27M5Bl4mWkCBlq3cJXpxezNEJpmKBatz03Mf6YKsOZwEm+k2pMKBvSPrYtlTRC7Y9n907IqVV6JIyVLWnITP09MaaR1qMosJ0RNQO96E3F/7x2asIrf8xlkhqUbL4oTAUxMZk+T3pcITNiZAllittbCRtQRZmxEeVtCN7iy8ukUSl7F+Xzu0qxep3FkYNjOIEz8OASqnALNagDAwHP8ApvzqPz4rw7H/PWFSebOYI/cD5/AOQXjzo=</latexit>

�2 with  n-1 degree of freedom , where n is the number of time bins. 

https://iopscience.iop.org/article/10.3847/1538-4365/ab6bcb
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