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O U T L I N E

• How Does the LAT work? 

• Analyze! (What are the common steps of a LAT analysis?)
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T H E  E L E C T R O M A G N E T I C  S P E C T R U M

3

E = h⌫

⌫ =
c

�⌫
c

� Wavelength

Frequency

Speed of light

E Energy

Max Planck 
1858-1947

1918
h = 6.62607004 × 10-34 J s



C H A L L E N G E  1 :  O PA C I T Y  O F  T H E  
E A R T H ’ S  AT M O S P H E R E
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C H A L L E N G E  2 :  F O C U S S I N G  L I G H T

• With increasing energy / frequency it becomes more difficult to focus electromagnetic radiation as 
it penetrates matter 

• X-ray optics use grazing incidence 

• Gamma-rays penetrate material even further than X-rays, impossible to focus
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X - R AY  T E L E S C O P EN E W T O N  T E L E S C O P E



S O L U T I O N

• Use technologies from particle accelerators to detect gamma rays 
and put them on a satellite
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🚀



PA R T I C L E  D E T E C T I O N  
—  M A K I N G  H I G H  E N E R G Y  PA R T I C L E S  V I S I B L E
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(invisible) 𝛾 ray

electron e-

positron (anti-electron) e+

(invisible) 𝛾 ray

excited atomic e-
e-

e+

W H I C H  G A M M A  R AY  
H A S  M O R E  E N E R G Y ?A

B



I O N I Z AT I O N

• A high-energy charged particle going through material will kick loose lots of electrons for 
atoms near its path 

• The electric field from the charged particle transfers energy to the atomic electrons and 
unbinds them
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In some materials, free electrons recombine 
with atoms quickly and given off  ‘scintillation’ 

light



B U I L D I N G  A  G A M M A  R AY  T E L E S C O P E   
—  W H AT  D O  W E  W A N T  T O  K N O W  A B O U T  T H E  PA R T I C L E S  
T H AT  H I T  T H E  T E L E S C O P E ?
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B U I L D I N G  A  G A M M A  R AY  T E L E S C O P E   
—  W H AT  D O  W E  W A N T  T O  K N O W  A B O U T  T H E  PA R T I C L E S  
T H AT  H I T  T H E  T E L E S C O P E ?
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• Where they are coming from (direction)

• How energetic they are (energy)

• That they are really gamma rays (and not cosmic rays)

e+ e–

Anticoincidence detector

Calorimeter  
(energy measurement)

Conversion foil

Particle tracking detectors
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T H E  F E R M I  L A R G E  A R E A  T E L E S C O P E



T H E  F E R M I  L A R G E  A R E A  T E L E S C O P E

Tracker: 
convert γ->e+e- 
reconstruct γ direction from 
e+e- 

Calorimeter: 
measure γ energy

Anti-Coincidence Detector:   
Tag and reject charged particles 

Fermi-LAT Collaboration: 
~400 Scientific Members, 
NASA / DoE & International 
Contributions  

LAT: ~1m x 1.5m, 2800 kg
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L AT  D E T E C T S  I N D I V I D U A L  G A M M A  
R AY S

Nearly ideal γ-ray candidate: 
1. Signal starts in middle of LAT 
2. Hits form a straight track 
3. Energy axis aligned with track 
4. Energy confined near axis

4

1

2

3
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O B S E R V I N G  T H E  F U L L  S K Y  W I T H  F E R M I
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• Fermi satellite orbital period ~ 90 minutes 

• Satellite alternates between looking south and north every orbit 

• Sees the whole sky every 3 hours

Fisheye view of bright point source in 51 months



B A S I C  A N A LY S I S  
W O R K F L O W

15



W H AT ’ S  Y O U R  R E S E A R C H  Q U E S T I O N ?

• Is my source of interest detected at  energies? 

• If it is detected what is its average spectrum (=photon flux as a 
function of energy) over some time range?  

• Is its spectrum compatible with some theoretical shape (e.g., dark 
matter annihilation)? 

• What is the source morphology? Point-like? Extended? 

• What is the evolution of the source flux vs time? 

• … 

γ
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L I K E L I H O O D  F I T T I N G

• No matter what your question is, in the end it boils down to 
fitting a model  for your source(s) to the data 

• Most generally, model will depend on energy , time , solid 
angle , and model parameters : 

  

• For LAT data, model parameters  are optimized through a 
likelihood maximization 

ϕ

E t
Ω ⃗π

ϕ ≡ ϕ(E, t, Ω, ⃗π ) =
dN

dE dt dA dΩ

⃗π
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M O D E L  ϕ

C A L C U L AT E  E X P E C T E D  
N U M B E R  O F  C O U N T S   F R O M  

 T H AT  F E R M I  S H O U L D  H AV E  
S E E N

M
ϕ

C O M PA R E   W I T H   
T H R O U G H  O B J E C T I V E  

F U N C T I O N  ,  T H E  
B I G G E R   T H E  B E T T E R  T H E  

A G R E E M E N T

M N

ℒ( ⃗π |N )
ℒ

Change ⃗π

R AW  D ATA

D ATA  P R E P R O C E S S I N G  ( S U B -
S E L E C T I O N ,  B I N N I N G ) ,  G I V E S  Y O U  

C O U N T S  N

P R E C O M P U T E  Q U A N T I T I E S  
T O  S P E E D  T H I S  U P  



G E T  T H E  D ATA

• You can download data from https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi  

• Data starts at 2008-08-04 15:43:36 UTC 

• Useful tool: xTime convert mission elapsed time (MET) to UTC, MJD, …
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https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xTime/xTime.pl
https://fermi.gsfc.nasa.gov/cgi-bin/ssc/LAT/LATDataQuery.cgi
https://heasarc.gsfc.nasa.gov/cgi-bin/Tools/xTime/xTime.pl


D O W N L O A D  D ATA

• If you downloaded 
the latest version of 
fermipy and the 
fermitools, you are 
all set 

• Otherwise, you 
need to get the 
catalog files and 
templates for 
extended sources, 
available here
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https://fermi.gsfc.nasa.gov/ssc/data/access/lat/10yr_catalog/
https://fermi.gsfc.nasa.gov/ssc/data/access/lat/10yr_catalog/


S W I T C H  T O  P G 1 5 5 3  N O T E B O O K :  
 H T T P S : / / N B V I E W E R . J U P Y T E R . O R G / G I T H U B / M E -

M A N U / F E R M I P Y- E X T R A / B L O B / M A S T E R /
N O T E B O O K S / P G 1 5 5 3 . I P Y N B  
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https://nbviewer.jupyter.org/github/me-manu/fermipy-extra/blob/master/notebooks/pg1553.ipynb
https://nbviewer.jupyter.org/github/me-manu/fermipy-extra/blob/master/notebooks/pg1553.ipynb
https://nbviewer.jupyter.org/github/me-manu/fermipy-extra/blob/master/notebooks/pg1553.ipynb
https://nbviewer.jupyter.org/github/me-manu/fermipy-extra/blob/master/notebooks/pg1553.ipynb
https://nbviewer.jupyter.org/github/me-manu/fermipy-extra/blob/master/notebooks/pg1553.ipynb
https://nbviewer.jupyter.org/github/me-manu/fermipy-extra/blob/master/notebooks/pg1553.ipynb


W H Y  A  C U T  O N  Z E N I T H  A N G L E ?

Z γ

Z ⩽ 90∘

🚫
Earth Limb
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W H Y  S E L E C T I N G  E V E N T S  F R O M  A  
R E G I O N  O F  I N T E R E S T  ( R O I ) ?

• LAT has large point spread function, which depends on energy

Truth Observed

E = 100 MeV E = 100 MeV



W H Y  S E L E C T I N G  E V E N T S  F R O M  A  
R E G I O N  O F  I N T E R E S T  ( R O I ) ?

• LAT has large point spread function, which depends on energy

Truth Observed

E = 1 GeV E = 1 GeV



W H Y  S E L E C T I N G  E V E N T S  F R O M  A  
R E G I O N  O F  I N T E R E S T  ( R O I ) ?

• LAT has large point spread function, which depends on energy

Truth Observed

E = 10 GeV E = 10 GeV



gta.setup()

M O D E L  ϕ

C A L C U L AT E  E X P E C T E D  
N U M B E R  O F  C O U N T S   F R O M  

 T H AT  F E R M I  S H O U L D  H AV E  
S E E N

M
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A G R E E M E N T

M N

ℒ( ⃗π |N )
ℒ

R AW  D ATA

D ATA  P R E P R O C E S S I N G  ( S U B -
S E L E C T I O N ,  B I N N I N G ) ,  G I V E S  Y O U  

C O U N T S  N

P R E C O M P U T E  Q U A N T I T I E S  
T O  S P E E D  T H I S  U P  



C O M P U T E  E X P E C T E D  C O U N T S  M

• Expected counts obtained from convolution of model flux  with instrumental response 
function  

  

• Instrumental response function factors into: 

• Point spread function  , gives probability that true arrival direction  is 
mapped onto observed arrival direction  

• Energy dispersion matrix  , gives probability that true energy  is mapped onto 
observed energy  

• Effective area  of the detector at energy  and direction  (multiplied with 
 this is called exposure)

ϕ
R

Mijk(E, ⃗π ) = ∫
ΔE′�i

dE′� ∫
E−range

dE ∫
Ωjk

d ⃗p ′� ∫
⃗p −range

d ⃗p TobsR(E, E′�, ⃗p , ⃗p ′�) ϕ(E, ⃗p , ⃗π )

PSF( ⃗p , ⃗p ′�, E) ⃗p
⃗p ′�

D(E, E′�) E
E′�

Aeff(E, ⃗p ) E ⃗p
Tobs
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W H Y  S O  M A N Y  S O U R C E S  I N  M Y  
M O D E L ?

• Broad PSF makes it necessary to not only model your source of interest but all 
sources in the vicinity as well!

Truth Observed

E = 100 MeV E = 100 MeV



W H Y  S E L E C T I N G  E V E N T S  F R O M  A  
R E G I O N  O F  I N T E R E S T  ( R O I ) ?

• Also backgrounds like Galactic and Extragalactic diffuse emission need to be 
included

Truth Observed

E = 100 MeV E = 100 MeV

Galactic Diffuse emission



W H Y  S E L E C T I N G  E V E N T S  F R O M  A  
R E G I O N  O F  I N T E R E S T  ( R O I ) ?

• Also backgrounds like Galactic and Extragalactic diffuse emission need to be 
included

Truth Observed

E = 100 MeV E = 100 MeV

Galactic diffuse emission

extragalactic diffuse emission 
+ misclassified cosmic rays 



O B J E C T I V E  F U N C T I O N :  P O I S S O N  
L I K E L I H O O D
• Poisson statistics applies when we have a photon counting experiment 

• Probability to observe  events given a constant rate : 

  

• In Fermi analysis, objective function is the corresponding log likelihood 
(up to a constant) 

  

• Where the summation runs over the energy bins  and spatial bins 

N M

P(M |N) =
MN exp(−M)

N!

ln ℒ( ⃗π |N) = ∑
i,j,k

(−Mijk( ⃗π ) + Mijk( ⃗π )ln Nijk) = − Mtot + ∑
i,j,k

Mijk ln Nijk

i j, k
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M O D E L  ϕ

C A L C U L AT E  E X P E C T E D  
N U M B E R  O F  C O U N T S   F R O M  

 T H AT  F E R M I  S H O U L D  H AV E  
S E E N

M
ϕ

C O M PA R E   W I T H   
T H R O U G H  O B J E C T I V E  

F U N C T I O N  ,  T H E  
B I G G E R   T H E  B E T T E R  T H E  

A G R E E M E N T

M N

ℒ( ⃗π |N )
ℒ

R AW  D ATA

D ATA  P R E P R O C E S S I N G  ( S U B -
S E L E C T I O N ,  B I N N I N G ) ,  G I V E S  Y O U  

C O U N T S  N

P R E C O M P U T E  Q U A N T I T I E S  
T O  S P E E D  T H I S  U P  

gta.fit()
gta.optimize()



F U R T H E R  R E A D I N G

● If you want to know what’s going on “behind the scenes” consider 
doing the binned analysis tutorial using only the fermitools and 
not fermipy 

● A full description of the individual analysis steps and what they do 
and the files that are created is given here 

● If you are planning to do more Fermi analysis in the future, I 
strongly suggest that you read this and do do the binned 
analysis tutorial once 

● You can also do an unbinned analysis of LAT data, this is, however, 
not supported by fermipy. In any case, a tutorial is provided here
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https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_likelihood_tutorial.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Likelihood/index.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_tutorial.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/binned_likelihood_tutorial.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/documentation/Cicerone/Cicerone_Likelihood/index.html
https://fermi.gsfc.nasa.gov/ssc/data/analysis/scitools/likelihood_tutorial.html

