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The Challenge 
!  Gamma-ray data is a list of  

counts (photons) 
reconstructed in the detector. 

!  Qualitative exploration of  the 
data suggests the presence of  
sources (spatial clustering). 

!  Quantitative analysis requires 
evaluating the significance of  a 
‘model’ of  our region. 

Counts Map	



The Source Model 
!  Basically the initial ‘model’ is a guess of  the various 

parameters of  the sources in our region: 

!  The location 

!  The spectral shape 

!  The flux 

!  etc. 

!  The guess can be made easier if  you have a starting point 
like a source catalog. 

!  We quantify (using the Likelihood Method) the statistical 
significance of  the model and vary the parameters to 
determine the most likely parameter values. 



Why Model Fitting? 
!  Use Likelihood method because 

LAT data are limited by statistics, 
a bright diffuse background and 
a broad PSF. 

!  The model defines the questions 
we want to ask.  

!  This means: 

!  It WILL NOT answer a 
question you are not asking 
(ie. unknown parameters). 

!  The Likelihood will not tell you if  
a fit is ‘good’.  If  the model 
does not represent your data 
well, the results will also not 
represent reality well. 
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Likelihood Analysis: basics (1) 

!  The likelihood L is the probability of  obtaining your data 
given an input model.   

!  In our case, the input model is the distribution of  gamma-
ray sources on the sky and includes their intensity and 
spectra. 

!  One will maximize L to get the best match of  the model to 
the data.  Given a set of  data, one can bin them in 
multidimensional (energy, sky pixels, ...) bins. 

!  L is the product of  the probabilities (pk) of  observing the 
detected counts in each bin (k).  

Like	



!  The number of  counts in each bin is small and thus 
is characterized by the Poisson distribution.   

!  L is the product of  the probabilities of  observing nk 
counts in each bin when the number of  counts 
predicted by the model is mk  

!  L can be rewritten as  

Like	 Likelihood Analysis: basics (2) 



!  If  we let the bin sizes get infinitesimally small, then 
nk = (0 or 1) and we are left with a product running 
over the number of  photons: 

!  This is called the unbinned likelihood method 

!  It’s easier to handle the logarithm of  L so we 
usually maximize: 

Like	 Likelihood Analysis: basics (3) 



Maximize This! 

!  The first term increases as the model predicts 
counts in bins where they actually occur and the 
second term demands that model counts be 
parsimoniously allocated. 

!  Now, we need to quantify the significance. 



!  The source model considered is: 

 

!  Here E is energy, t is time, and    is direction 

!  This model is folded with the Instrument Response 
Functions (IRFs) to obtain the predicted number of  
counts in the measured quantity space (E’,  ’,t’): 

Like	 Likelihood Analysis: basics (4) 
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!  The IRF is defined as 

!  where E is the true energy of  the photon, E’ is the 
measured energy,    is the true direction and   ’ is the 
measured direction. L(t) contains all of  the information 
about the telescope location and state. 

Like	 Likelihood Analysis: basics (5) 



Likelihood Analysis: basics (6) Like	

!  The IRF can be decomposed into three functions or matrices: 

 

!  Here, the effective area (                    ) is the projected area of  the 
detector multiplied by its efficiency (the probability that a photon will 
interact in the detector and pair-produce) 

!  The energy dispersion (                         ) reflects how well/poorly the 
instrument measures the photon energy 

!  And the point spread function (                        ) reflects how well/poorly 
the instrument measures the photon direction 

!  IRFs are calculated by performing a Monte Carlo simulation of  photons of  
various energies interacting with a simulated detector 



!  So, we perform the integral 

 

!  over the Source Region, i.e. the sky region 
encompassing all source contributions to the Region-of-
interest (ROI). In the standard analysis, only steady 
sources are assumed: 

Like	 Likelihood Analysis: basics (7) 



!  The function to maximize is: 

!  where the sum is performed over photons in the ROI.   

!  The predicted number of  counts is: 

!  To save CPU time, a model-independent quantity called the 
exposure map (or cube) is pre-computed: 

!  This gives: 

Like	
Likelihood Analysis: basics (8) 



The One Slide Summary 
!  Observed a photon from a location, at a time, with an energy. 

!  Assume a model: 

!  Calculated the probability of  that photon being detected assuming 
our model: 

!  Calculate the total number of  predicted counts assuming our 
model. 

!  Adjust the model until this is maximized: 



Test Statistic 
!  In order to determine if  a source is significant, we must test 

against the hypothesis that there is no source at that location. 
This uses the Likelihood Ratio Test (LRT): 

!  Test Statistic is not significance. However, Wilk’s Theorem 
states that: 
!  “In the limit of  a large number of  counts, the TS for the null 

hypothesis is asymptotically distributed as Χn2 where n is the 
number of  parameters characterizing the additional source.” 

!  i.e., if  d.o.f. = 2, σ = sqrt(TS) 

!  If  the source model is changed, the significance of  the 
changed result is also determined by the likelihood ratio test. 

Likelihood without source	
	
Likelihood with source	



Example (1) 

2 1 3 

1 20 0 

2 1 0 

1 1 1 

1 21 1 

1 1 1 

Detector = nk	
	

Model * IRF = mk	

lnL = Σk nk ln(mk) – Σk mk	
	
Σk mk = 30	
	
Σk nk ln(mk) ≈ 60.89	
	
lnL ≈ 30.89	
	

 Lmax,1  ≈ e30.89 ≈ 2x1013	

0 0 0 

0 ~3 0 

0 0 0 

ln(mk)	



Example (2) 

2 1 3 

1 20 0 

2 1 0 

1 1 1 

1 5 1 

1 1 1 

Detector = nk	
	

Null Hypothesis= mk	

lnL = Σk nk ln(mk) – Σk mk	
	
Σk mk = 13	
	
Σk nk ln(mk) ≈ 32.2	
	
lnL ≈ 19.2	
	

 Lmax,0 ≈ e19.2 ≈ 2x108	

0 0 0 

0 ~1.6 0 

0 0 0 

ln(mk)	



Example (3) 

TS = -2 ln(Lmax,0 / Lmax,1)	
     = -2 * ln(2x108/2x1013)	
     = -2 * ln(1x10-5)	
     = -2 * -11.5	
     ≈ 23	
	
Significance ≈ sqrt(TS) ≈  4.8	



Checking Results 
!  Once a model has been fitted to the data, check the 

fit quality by comparing it to the data 

!  Spectral residuals – provided by likelihood fit 
!  Iterate until model fits spectrum as well as possible 

!  Spatial residuals 
!  Residual map – subtract model from data 

!  Significance map – (data – model)/sqrt(model) 

!  TS map – Likelihood ratio test at each position to test 
for excess of  counts in data 



Considerations 
for Analysis 
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Persistent Sources in 3FGL Catalog 



Galactic Plane Sources 

!  Complexities when studying gamma-ray pulsars and binaries: 
!  Predominantly along the Galactic plane (high background) 

!  Cut off  at high energies (only the larger-PSF photons) 

!  Sparse statistics 

!  MANY nearby sources (serious confusion) 



25	

Source Confusion (I) 
!  There is a concentration of  sources at low Galactic latitudes toward the 

inner Galaxy  

!  This results in sources close enough to each other that their Point 
Spread Functions (PSFs) overlap 

!  Particularly significant at lower energies, so affects soft sources more 

!  Parts of  the sky away from the Galactic Plane show little impact 

Carina Region	
Counts map E > 1 GeV	

3FGL Catalog source positions 
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Source Confusion (II) 
!  Need to take into account the PSF for the energy range you are 

using 
!  Best PSF is at 10-100 GeV, sources nearly separate 

!  Few pulsars show significant emission above 10 GeV  

!  Pulsars peak at 1-3 GeV  ! Pass 8 68% PSF ≈ 0.35° 

3FGL Catalog source positions 

PSR 
spectrum	
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Source Confusion (II) 
!  Need to take into account the PSF for the energy range you are 

using 
!  Best PSF is at 10-100 GeV, sources nearly separate 

!  Few pulsars show significant emission above 10 GeV  

!  Pulsars peak at 1-3 GeV  ! Pass 8 68% PSF ≈ 0.35° 

3FGL Catalog source positions 

PSR 
spectrum	
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Source Confusion (II) 
!  Need to take into account the PSF for the energy range you are 

using 
!  Best PSF is at 10-100 GeV, sources nearly separate 

!  Few pulsars show significant emission above 10 GeV  

!  Pulsars peak at 1-3 GeV  ! Pass 8 68% PSF ≈ 0.35° 

3FGL Catalog source positions 

PSR 
spectrum	
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!  There are many sources in the Galactic Center region 

!  Many overlapping PSFs 

!  Lots of  soft-spectrum sources 

!  The diffuse model shows some residuals compared to the large-
scale diffuse emission observed in this region 

!  LAT catalog results for any region should be considered a good first 
approximation rather than a comprehensive analysis.  

50° x 25°	

E>1GeV	

7 years	

Source Confusion (III) 
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Why do we care? 
!  In statistics limited regime, every signal photon is precious 

!  In other wavebands, temporal signatures can be detected without 
regard to background 
!  Gamma-ray regime has very few photons 

!  If  source sits on top of  high background (Galactic plane), periodic 
signal may still not be significant after folding 

!  Can drastically improve this through spectral analysis 

!  Use full data set to characterize the spectral parameters of  the 
sources near your source of  interest 

!  Assign probabilities to each event based on spectral fit 

!  Filter out the low-probability photons before folding 

!  Even a small probability cut (5 to 10%) can have a major effect on 
detection significance 
!  Best to characterize this with a sample pulsar before starting to minimize 

trials factors 



!  Structure caused by cosmic rays interacting with Galactic gas and dust to 
produce gammas 
!  Modeled with all-sky fit to GALPROP Galactic disk components over 30 

energy planes 
!  Inverse Compton, HI, CO, Dark Gas, etc... 

!  Several extra spatial components must be incorporated into the model 
!  Loop 1 (structure near the Local Bubble that is clearly visible in 

Gamma Rays), northern spur 
!  Fermi Bubbles, Cygnus region, Carina arm 

Galactic Diffuse Emission 



CenA Lobes	

MSH 15-52	

Vela X	

IC 443	

LMC	

SMC	W28	W30	HESS J1825-137	

W44	W51C	

Cygnus Loop	

Extended Sources 

Over time, more extended sources are added.	



Extended Source Uncertainties  
!  The templates for sources that are 

spatially extended are 
approximations based on our best 
current knowledge 

!  Analysis of  regions around such 
sources can leave residuals that 
look like point sources  

!  For example, there are several 
point sources in the vicinity of  
the Large Magellanic Cloud.  
One of  these has a blazar 
counterpart, but several do not 
and could be artifacts 

!  You can test for spatial 
extension by comparing results 
for different templates 

LAT LMC map with overlay showing 2 
component template and nearby sources	



Solar System sources 
!  Both quiescent Sun and Moon can be seen in the LAT integrated 

data set 

!  LAT team has developed tools to calculate exposure-corrected 
templates using measured spectra 

!  Sun and Moon templates should be included in your analysis 
if  your source is near (~20°) the ecliptic 

Example template with both sun and moon, 
using 1-year average exposure	

Example template of sun using one year of 
actual exposure	



Atmospheric gamma rays 
! The Earth’s limb is bright in gamma-rays! 

! Secondary gamma rays from cosmic ray interactions in the Earth’s 
atmosphere 

! At Fermi’s altitude, the limb is ~113 deg from zenith 
! Far brighter than celestial sources 

! Need to remove limb gammas from analysis of  celestial sources 

! Do geometry cut (standard recommendation) 
! e.g. cut on zenith angle 

Abdo et al. 2009, Phys Rev D, 80, 122004 



Detection and Analysis of  Point Sources 

!  Characterizing point sources in the LAT dataset is an iterative 
process 

1.  Generate seed positions 

!  Easiest to use source catalog for first iteration 

2.  Simultaneously fit putative sources plus background 

3.  Apply cut to remove sources that are not significant 

4.  Look at residuals to find new candidate sources 

5.  Iterate 

!  All-sky analysis is too computer-intensive 

!  Requires sky be divided into “manageable” regions 

!  Source extension or different spectral shapes can add to 
the complexity 



Pulsar/Binary analysis 
!  Spectral fit (Fermi Science Tools – all that Likelihood fun) 

!  ! Photon weighting (Fermi Science Tools) 
!  ! Barycenter Photons (Fermi Science Tools) 

!  ! Photon Folding (tempo2) 
!  ! Detection?? 

!  Needs: 
!  Data file, background models 

!  Download from the Fermi Science Support Center 
!  Initial source model 

!  Use Catalog to help define this 
!  Timing information 

!  Be sure your ephemeris is valid for the time period you are 
analyzing 

!  Find a periodic signal! 


