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Galaxy Clusters 

➢ The largest bound structures in our 

universe!

• Most of its baryonic mass is in 

hot plasma → seen in X-ray

➢ Full of very high-energy 

interactions!

Credit: ESO/M. Kornmesser

• AGN Jets

• Starburst Supernova 

• Galaxy Mergers
shocks Cosmic 

Rays
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Inverse Compton Scattering:  Proton-Proton Collisions:

Cosmic ray electrons:

• See them in GC through radio observations

• Short energy loss timescale  

Cosmic Ray Protons:

• Long high energy lifetime

• Prevalence in galaxy clusters remains uncertain
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Comic Ray → Gamma Ray



Galaxy clusters are not 

observationally confirmed gamma-

ray sources!? 

~ Barring a few exceptions 
• Ex. Coma Galaxy Cluster  [Adam et al (2021)]

➢Main objectives in this study:

oDetect gamma rays in these clusters

o Investigate galaxy cluster gamma rays 
spectral properties 

- Ultimately, try to CR protons’ role in gamma 
ray  emission 



Data: Fermi - Large Area Telescope 
(LAT)

 

Lopez-Oramas 2015

➢16 years of Fermi-LAT data

• Photon energy ranges from 300 MeV–100 GeV

➢We analyze 207 galaxy clusters identified in the 
Planck Sunyaev–Zeldovich Catalog 

• redshift z < 0.1

❖Photon sparsity at this energy requires special 
analysis 



(Mattox+ 1996)

Log Likelihood:
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(Poisson):
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Maximum likelihood analysis

1. Look at the photon data at the 

location of galaxy clusters.

2. Built a source model and fit it to 

our data 

• spatial component

• spectral component

3. Use likelihood to measure how 

well the model fits our data

4. Maximize the likelihood to get the 

best-fit model parameters.

5. Find the TS value to gauge 

detection significance.



Test Statistic = Best Statistic 

➢TS value reflects the significance of a source's emission         

                √TS  ≈  Source Significance

➢ For Fermi-LAT analysis 

                 TS > 25  = strong detection (5σ)

𝑇𝑆 = 2 ln
𝐿

𝐿0

- 𝐿 is the likelihood of a source being present at the 

target’s location

-  𝐿0 is the null hypothesis, the likelihood that 

there is no source at a target's location.



Initial run

Spectral model:         Power law 

Spatial model:         Point Source 
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~Does this model construction best represent our GC gamma-rays?

Source Model

Results:   4 detected sources 



GC Gamma - Ray = Extended Source?

• Galaxy clusters are HUGE! Emissions spatial extent > Fermi's point spread 

function

• Gamma-ray emission from GC should be throughout the volume of the 

cluster. 

• Don’t want emissions from embedded point sources!! 

Extension Fit: 

• Confirms the source of our gamma-rays ☺

• Quantifies point source ☺ 

• Adds a degree of freedom   

• Lets refit our clusters as extended sources!



Results:

✓ Refitting GC targets as extended 

sources consistently increases the 

likelihoods!

✓ Extension fit bumped up our 

individual detections from 4 to 10 

sources!!

We are seeing these Galaxy 

clusters with gamma rays!!!

Galaxy Clusters TS values 

Figure 1: The effect of the two spatial models fit on the likelihoods of our 
galaxy clusters. 
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But what about the other 194 clusters? 

• Hard to see above all the extragalactic 𝛾-ray 

background noise

A

H
H

H

H

H

H
H

H

H

H

H
H

H

GC 𝜸-ray 

Universe

• Special analysis technique 

• Likelihood stacking → cumulative signal 



Likelihood stacking 

#ROI = 10

∆𝑇𝑆𝑚𝑎𝑥 = 20

#ROI = 20

∆𝑇𝑆𝑚𝑎𝑥 = 40

#ROI = 30

∆𝑇𝑆𝑚𝑎𝑥 = 65

∆𝑇𝑆𝑚𝑎𝑥 = 91

#ROI = 40

∆𝑇𝑆𝑚𝑎𝑥 = 80

#ROI = 50

∆𝑇𝑆𝑚𝑎𝑥 = 100

• An individual cluster’s signal falls below detection 
thresholds 

• Stack several of these sub-threshold sources 

• Persistent gamma-ray signal stacks consistently

~A similar idea to stacking photon counts

• Random background noise will not 
(average out)

• The Cumulative gamma ray signal 
stacks above the noise 

• Detect a population's γ-ray emission 

• Compare to background for 
detection significance 



Background = Control Fields (CF) 

CF 2 → Reference clusters 

~CF Spatial distribution designed to model GC background distribution

CF 1 → empty source pop

• 361 sources

• Random sky positions.

• 400 sources

• higher-redshift (z = 0.2–0.4)
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Figure 4. A histogram of the TS values of the undetected targets (upper left), the control fields 
(lower left), and the cumulative TS values (right) using the reference clusters.

The Cumulative TS Stack 
➢ Apply the resampling scheme to estimate uncertainty  
Blue lines: cumulative 
stacks of target 
clusters in random 
orders.
Green line: mean 
cumulative CF TS.
Green envelope: 
standard deviation of 
CF realizations.
Orange line: the 
theoretical χ²/2 null 
distribution
Red Box:  Source 
detection significance 
(Kullback-Leibler) 



Galaxy clusters are well detected in gamma-ray!!
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We know they are there!! Lets learn more!



Investigating spectral properties

~Perform a TS stack in spectral parameter space.

➢ Sources fit with a power law spectral model, 
parameters include:
• 𝑁0 = Perfector (flux)

• 𝛾 = Spectral Index (spectral slope)

➢Normally:
• Spectral parameters remain free to be fit

• Find best model parameter values

➢ Now: re-run our likelihood pipeline and for a 
specific index and flux value.
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Investigating spectral properties

• Repeat parameter map process for the entire population 

• Stack resultant  TS maps were stacked to create a Cumulative Spectral Parameter Stack.

• Repeat likelihood pipeline over a grid of flux and 
index values

• Choose null likelihood grid block

• Produce a TS map in spectral parameter space for 
a given source. 

✓Best parameters for the model

✓Degeneracy and uncertainties
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• Improves faint sources detection 

sensitivity  

• Constrain model parameter 

• Gauge parameter uncertainties 

• Find most likely spectral index value

→Informs the dominant Galaxy Cluster 

𝛾-Ray Emission mechanism  

Result:

➢ Most likely index value for our 

population of galaxy clusters is:

 𝛾 = - 3.0
➢ Well isolated

➢ below the sensitivity limit of the LAT  

(not an upper limit)

Cumulative Spectral Parameter Stack



Continued work

• Parameter stack Control Fields → find detection significance

• Perform likelihood correlation analysis of our sub-threshold 
population, comparing their γ-ray luminosities to their x-ray and radio 
luminosities 

• Model the Spectral Energy Distribution with Naima, to gauge the 
dominance of hadronic or leptonic radiation processes. 
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