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Why observing at gamma-rays? (focus: CR-interaction/calorimetry induced *conventional* science case!)

@ GeV energies: (since 2008:) Fermi-LAT 

• accumulation of circumstantial evidence accumulation vs. more ambition

@ TeV energies: 3rd generation IACTs and HAWC/LHAASO

• recovering faint extended emission with IACTs
• recovering faint extended emission with HAWC/LHAASO

KSP for CTAO-N: Perseus
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Various scenarios appear to be able to energize the CRs
-> in merger or accretion shocks, turbulence, SN-driven winds, 

injection from radio- or active galaxies within a cluster

Principal processes to be considered:
• pp-interactions -> π0 decay -> HE γ‘s
• TeV electrons -> IC photon upscattering on CMB -> HE γ‘s
• UHECR p-acceleration -> CMB interaction /injection into ICM  

-> photomeson production: pγ -> π0, π‘s, ... 
-> Bethe-Heitler pair production: pγ -> p, e+, e-

• secondary pair production through γγ-interactions of
VHE gammas from AGN / IC CMB γ (UV/OPT: GeV, IR: TeV)

Think nonthermal, think CR!
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1)  TeV-observations: shape of the high-energy IC component, cutoff in KN-regime
(ambiguous, though)

2) p + ISM → X + π0 → 2 γ near production threshold (major constitutent
of diffuse emission, some spectral resemblence with Bremsstrahlung)

67.5 MeV

Dermer 1986



exemplary for the pre-Fermi era: 
Coma SED modeling

B= 0.1 µG

B= 0.7 µG

B= 1.9 µG

B= 6 µG

α = 2.1

α = 2.3

α = 2.5

Reimer ea (2004)



Fermi 1-year 
sensitivity

Γ=2

Criteria based on non-DM induced astrophysical processes  
[e.g. Jaffe ‘77, Dennison ‘80, Völk, Aharonian & Breitschwerdt ‘96, 
Colafrancesco & Blasi ‘99, Brunetti ea ’01+, Reimer ea ‘03, Berrington & 
Dermer ’03, Gabici & Blasi et al. ’03+, Pfrommer ’08+,…]

Preferred dark matter candidates similar; though expected flux 
generally predicted to be weaker than CR-induced signal

DM-annihilation related γ-ray flux unlikely to exceed non-
DM-related one.

Several clusters were anticipated at LAT 1-year sensitivity:
Ophiuchus, Fornax, Coma, Perseus, Norma, Centaurus, …

(with gamma-ray detectability scaling largely governed ~ M/d2)

Likewise, anticipation of AGN-related gamma-ray prominence in 
clusters
 fulfilled: NGC1275: Abdo ea (Fermi-LAT) 2009, M87: Abdo ea (Fermi-

LAT) 2009…   
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Judit Perez Romero (Fermi LAT team) @TeVPA 2025:

…could cut short talk at this point!

…but some fineprint might be desirable, scrutinize on few cases from atop

…we may want to digest some lessons for enforcing/revisiting our © 2013,2018,2024 
CTA KSP Galaxy Cluster (Perseus)

grey shaded: VHE/UHE



 1st Fermi-era word on galaxy clusters
2010 Constraints on dark matter annihilation in clusters of galaxies with the Fermi Large Area Telescope

Pieri et al. MNRAS 2011
Large-scale Structure Formation Simulations (Via Lactea/Aquarius)

Conrad & Reimer Nature Physics 2017



u.l.’s

<σν>



2010 GeV Gamma-ray Flux Upper Limits from Clusters of Galaxies 
1st Fermi-era word on CR-related science case galaxy clusters 

E > 200 MeV

• HIFLUGCS  (X-ray brightest most nearby) 
refined to M / d2 

• NT priors (radio halo or relic) 

• Exceptional individual not captured by the 
above defined criteria



2014 Search for cosmic-ray induced gamma-ray emission in galaxy clusters
 more exposure, refined selection criteria, improved response functions/diffuse modell

• 4 years of Fermi data

• individual cluster 

• sample investigation 
• CC vs. NCC split in sample



1st) Individual gamma-ray flux limits (50 cluster)
2014 Search for cosmic-ray induced gamma-ray emission in galaxy clusters



2nd) For constant spatial profile XCR and PCR (50 cluster)

ICM model XCR
flat profile PCR



3rd) Individual XCR (universality assumption, 50 cluster)

AVERAGE NCC, CC

TOTAL AVERAGE



4th) Systematics, e.g. different galactic diffuse models



• no significant detection

• three hints of excess emission

• bounds on the common scale-factor Aγ

• use jointly derived Aγ bound to calculate volume-averaged CR-to thermal 
pressure <XCR>

• compute median upper limits within R200

 most stringent one being <XCR> < 0.012 for the combined sample 

 for the CC and NCC subsamples  <XCR> <0.013 and <XCR> <0.014

Conclusions 



Of course, the Fermi-LAT catalogs: … → 4FGL-DR3 (2022) … 4FGL-DR4 (now)

• Galaxy Clusters catalogs not queued via the LAT team source association pipeline.
• Nevertheless, interesting sources are found in the catalogs!

…. in Coma-cluster field:
* analysis flag 001: 

Source with TS > 35 which went to TS < 25 when changing the diffuse 
model. Note that sources with TS < 35 are not flagged with this bit because 
normal statistical fluctuations can push them to TS < 25.

Yang, Hare & Kargaltsev 2024 
A Multiwavelength Machine-learning Approach to Classifying X-Ray Sources in the
Fields of Unidentified 4FGL-DR4 Sources



Judit Pérez-Romero, M. Di Mauro, M. A. Sánchez-Conde, G. Zaharijas, R. Adam      Proc. 39th ICRC, 2025

top 10 brightest clusters according to benchmark models 
(descending order): 
A1656 (Coma), A3526 (Centaurus), A3571, A2199, 
2A0335, A1367, A0085, A0496, A2029, A1795



Judit Pérez-Romero, M. Di Mauro, M. A. Sánchez-Conde, G. Zaharijas, R. Adam      Proc. 39th ICRC, 2025

Coma-cluster cont.



Judit Pérez-Romero, M. Di Mauro, M. A. Sánchez-Conde, G. Zaharijas, R. Adam      Proc. 39th ICRC, 2025

Coma-cluster cont.



• presently studied: 16 years of Fermi-LAT data in the direction of 49 galaxy clusters searching for 

CR-induced γ-ray emission

• results of excess diffuse γ-ray emission consistent for Coma cluster field

Still at mild significance, mind systematics from LAT analysis model, assumptions for 

theoretical baseline model, existence of cluster member galaxies (resolved/unresolved)

• Baseline model: TSCombined = 38 for RX500 = 1% for joint sample analysis

• … highest TSCombined = 20 (for 𝛼𝛼 = 2.6, most optimistic scenario) once Coma removed from sample 

Galaxy Clusters as source class at GeV energies not yet convincingly established 



VHE low GeV to ~100 TeV – Imaging atmospheric Cherenkov telescopes 

MAGIC

H.E.S.S.

VERITAS  

UHE: TeV-scale EAS arrays with γ-hadron separation capability 

HAWC
Tibet ASγ
LHAASO



Judit Perez Romero (Fermi LAT team) @TeVPA 2025:

…could cut short talk at this point, too!

 recap status-quo before we…

…. may want to digest some lessons for enforcing/revisiting our ©2013,2018,2024    
CTA KSP Galaxy Cluster (Perseus)



Fornax (Abramowski ea [H.E.S.S.] 2012)
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Fornax (Abramowski ea [H.E.S.S.] 2012)
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Perseus (Aleksic ea [MAGIC] 2012)   ECRp ~ 1-2% depending on  
CR model and assumptions 

• NGC1275 : as prominent at TeV
as at GeV energies ! 

• IC310 !



Arlen ea (VERITAS) 2012



Arlen ea (VERITAS) 2012



Perseus (Ahnen ea [MAGIC] 2016) Deep observation of the NGC1275 region with 
MAGIC: Search of diffuse γ-ray emission from cosmic rays in the Perseus cluster

253h (!) between 2009…2014



VIRGO (Albert ea [HAWC] 2024)

3HWC: The Third HAWC Catalog of Very-high-energy 
Gamma-Ray Sources (Albert et al 2020) : ∅



Constraining the Cosmic-ray Energy Based on Observations of Nearby Galaxy Clusters by LHAASO 
(Cao ea 2025)

WCDA
1…25 TeV

KM2A
>25 TeV

Coma Perseus Virgo

?



Constraining the Cosmic-ray Energy Based on Observations of Nearby Galaxy Clusters by LHAASO 
(Cao ea 2025)



Theme 1: Cosmic Particle Acceleration 
 How and where are particles accelerated? 
 How do they propagate? 
 What is their impact on the environment? 

Theme 2: Probing Extreme Environments 
 Processes close to neutron stars and black holes 
 Processes in relativistic jets, winds and explosions 
 Exploring cosmic voids 

Theme 3: Physics Frontiers – beyond the SM 
 What is the nature of Dark Matter? How is it distributed? 
 Is the speed of light a constant for high energy photons? 
 Do axion-like particles exist? 



Perseus cluster (Abell 426) is the brightest cluster in the 
X-ray sky 

is one of the most massive nearby clusters and presents 
the typical properties of a relaxed cool-core cluster with a 
dense core. (two main cold fronts have been identified and 
interpreted as the result from the sloshing due to minor 
mergers )

hosts a radio mini-halo and X-ray cavities associated with 
the radio lobes of the central AGN, NGC 1275 (3C84), 
IC310, NGC 1265, NGC 1272, CR 15,…

103 pp !!

Once again, I look here only at the CR-related science case 





150 GeV – 50 TeV





• science case CR still ambiguous owing to complex analyses & interpretations 
at deep nonthermal energies

• likely not decisively settled in the GeVs over the Fermi-LAT era 

• tough for IACTs, although progress on characterization of cluster member galaxies

• even more tough for HAWC/LHAASO, owing to analysis model extrapolation 
in weakly constrained parameter space 
(direct combination UHE/VHE @LHAASO/LACT might overcome this handicap)
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