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TeV extreme BL Lacs provide an intense beam of γ-rays with 
appreciable flux, extending at least up to ~10 TeV.  

Ideal sources to probe cosmic opacity (EBL)

Basic idea

A. Franceschini talk

Ideal sources to probe intergalactic magnetic fields 
E. Pueschel talk



TeV extreme BL Lacs provide an intense beam of γ-rays with 
appreciable flux, extending at least up to ~10 TeV.  

Ideal sources to probe anomalies (i.e. reduction)  
of the cosmic opacity caused by e.g.: 

the existence of Axion-like particles (ALP)  
the breaking of the Lorentz invariance (LIV)

Basic idea

This talk
G. Galanti talk



Basic idea

EBL and IGMF



Basic idea

Suppression



Axion-Like particles



Axion-Like particles

Credits: G. Galanti



Axion-Like particles

De Angelis et al. 2011



Axion-Like particles

De Angelis et al. 2011
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General relativity

Quantum mechanics

Quantum gravity

The ‘Holy Grail’ of physics
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The existence of an invariant length in QG naturally leads to the 
violation of  the Lorentz invariance (LIV) 

              Physical effects depend on particle energy (i.e. boost)

Enormous energy! But effects are expected also at lower energies 

 (see reviews in Mattingly 2005, Liberati 2013, Amelino-Camelia 2013)

Lorentz invariance violation



(Some) LIV effects

Vacuum birifrangence (depolarization, rotation) 

Photon decay, vacuum Cherenkov (max. E for CR) 

Energy-dependent photon time of flight 

Modification of reaction thresholds (photons, CR) 
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Modified dispersion relations

photons

We consider n>3

A first, simple phenomenological approach

Similar expressions for particles 
(but stringent constraints for electrons, Jacobson et al. 2003)
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E-dependent time of flight

Photon speed is energy dependent!
Vacuum is dispersive.

Photons with different E emitted simultaneously will arrive at different times.

Amelino-Camelia et al. 1998
But see Chen et al. 2015

vg =
@E

@k
6= c

Caveat: delays can be intrinsic to the source
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Cosmic clocks: GRBs



GRB 090510
Abdo et al. 2009

z=0.9 

A photon with E=31 GeV after 0.829 s 

Vasileiou et al. 2013

ELIV = 7.6 × EPl n=3



Aharonian et al. 2007

PKS 2155-304

Abramowski et al. 2011

E-dependent time of flight

Long flare timescale (~300 s)!

ELIV = 0.17 × EPl n=3



E-dependent time of flight

Bernardini et al. 2017

Limitations: 
-intrinsic delays (lower limits only) 
-not predicted by some LIV schemes 

Current status



(Some) LIV effects

Vacuum birifrangence (depolarization, rotation) 

Photon decay, vacuum Cherenkov (max. E for CR) 

Energy-dependent photon time of flight 

Modification of reaction thresholds (photons, CR) 



Gamma-ray absorption

EBL



LIV induces an ‘effective mass’ for the photon

Modification of threshold 
for pair production at high E

Anomalous transparency
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LIV induces suppression of EBL-opacity  

Anomalous transparency
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Anomalous transparency

Tavecchio & Bonnoli 2016



Anomalous transparency

Biteau & Williams 2015 Current limits

Combined, multi-source analysis

ELIV ≈ 2 × 1019 GeV



Anomalous transparency
Current limits

Difficult even 
for CTA!

Tavecchio & Bonnoli 2016

ELIV=1e19 GeV  
3e19 
1e20 
2e20

Mkn 501  
Quiescent state



Anomalous transparency

1e19 GeV  
3e19 
1e20 
2e20

Tavecchio & Bonnoli 2016

Lorentz & Brun 2017
Abdalla et al. 2019

HEGRA HESS

CTA 5h

50 h

March-October 1997

Inferred intrinsic spectrum assuming 
smooth exponential cut-off, E_cut~20 TeV

E_cut>20 TeV

Rare (?) extreme  
flaring states



Persistent extreme BL Lacs

Costamante et al. 2018

Epeak ≲ 10 TeV

Similar to hadronic models 
(e.g. Cerruti et al. 2015)



Tavecchio & Bonnoli 2016

ELIV=1e19 GeV  
3e19 
1e20 
2e20

Feasible with CTA!



Anomalous transparency

Guedes Lang et al. 2018

A new, strong limit

Combined, multi-source analysis



Anomalous transparency

Tavecchio & Bonnoli 2016



Anomalous transparency

Tavecchio & Bonnoli 2016

To probe the effect we need
a not-negligible intrinsic flux 

up to at least 70-80 TeV 



Tavecchio & Bonnoli 2016

ELIV=1e19 GeV  
3e19 
1e20 
2e20

Difficult!!



Tavecchio & Bonnoli 2016
Tavecchio et al. in preparation

1e19 GeV  
3e19 
1e20 
2e20

HEGRA

March-October 1999

Mkn 501: a better source?



Some (a bit pessimistic) conclusions

Test of LIV challenging for persistent extreme HBL

Extreme (rare?) states of Mkn 501 much more promising

Exciting topic for CTA





Bolmont & Jacholkowska 2010




