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Propagation through the Universe

VHE gammas keep original direction — Most energetic phenomena



VHE photon Propagation
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VHE gammas reaching the Earth also have information about the their
propagation through the Universe — Cosmology and Fundamental Physics,



Interaction with Vacuum

* Quantum Gravity Theories: General Relativity + Quantum Theories
> Loop Quantum Gravity
> Superstring theory
> Effective theories
> Standard-Model Extension

90..

* VHE photons should notice the “quantum fluctuations™ in the
gravitational vacuum

> Deformed dispersion relation for photons: czp2=E2(1+f(E/EQG))
> At small energies (E<<E,;) a series expansion of dispersion relation

should be applicable:




Test Lorentz Invariance

* VHE photons will travel through the universe with a propagation speed
different than the “speed of light: ¢”
> Leading order on dispersion relation : (E/EQG)“

> Energy detected at Earth: E/(1+2)

* VHE photons with different energy will need different time to travel
from the source to the Earth — Arrival times of fast burst of VHE
photons provide excellent sensitivity




LIV Results from VHE photons

Fast flares of AGNs detected with Cherenkov Telescopes
Mkn 421 (Whipple, 1996)
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LIV Results from VHE photons

An Exceptional VHE Gamma-Ray Flare of PKS2155—304
Aharonian et al, Astrophys.J 664 (2007)
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LIV Results from VHE photons

Fast flares of AGNs detected with Cherenkov Telescopes
Mkn 421 (Whipple, 1996)
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EBL — Cosmology

* Fluxes of VHE photons reaching the Earth have been attenuated due to
the interaction with the Extragalactic Background Light
> Extract EBL density from observed spectra
> Determine Cosmological Constants from observed spectra

Mkn 501, HEGRA, measured

=i Expected spectrum to be observed

e Q@construced intrinsic spectrum with 'correct EBL'
Reconstruced intrinsic spectrum with EBLx1.3
Crab (MAGIC)

Energy density (ergs cm™® s'7)

Observation time: 50.0 hours
a+f Iogm(Ea"ED}

AGN spectral form: dN/dE = N x (E )

Using correct EBL, +%/NDF = 8.9M2, fit probab: 7.1e-01

Residuals (AFF) Residuals (AF/F)

Using EBL x 1.3, ¥*/NDF = 61.4/12, fit probab: 1.3e-08
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EBL — Cosmology

* Fluxes of VHE photons reaching the Earth have been attenuated due to
the interaction with the Extragalactic Background Light
> Extract EBL density from observed spectra
> Determine Cosmological Constants from observed spectra

Supernova Cosmology Project
Amanullah, et al., Ap.J. (2010)
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The Gamma-ray Horizon
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The Gamma-ray Horizon
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An 1independent observable
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The “current” Gamma-ray Horizon

e Dominguez 2013|
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Measurement of the Hubble constant

Gamma-ray Horizon measurement — Hubble constant

Gammai-ray attenluation (THis work) I
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Limitations to measure cosmological constants

e Systematics
> Systematics from current generation of Cherenkov telescopes
> Knowledge of Extragalactic Background Light
* Intrinsic source energy spectra
* Sources at large redshift (z > 1) needed for cosmological densities
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Limitations to measure cosmological constants

e Systematics L
> Systematics from current generation of Cherenkov—teiescopes /
> Knowledge of Extragalactic Backgroundaiight

* Intrinsic source energy spectra

* Sources at large redshift (z > 1) needed for cosmological densities

Ratio to the best fit values

Redshift (z)
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Summary

* VHE photon propagation through the universe provide insights on
fundamental physics:
> Extragalactic Background Light
> Axion Like Particles
> Intergalactic magnetic fields
> Lorentz Invariance Violation
> Cosmological constants

* VHE and HE photon propagation has provided strong limit on the the
effective mass for LIV (Quantum Gravity) , reaching values above the
Planck mass.

e Attenuation of gamma-ray fluxes with the EBL depends on the

travelled by the photons — Cosmological constants

Next generation of VHE detectors will provide data to improve
measurements on Quantum Gravity scale and cosmological constants
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END TALK
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