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Multi-Messengers
Cosmic Rays, Neutrinos, Gamma-Rays

Gamma-rays

Cosmic Rays
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Multi-Messengers
~ Triple the reach for Astrophysics – 40 orders of magnitude

Gravitational Waves Electromagnetic Waves Cosmic Particles



What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)? 

Astroparticle Physics Open Questions:
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What are the sources of Astrophysical Neutrinos?



1. What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)?
Cosmic rays with energy above 1 EeV = 1018 eV

- What is the spectrum of UHECRs?
- What is the composition of UHECRs?
- What is the sky distribution of arrival directions?
- Neutrino and gamma-ray secondaries?
- What physical processes do UHECRs probe?

Outline:
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2a. What are the sources of Astrophysical Neutrinos?

2b. Future Outlook 
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Coleman et al, 2022 arXiv:2205.05845
Snowmass Cosmic Frontier 7 report 
Adhikari et al 2022 arXiv:2209.11726

Open Questions in CRs at UHEs
Alves-Batista
arXiv:1903.06714

Ackermann et al., arXiv:2203.08096

ICRC 2023
https://www.icrc2023.org/program/#session-time-table
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Extensive Air Showers
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Leading Observatories of
 Ultrahigh Energy Cosmic Rays 

Pierre Auger 
Observatory

Mendoza, Argentina
(19 country 

collaboration)
3,000 km2 array
4 fluorescence telescopes
 

Telescope Array
Utah, USA
(5 country 
collaboration)

700 km2 array
3 fluorescence 
telescopes



3,000 km2 surface array=1665 water Cherenkov tanks
4 Fluorescence telescopes



3,000 km2 array of 1665 water Cherenkov tanks
with 1.5 km distancing



4 Fluorescence telescopes
overlooking the site
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Telescope Array

from R. Engel 2017
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What is the spectrum of UHECRs?



23F. G. Schröder ‘19
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Coleman et al, 2022
arXiv:2205.05845
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Coleman et al, 2022
arXiv:2205.05845
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Auger Spectrum ICRC 2023
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Auger Spectrum ICRC 2021

EXTRAGALACTIC
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Auger Spectrum ICRC 2021

EXTRAGALACTIC

Emax or GZK?



Greisen-Zatsepin-Kuzmin Effect 
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p + gcmb® D+ ® p + p0

         ® n + p +

Kotera & AVO arXiv:1101.4256

GZK Cutoff
Greisen, 
Zatsepin, Kuzmin 
1966



Greisen-Zatsepin-Kuzmin Effect 
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p + gcmb® D+ ® p + p0

         ® n + p +

Kotera & AVO arXiv:1101.4256

GZK Cutoff
Greisen, 
Zatsepin, Kuzmin 
1966

Allard, Busca, Deceprit, AVO, Parizot arXiv:0805.4779
GDR: Giant Dipole Resonance
BR: Baryonic Resonances

Nuclear Photodissociation
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What is the composition of UHECRs?



32F. G. Schröder ‘19



down

up

Higher E more penetrating



34

down

up

Higher E more penetrating

Heavier less fluctuating
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Auger Composition ICRC 2023
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Auger Spectrum ICRC 2021

EXTRAGALACTIC

Emax



37

Auger Spectrum+Composition ICRC 2021

EXTRAGALACTIC

Emax
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What is the sky distribution of arrival directions?



E > 8 EeV, 6.5%

Auger Dipole 
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Auger Spectrum ICRC 2021

EXTRAGALACTIC
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Where are the neutrino and gamma-ray secondaries?



Cosmogenic (GZK, BZ*) 
Neutrinos & Photons

p+gcmb® D+ ® p + p0 ® γγ
             ® n + p + 

n ®  p + e- + ne 
    p+ ®  µ+  + nµ
       µ + ® e+ + ne +nµ

*Berezinsky & Zatsepin ‘69



43Batista et al, arXiv:1903.06714.pdf

Cosmogenic Messengers


