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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? Elisa Resconi
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What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)?
Cosmic rays with energy above 1 EeV = 1018 eV, others E>100 PeV = 1017 eV

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

Astroparticle Physics Questions:
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What are the sources of the Ultra-High Energy Cosmic Rays (UHECRs)?
Cosmic rays with energy above 1 EeV = 1018 eV, others E>100 PeV = 1017 eV

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

Outline:
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Future Outlook
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Coleman et al, 2022
arXiv:2205.05845

And the upcoming  
Snowmass Cosmic Frontier 7 report 
Adhikari et al 2022
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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 1.5km 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?
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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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common declination band energy dependent shift
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Auger Spectrum ICRC 2021

ankle

2nd knee

Cutoff or
Supression



30

Auger Spectrum ICRC 2021

EXTRAGALACTIC
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Auger Spectrum ICRC 2021
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Auger Spectrum ICRC 2021

EXTRAGALACTIC

Emax or GZK?



Greisen-Zatsepin-Kuzmin Effect 
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Greisen-Zatsepin-Kuzmin Effect 

34

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?



36F. G. Schröder ‘19
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Xmax (EA,A) ~ Xmax (Ep /A)

Higher E more penetrating
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down
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18.25

Higher E more penetrating

Heavier less fluctuating
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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 Composition ICRC 2021
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Auger Composition ICRC 2021
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Auger Spectrum ICRC 2021

EXTRAGALACTIC

Emax or GZK?
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Auger Spectrum+Composition ICRC 2021

EXTRAGALACTIC

Emax or GZK?
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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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Auger Spectrum ICRC 2021

EXTRAGALACTIC

Sources? 
Hotspots
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TA hotspot  (E>50 EeV) 

TA SD flux (7 years) inside the TA hotspot circle divided by that outside
Coleman et al, 2022
arXiv:2205.05845
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Auger skymaps (E>38 EeV and 41 EeV) 

Coleman et al, 2022
arXiv:2205.05845
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M82 – Starburst Galaxy

Sculptor Galaxy NGC 253

M87- AGN

Centaurus A – AGN

Starbursts Galaxies or Active Galactic Nuclei?

Event Horizon Telescope
Image of M87
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Coleman et al, 2022
arXiv:2205.05845
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Auger Spectrum ICRC 2021

EXTRAGALACTIC

Sources? 
Hotspots

Statistically 
Limited
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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



57Batista et al, arXiv:1903.06714.pdf

Cosmogenic Messengers
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Limits on Neutrino and Gamma-Rays at UHE

Coleman et al, 2022 arXiv:2205.05845



59

What physical processes do UHECRs probe?
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Proton-Air cross section Hadronic Interactions 
+ muons in EASs
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Future Outlook
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Coleman et al, Snowmass, arXiv:2205.05845
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AugerPrime TAx4
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IceCube-Gen2
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Future Outlook



Probe Of Extreme Multi-Messenger Astrophysics
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Fluorescence from UHECRS
Cherenkov Emission from UHECRs

Tau Neutrino Events

CRs E > PeV

UHECRs

Tau Neutrino 

Tau lepton
Fluorescence

Cherenkov

EUSO-SPB2
2023 flight

Science Results:

- Fluorescence from ~30 UHECRS
- CR spectrum from 1015 eV to 1017eV
- 2 Tau Neutrino candidates from 
GW230423
- Constraints on ANITONs
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Fluorescence Camera
at CIRA, Thermo-Vac
Italian Aerospace 
Research Centre Infrared Camera

In Thermo Vac
UChicago

Fluorescence Telescope Optics
(CSM)

Laser Filed Tests (CSM)

JEM-EUSO Collaboration Meeting
June 2022



Tobias
Viktoria

Eliza

Mahdi

George

Oscar

Jim K

Nepomuk
Lawrence

Field Test of the Cherenkov Telescope 
Telescope Array site in Utah

March 2022

Produced at RIKEN
under Yoshiyuki TAKIZAWA
and  Ebisuzaki TOSHIKAZU
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Giant Radio Array for Neutrino Detection (GRAND)
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Global Cosmic Ray Observatory (GCOS)



GCRO

IceCube-Gen2 

BEACON, Trinity, 
AshraNTA, TAROGE

RNO-G

ARIANNA

Future detectors of UHE CRs and Neutrinos
Future Looks Bright!

Gràcies
Y

Gracias



Future Outlook

Gràcies
Y

Gracias
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12 d 4 h

2023
EUSO-SPB2

100 d!!!

NASA WANAKA Campaigns
Super Pressure Balloon (SPB) 

EUSO mission 2017 & 2023



EUSO-SPB 1 
launch, April 24, 2017

23:51 UTC 
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Instrument and Mission Design in  2017-2019

POEMMA at NASA-GSFC 

2 Identical Telescopes
4 m mirror
45o FoV Schmidt Optics
1,550 kg mass
590 W power
Data 1 GB/day

5yr Mission
Alt 525 km
Wide28.5o Inclination
95 min orbits
Separation 100s km




