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Reminder: UHE Composition Pierre Auger Coll. PRD 114 (2026) 4, 043016
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UHE protons at Earth:
• Ep ≈ 0.5 . . . 5EeV

→ maximum rigidity of accelerators:

protons primary?
• Rmax ' Epmax = 5EV

protons secondary?
• Rmax ' A/Z Epmax = 10EV

→ typical neutrino energies
• Eν ' 1

20 ECR/A

neutrinos associated with UHECRs:

12.5PeV . Eν . 250PeV
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UHECR-associated Neutrinos – a) cosmogenic: . 10−9 GeV/(cm2 s sr)

A. Alhebsi et al. arXiv:2603.13476 (single flavor) 4/29



UHECR-associated Neutrinos – b) sources: 10−9 – 10−8 GeV/(cm2 s sr)
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UHECR-associated Neutrinos – c) Future Experiments

1014 1015 1016 1017 1018 1019 1020 1021

Neutrino Energy [eV]

10−10

10−9

10−8

10−7

10−6

10−5

A
ll

Fl
av

or
E

2 Φ
[G

eV
cm
−

2
s−

1
sr
−

1 ]

ANITA I-IV

IceCube

Auger

ARA

ARIANNA

C
om

in
g

de
ca

de
s

N
ea

r
te

rm
N

ow

TAMBO
Trinity 18
POEMMA30 (5 years)
GRAND 200k
BEACON 1k
PUEO (3 flights, 100 days)
RNO-G
RET-N 10 x 100 kW Preliminary
IceCube-Gen2 UHE

Diffuse Flux, 1:1:1 Flavor Ratio

UHECR associated

M. Ackermann et al. arXiv:2203.08096

• 90% C.L. sensitivity
→ 2.4 events/decade

10−9 GeV/(cm2 s sr) sensitivity implies
O(3−30) UHECR-associated ν

from the cosmological source population
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Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?



UHE Dipole: Large Scale Structure and Galactic Magnetic Field
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amplitude: 7.4± 1%, significance: 6.8 σ (phase I)

Pierre Auger Coll., Science (2017) and ApJ (2024)

UF23 magnetic field model
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UHE Dipole: Large Scale Structure and Galactic Magnetic Field

compatibility of direction vs. source density
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Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?

2. LSS+GMF successfully reproduce the UHE dipole
are GMF models now predictive, or did we get lucky?



UHECRs as Tracers of Cosmic Magnetic Fields

traditional magnetic-field tracers:
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Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?

2. LSS+GMF successfully reproduce the UHE dipole
are GMF models now predictive, or did we get lucky?

3. UHECR deflections trace cosmic magnetic fields directly
will next-generation UHECR observatories study cosmic magnetism?



Intermediate-Scale Anisotropies (hot spots)
E. Kido for the TA Coll. ICRC2025

Auger Coll. ApJ 2022

TA hotspot (ICRC25)
• top-hat 25◦, E > 57 EeV
• local significance 4.9 σ
• global significance 2.9 σ
• multiplet from M82? 3.0 σ
• correlation with starburst galaxies 4.2 σ

Auger hotspot (ICRC23)
• top-hat 27◦, E > 38 EeV
• local significance 5.46σ
• global significance 2.1 σ
• at Centaurus A (no angular scan) 4.0 σ
• correlation with starburst galaxies 3.8 σ
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Angular Size of Hotspots random Galactic magnetic field
408 MHz synchroton sky
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Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?

2. LSS+GMF successfully reproduce the UHE dipole
are GMF models now predictive, or did we get lucky?

3. UHECR deflections trace cosmic magnetic fields directly
will next-generation UHECR observatories study cosmic magnetism?

4. AugerPrime and TAx4 may see first images EHE accelerators
how many σ before we believe it? Should we enlarge these arrays?



Where is Our Crab?

Whipple 1989

HESS, MAGIC, VERITAS, Cangaroo 2007

A. Olinto 2007 16/29



Where is Our Crab?

AugerPrime, TAx4?

GCOS, POEMMA....

adapted from A. Olinto 2007 17/29



All or Nothing

AugerPrime, TAx4?

GCOS, POEMMA....

adapted from A. Olinto 2007 18/29



UHE Source Population Studies arXiv:2502.05657

expectations using UHECR flux proxies from galaxy catalogues

starburst galaxies (SBG) active galactic nuclei (AGN) radio galaxies (RG)
Lundardini+2019 Swift-BAT 2018 van Velzen+2012
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UHE Source Population Studies

• if AugerPrime/TAx4 take a first
5-σ snapshot of a ZeVatron

• then population study possible
with a factor 10 × more exposure
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Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?

2. LSS+GMF successfully reproduce the UHE dipole
are GMF models now predictive, or did we get lucky?

3. UHECR deflections trace cosmic magnetic fields directly
will next-generation UHECR observatories study cosmic magnetism?

4. AugerPrime and TAx4 may see first images EHE accelerators
how many σ before we believe it? Should we enlarge these arrays?

5. ten-fold exposure increase could probe source population
how many hot-spots needed to disentangle mag. field and source class?



GCOS – Global Cosmic-Ray Observatory

GCOS Coll. “Ideas and Requirements for the Global Cosmic-Ray Observatory” arXiv:2502.05657 22/29



GCOS – Global Cosmic-Ray Observatory
surface detector: double-layered WCD (I. Maris)

First,  the umbrella  is  inserted vertically in  folded position,  until  the ribs are touching the tank 
bottom. Then, applying of a vertical down thrust force induces the bending of the extremities of the 
articulated ribs (40 cm). These deviate from the shaft by dragging on the bottom (fig. 5.). In this 
aim, the extremities of the ribs are rounded (various other systems for sliding or rolling could be 
considered: wheels, buckles, …). To minimize the occurrence of horizontal stresses, the touch of the 
ribs against the vertical wall could be obtained by using an elastic loop which is covered by the 
skirt.

Fig. 5. Detail of the articulated ends of the arms showing the strips of plastic used as springs and  
the rounded ends for the sliding. At the rib end is fixed a loop spring system dedicated to touch the  
vertical wall. An optimal optical sealing is obtained, by extending the membrane beyond the ribs  

and loop springs, on the entire circumference. 

At an angle of 45 °, the ribs become straight again, due to the thrust of water (see fig. 4.). The 
second step, which is the final opening of the umbrella, can begin by pushing on the top of the 
mechanism (piston triangular) (few centimeters per minute). This phase must take place slowly (10 
mn) because of the forces that will  be induced by the movement of water around the disk.  To 
pushed forward, a plunger of triangular shape, which use 3 pushing axis (rods 12 mm diameter) is 
necessary. At the end of umbrella opening, this plunger is used as cover flange in order to seal the 
shaft. To ensure a good seal to the water at the push mechanism, the upper flange is equipped with 

adequate seals for the crossings pistons.

The necessary force to the deployment is estimated at around 300 N. This pressure decreases even 
more as the speed of deployment is low. Due to the force applied to the plunger, the structure will 
gradually open, until the ribs reach their horizontal positions. In the same time, the membrane will 

5

• 18k stations, spacing 2.2 km
• E > 1019 eV (threshold)
• E > 3× 1019 (high quality)

fluorescence detector prototype: FAST (T. Fujii)

3rd GCOS workshop 2025 (Tokio)

white paper: “Ideas and Requirements for the Global
Cosmic-Ray Observatory“ arXiv:2502.05657
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POEMMA – Detection of Cosmic Rays
from Space

stereo mode limb mode

A. Olinto et al JCAP 06 (2021) 007
L. Anchordoqui et al PRD 101 (2020) 023012

ESA M-class mission proposal “M-EUSO” (2025) 24/29



Prototype POEMMA-Balloon with Radio (PBR) – Launch 2028

EUSO-SPB2 PDM

PBR CC Design

MAPMT

SiPM 
V. Scotti ISVHECRI 2024



Extension of existing facilities see Lorenozo’s talk for AugerPrime

in progress: TAx4

・

100 km

Aim
• Quadruple TA
• Four-times-faster highest-energy cosmic-ray 

collection

TAx4 SD
Goal
•

Deploy 500 SDs with 2.08 km spacing

• Expand the array to ~3,000 km2 (

TA SD + new SD

)

Current Status
• 257 SDs deployed in 2019 (current size: TAx2.5)

H. Sagawa ISVHECRI26

H. Sagawa ISVHECRI26

possibilities at Auger?

arXiv:2502.05657 26/29



Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?

2. LSS+GMF successfully reproduce the UHE dipole
are GMF models now predictive, or did we get lucky?

3. UHECR deflections trace cosmic magnetic fields directly
will next-generation UHECR observatories study cosmic magnetism?

4. AugerPrime and TAx4 may see first images EHE accelerators
how many σ before we believe it? Should we enlarge these arrays?

5. ten-fold exposure increase could probe source population
how many hot-spots needed to disentangle mag. field and source class?

6. GCOS and POEMMA
space or ground or both?



Impact of Energy Uncertainty: ‘Amaterasu” Particle
• factor 5 uncertainty in horizon!
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MU&Farrar ApJL 962 (2024)
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Impact of Energy Uncertainty:

‘Amaterasu” Particle

• factor 5 uncertainty in horizon!
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Multi-messenger Observations at UHE: Discussion & Outlook

1. the UHE sky is (mostly) a charged-particle sky
does the next step therefore require much larger UHECR observatories?

2. LSS+GMF successfully reproduce the UHE dipole
are GMF models now predictive, or did we get lucky?

3. UHECR deflections trace cosmic magnetic fields directly
will next-generation UHECR observatories study cosmic magnetism?

4. AugerPrime and TAx4 may see first images EHE accelerators
how many σ before we believe it? Should we enlarge these arrays?

5. ten-fold exposure increase could probe source population
how many hot-spots needed to disentangle mag. field and source class?

6. GCOS and POEMMA
space or ground or both?

7. energy and mass resolution essential
will AugerPrime and the LHC constrain air-shower physics well enough?


