Multi-messenger Observations at UHE Discussion & Outlook

magnetlc M Unger (KIT)
deflection -

8ravitationg|
Waves
multi- 5 \ /
messenger . :
source - . N

“The Multimessenger Sky at Extreme Ehergies“, Trieste, 2026 SR adapted from nbi.ku.dk



Multi-messenger Observations at UHE Discussion & Outlook

magnetic M. Unger (KIT)
deflection -

multi- 5
messenger

source

“The Multimessenger Sky at Extreme Ehergies“, Trieste, 2026 SR adapted from nbi.ku.dk



Reminder: UHE CompOSition Pierre Auger Coll. PRD 114 (2026) 4, 043016
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UHECR-associated Neutrinos — a) cosmogenic: < 102 GeV/(cm? s sr)
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UHECR-associated Neutrinos — b) sources: 1079 - 108 GeV/(cm? s sr)
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UHECR-associated Neutrinos — ¢) Future Experiments

Diffuse Flux, 1:1:1 Flavor Ratio
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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

Pierre Auger Coll., Science (2017) and ApJ (2024) 2 T
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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?



UHECRSs as Tracers of Cosmic Magnetic Fields

Snowmass UHECR White Paper, APP 149 (2023) 102819
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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 Anlsotroples (hot spots)

E. Kido for the TA Coll. ICRC2025
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Angular Size of Hotspots random Galactic magnetic field
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15 10 5 0 5 10 15
X/ kpc

I(model) 1 K

Isotropic random

detections

[B\ﬂ._ *possible A
\’ implied charge of o = (15%%)° hotspot

&
Z(Cen) = (197" £ 2+ 3) 3

C
@ GMF AFE

o = N w & a o

2/kpo

*

Lbblo noeas

MU & G.R. Farrar arXiv:2608.21293



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?

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

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

. AugerPrime and TAx4 may see first images EHE accelerators

how many o before we believe it? Should we enlarge these arrays?



VWhere is Qur Crab?

Whipple 1989

HESS, MAGIC, VERITAS, Cangar@o 200




VWhere is Qur Crab?

AugerPrime, TAx4?




Al l or Not hi ng

AugerPrime, TAx4?




UHE Source Population Studies ..

expectations using UHECR flux proxies from galaxy catalogues

active galactic nuclei (AGN) radio galaxies (RG)

van Velzen+2012

starburst galaxies (SBG)

Lundardini+2019 Swift-BAT 2018
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AGN: active galactic nuclei, SBG: starburst galaxies, RG: radio galaxies

UHE Source Population Studies

e if AugerPrime/TAx4 take a first N ey
5-0 snapshot of a ZeVatron 8 .
e then population study possible 3 57
with a factor 10 x more exposure g =
g
= 2 .
< v >, F
ST LF s |

=)

1% <
,‘.‘Fb
\

"

.ﬁ,}, -
=N by 7%
- 4
s =
— i
- ]
-4 -2 4

0 2
significance [0]

20/29



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?

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

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

. AugerPrime and TAx4 may see first images EHE accelerators

how many o before we believe it? Should we enlarge these arrays?

. 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
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GCOS - Global Cosmic-Ray Observatory

surface detector: double-layered WCD . varis)

¢ 18k stations, spacing 2.2 km
e £ > 10" eV (threshold)

e £ > 3 x 10*° (high quality)

3rd GCOS workshop 2025 (Tokio)

white paper: “Ideas and Requirements for the Global
Cosmic-Ray Observatory” arXiv:2502.05657

D. Mandat et al., JINST 12, T07001 (2017)

sics 119 (2020) 102430
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—— Auger ~ -~ TAx4 ==+ POEMMA (Stereo)

POEMMA - Detection of Cosmic Rays o}~ swmme -- g - romon i
from Space
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ESA M-class mission proposal “M-EUSO” (2025) .
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Extension of existing facilities see Lorenozo's talk for AugerPrime

in progress: TAx4
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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?
LSS+GMF successfully reproduce the UHE dipole

are GMF models now predictive, or did we get lucky?

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

. AugerPrime and TAx4 may see first images EHE accelerators

how many o before we believe it? Should we enlarge these arrays?

. ten-fold exposure increase could probe source population

how many hot-spots needed to disentangle mag. field and source class?

. GCOS and POEMMA

space or ground or both?
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Impact of Energy Uncertainty:
e factor 5 uncertainty in horizon!
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Multi-messenger Observations at UHE: Discussion & Outlook

1.

2.

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

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

. UHECR deflections trace cosmic magnetic fields directly

will next-generation UHECR observatories study cosmic magnetism?

. AugerPrime and TAx4 may see first images EHE accelerators

how many o before we believe it? Should we enlarge these arrays?

. ten-fold exposure increase could probe source population

how many hot-spots needed to disentangle mag. field and source class?

. GCOS and POEMMA

space or ground or both?

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



