From Galactic to Extreme Energies:
Tracing Cosmic Accelerators with
Ultra-high Energy Cosmic Rays and
High-Energy Neutrinos
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Diffuse Particle Spectrum
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High-energy messengers
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E > 10" eV, D ~ 10-100 Mpc

UHECRS
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Y-ra)’s
Hadronic: P/A + yomprsouree = X+ 77 = 2y ..
Leptonic: e +y—>e +y LY QES 10 eV, D ~ 10 kpe (Galactic)
P/A + Yembrsource =~ X + 77 = 3v LT S
Ecr : Ey: E, E < 10" eV,D > Gpc (cosmological) \A N
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Galactic Cosmic Rays
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Learning from Galactic gamma-rays: 1st LHAASO Catalog

KM2A (E > 25 TeV) Significance Map Ap)S 2/1:25, 2024
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Hadronic Leptonic 90 sources, (43 Ey >1014 eV):
Ecr : Ey
Ee ~ O E
10 @1 () -40% Unidentified sources
- Majority: Pulsar Wind Nebulae (leptonic)
AWGC: 0.1km? (2015-) -6 Supernova remnants (old, E < 1014 eV)

HAASO ~1.0 km2 (2021-) -2 Young Stellar Clusters, 6 Microquasars
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Young Stellar Clusters

OO
Cygnus OB2: 8 photons with E, > 1015 eV in bubble \\\ |

. > 14
W43: E, >4 x 1014 eV Shocked stellar wind

3 consistent with HESS GC: Ey > 4 x 1014 eV
Several more seen with IACTs and Fermi-LA

Termination /

Cygnus Cocoon HAWC Coll 2020 Cygnus Cocoon LHAASO Coll 2023
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M | C qu U a S a rS Kleimenov, Neronov, FO, Semikoz,arXiv:2Z512.135/8
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o 3 | —— HAWC
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2 HAWC Coll, Nature 634 (2024) 8034
HESS Coll Ap| 2025
8§ 433: HESS Coll, Science363,402-406(2024)
10713 HAWC Coll. Nature 562, 82-85 (2018)
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10° 10 10N tlf) 10 i/o 10 10 Microquasars major at the knee? Kaci, Giacinti et al 2025,
€utrind energy, € v Zhang, Kimura, Murase, PRD (2025)


https://www.nature.com/
https://arxiv.org/abs/2512.13578

Microquasars: Cyg X-3

1 —-12
LHAASO Coll, Natl Sci Reviews 2025, arXiv: 2512.16638 0 #  KM2A intrinsic DYx + PYuv
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Ey up to 3.7 x1015 eV see Wei, Murase, Zhang arXiv.2512.2323 | for pbp/py interpretation

Transient and compact (jet)

Must be hadronic if as compact

Totally different from V4641 Sgr ‘


https://arxiv.org/abs/2512.23231

Galactic cosmic rays
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Component B
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Origin of Component B: Extragalactic?

D). Harari

Models of 30% Galactic Carbon

¢ Auger SD-1500 ¢ IceCube
100+ ¢ Auger SD-750 B=PT11, b=GDS10 , I, = 40 pc (Giacinti+ 2012)
] % KASCADE-Grande  mmm B=PT11,b=3xPT11,/. =100 pc (Auger 2012)
| 4 leeTop B B=JF12, b=JF12, /. = 100pc (Unger 2018)
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Energy / EeV

Models assume population of Galactic sources

For single Galactic source, see e.g. Farrar POS(ICRC 2021)488
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Wina pubbles in Active Galactic Nuclel

—— AGN X-ray spectrum

XRISM Coll, Nature, 2025
Energy — Resolve — Xtend — EPIC-pn — NuSTAR
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Rest energy (keV)

Observed in 30-60% of non-jetted and jetted AGN

(Tombesi et al 2010, 2014, Giannoli 2024)

Linda Baronchelli 2020 12



Cosmic-ray acceleration in AGN Wind Bubbles

D. Enhlert, FO, E. Peretti, MNRAS, 539 (2025) 5 UFO L
Faucher-Giguere and Quataert 2012, pop. tota

¢ 99 + Auger all—part.
2nd knee
Peretti, Lamastra, Saturni, Ahlers, Blasi, Morlino & Cristofari 2023 103 - ¢ Auger p
' ¢
¢

Auger He
Auger N

T - based on 100
= : . - UFOs with known
accretion wind termination _ Mo and v
disk shock ' $ - assumes
' | v 5% of Ex
1/2 l channeled to CRs
M 1 pc VUFoO 100 ' ! ' l L .
E, max ~ 1 EeV - 17.0 17.5 18.0 1&8.9 19.0 19.5 20.0 20.5
0.1 M@ yr : Rshock 0.2¢ 10g10(E/6V)
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Component B
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Component B

AGN Wind bubbles?

see also Paul Simeon’s talk @1 6:16 (Crimson room) {
on Hierarchical shock model
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Neutrinos
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Neutrinos: Looking for a needle in a haystack
60

10 year map lceCube Coll, PRL 2020
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~100000 neutrino candidates / year, E> 100 GeV
17 > 9 /% atmospheric



| ikelihood stacking analyses

The unbinned likelihood approach:
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Diffuse neutrino flux: Stacking limits

plot from FO PoS ICRC2021 (2022) 030, based on numerous IceCube analyses, see arXiv:2201.05623 for references
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Sup ernovae Limits from LRDs soon? See R. Kuze+, and https.//www.arxiv.org/abs/2601.11203
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https://arxiv.org/abs/2201.05623
https://www.arxiv.org/abs/2601.11203

VWhat we know so far about transients: lceCube stacking + multiplet searches

Relative contribution %

100 -

30 -

60 - T XRB flare stacking

ceCube Stein 2027 coCube e.g. lceCube
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Ultra-high energy cosmic rays
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AGN Wind bubbles?
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Ultra-nigh energy cosmic rays

Lvent D 120161 220000

PIERRE

i AUGER: - 0 TR Telescope Array (2008 - )
. T R e . = Amaterasu Particle
Energy: 2:44x 1020 eV

Auger Coll. ApJS. 264 (2023) 50

TA Coll. Science, 562 0cVt 8

é) Plerre Auger Observatory (2004-) i
i 50,000 UHECRSs above 8x10!8 eV ~
107>~ 40 UHECRs above 1020 eV f{{ E
10~ — =

10 1 101 103 105 107 109 1011

Energy [GeV] 22



Arrival directions

Auger Coll. 2017 Science 357 6357, (updated 2024 ApJ)

Amplitude 7.4*7-9 % 50,000 Cosmic Rays

—0.8
p-val : 2.6 X 1078 (6.80) (E>38x 108 eV)
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Modael based on 26 brightest nearby jette

AGN.
see also Harari et al 2016, Mollerach et al 20

From Eichmann, Kachelriess, FO, JCAPO/(2022)06

|9, Mollerach & Roulet 2022, Bister (arXiv.2509.06594)



Arrival directions

~  Auger Coll. 2017 Science 357 6357
Ding, Globus, Farrar, ApJL 913 (2021) |
Allard, Aublin, Baret, Parizot, A&A (2022)
Bister, Farrar Ap] 996 (2024) /|

Bister, Farrar, Unger Ap| 9/5 (2024) |



Arrival directions

Bister, Farrar Ap| 996 (2024) /|
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Conclusion #1: UHECR sources are numerous
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Spectrum and Composition Observaples

Auger Coll, PRL, 125, 121106, 2020
Tkachenko for Auger Coll, PoS(ICRC2023)438

Auger Coll, PRL, 134,021001, 2024
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From identical sources to a population

D. Ehlert, FO, M. Unger, PRD 10/ (2023) 10
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From identical sources to a population

¢O R=7§f@)
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Prc /

Max. rigidity dN o~ Poon
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distribution max
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Single Source UHECR Spectrum ' Population spectrum
Power-law distributed maximum rigidity
| ; )
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Broken exponential, e.g. Auger Combined Fit (Aab et al 2017/)
Super exponential in case of DSA with synchrotron losses with dN/dR « exp — R*, 1 = 2 e.g. Zirakasvili & Aharonian 2007
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A curious maximum rigidity distripution

o D. Ehlert, FO, M. Unger, PRD 107 (2023) 10
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Conclusion #2: UHECR sources are few or near-identical Eras



summary

New insights from y-rays!
Wind bubbles? Stellar clusters? Microquasars?

Component B
AGN "Wind-bubbles” can fill the transition region -
consistent with neutrino observations

KMS3NET
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Neutrinos - probes of Extra-galactic Component B
AGN / Supernovae / Starburst Galaxies main options
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New Puzzles at the highest energies | ldentical
Sources appear to be numerous but near-identical Sources?
"Standard Candles™? / In-source mechanism?
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