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1) Ultra-High Energy Cosmic rays



All-particle Energy Spectrum by Air-Shower Arrays

[Compilation: F. Schroder]
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Cosmic accelerators?
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black holes,

multi-messenger cascade
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“multi-messenger astrophysics” Y,V
but gamma rays are currently point back to sources

the most “productive” messengers. (go9d for astronomy)
but serious backgrounds

Constraints from the Auger Observatory?



GZK cutoff
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Almost same conclusions for nucle1 (photo-disintegration)

= Reduction of the CR horizon at UHE
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Magnetic deflections
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127) The Pierre Auger Observatory



Surface Detectors (3000 km?)




Lateral profile reconstruction
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- Energy estimate resorting to

hadronic models

- Mass?



Fluorescence Detectors




Longitudinal profile reconstruction
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121) Extragalactic cosmic rays



Extragalactic origin

Laniakea: Norma (attractor) + Pavo-Indus +
Virgo supercluster (Virgo cluster + Local sheet)

Local sheet : 10-15 Mpc diameter, 0.5 Mpc
height, with a void region ~70 Mpc North in
supergalactic coordinates

Direction of the local void

7
wf/“"’&y & it

§- g‘." ’:%
Fig. ED 1. — Structure within a cube extending 16,000 km s ' (~200 Mpc)

Tully, Courtois, Hoffman, Pomaréde, Nature 2014
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Mass composition — Xmax moments
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J(E) X E? [km™ yr! sr!l eV']
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Extragalactic cosmic rays
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4+ Rigidity-dependent
maximum acceleration energy at
the sources (Xmax measurements)

= Astrophysical scenario to fit >

10!8-7 ¢V both the energy spectrum
and the X« measurements:

Identical sources homogeneously distributed in a comoving volume

Injection consisting only of 'H, *He, "N, *°Fe (approximately equally
spaced in In4)

Power-law spectrum at the sources with rigidity-dependent broken
exponential cutoff:
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[Auger Collab. 2020]



Extragalactic cosmic rays
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4 Hard ejected spectra
4 Energy cutoft ~57 EeV

4 Steepening above ~50 EeV:
combination of the maximum
energy of acceleration of the
heaviest nuclei at the sources and

the GZK effect
4 Steepening above ~10 EeV:

interplay between the flux
contributions of He and GNO
injected at the source with their
distinct cutoft energies, shaped by
photodisintegration during the
propagation

4 Luminosity density (E?ggen(E)):
6 10" erg Mpc yr-!

[Auger Collab. 2020]



Extragalactic gamma-ray sources

Active galaxieé or AGN ' Star-forming or starburst galaxies

e.g. Cen A, close to an Auger hotspot e.g. M82, close to the TA hotspot

AFHIL Catalog Selection by Fermi-LAT
(Fermi-LAT, >50 GeV, < 250 Mpc) (HGN survey) < 250 Mpe,
[Ackermann et al., 2016] flux rad10>0.3 Jy [Gao & Salomon, 2005]
(leptonic processes preferred) (hadronic processes preferred)

Hypothesis : CR flux « non-thermal flux of photons

= (alorimetric argument: natural for environments such that
starburst galaxies
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—cE(dE/dt)~1 [Mpc]

Composition and horizons at UHE
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= Limited horizons @ 30-40 EeV
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Sky maps

Maps for the best-fit parameters

Observed Excess Map - E > 39 EeV Observed Excess Map - E » 60 EeV
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Test statistic, TS=2AInL

Search Radius [ ° ]

Best matching: starburst galaxies
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Post-trial significance: 4.5c0

* SBGs : higher rate of cataclysmic
events (GRBs, hypernovas, magnetars)

* Transient sources in all galaxies, SBGs
being a good tracer of the
proportionality between SFR and CR
production?

[Auger Collab. 2019]
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1v) Galactic/extragalactic cosmic rays



Galactic/extragalactic cosmic rays
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SNRs > 1017 eV?
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SNR paradigm : Enax ~ 37 101 eV

+ No Fe <10!8 eV

- p, He, GNO components?
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E* N' [GeV cm

Extragalactic protons below the ankle energy

source environment

W

EBL/CMB detection [Unger+ 201 5]
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Source environments
such that:

* For efficient photo-
disintegration, heavy cosmic
rays are depleted and light
secondary nucleons are

produced

* Mostly high energy CR
escape as their Larmor
radius 1s large enough to
reach the boundaries

 All neutrons escape as they
are electrically neutral
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Outlook

» What's your targeted physics in next decades?

» Identiftying the UHECR sources

» Understanding the 2nd knee-to-ankle energy range, key to understand the UHE one

» What do we need to accomplish?

» Full-sky anisotropy analyses

» Mass-discriminated anisotropy analyses

» (Much) larger exposure...



