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Energy Spectrum of Ultrahigh-Energy Cosmic Rays (UHECRs)
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Detection of UHECRs: Air Showers
cosm

ic particle

−−−−−−−−→

fluorescence telescope particle detector

air shower
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UHECR Observatories
Telescope Array

Pierre Auger Observatory
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Air Shower Detection in the Hybrid Era
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Energy Spectrum
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Propagation of UHECRs in Photon Fields

arXiv:1802.03694

z = 0

CMB (WMAP)

p+ γCMB → p+ e++e−

p+ γCMB → p/n+ π0/π+

A+ γCMB → (A− 1) + p/n

Greisen, Zatsepin & Kuzmin (GZK) 1966
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Propagation of UHECRs in Photon Fields

lg(E/eV)

χ
lo
ss
[M

p
c]

D.Allard Astropart.Phys. 39 (2012) 33

Y.Hoffman et al, Nat.Astron. 2 (2018) 680

local universe: inhomogeneous and anisotropic!
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Measurement of Local CR Energy Density

ρ = 4π/c
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Eankle
E Flux(E) dE

= (5.66± 0.03± 1.40)×1053 erg Mpc−3

→ source luminosity density

L ∼ ρ/tloss = 2×1044 erg Mpc−3 yr−1

Typical energy loss time tloss ∼ 1 Gpc/c atEankle = 5 × 1018 eV

Full calculation with SimProp givesL = 6×1044 erg Mpc−3 yr−1)
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Energy Spectrum – Interpretation of Spectral Features
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Longitudinal Shower Development (Fluorescence Telescopes)
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UHECR Composition
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Maximum Rigidity Model, Peters Cycle?

B. Peters, Nuovo Ciemento 22 (1961) 800

Auger Highlights Antonella Castellina
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2 ≤ A ≤ 4 (grey), 5 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (cyan), A ≥ 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison] with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

photons are produced in the interactions of UHECRs in the background radiation fields during their166

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-167

netic fields; they point back to their sources, making them ideal messengers in targeted searches.168

While photons cover travel distances of the order of ∼ 4.5 Mpc at 1 EeV, neutrinos allow us to169

probe sources up to cosmological distances. Their fluxes depend on the properties of the sources170

and on the composition of the primary beam. A copious production of ν and γ can be expected,171

e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects172

and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to173

the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point174

to a mixed composition.175

The selection of photons in Auger is based on the fact that photon-induced showers present a more176

elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing177

the involvement of a lower number of SD stations in the events, and a reduced production of muons178

with respect to hadronic showers [20].179

Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers180

above ∼ 60◦, the electromagnetic component is indeed almost completely absorbed in the atmo-181

sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with182

similar arrival directions, the first interaction would happen lower in the atmosphere, producing a183

considerable amount of electrons and photons at the ground. Two main categories of events are184

considered: Earth-skimming, induced by ντ travelling from below the Earth crust in directions be-185

8

energy spectrum at source∝ (E/Z)−γ

Pierre Auger Collaboration, E. Guido ICRC21, A. Castellina ICRC19 and JCAP 1704 (2017) 038
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Towards Charged Particle Astronomy

Cosmic ray sky above 5× 1019 eV (equatorial coordinates) Auger&TA UHECR18
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UHECR Sky as seen by the Pierre Auger Observatory
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Correlation with Galaxy Catalogues (E≳ 40 EeV)

post-trial p-value

3× 10−5 8× 10−4

8× 10−4 4× 10−4

Pierre Auger Coll., ApJ 2022 (p-values) ICRC19 (plots)

isotropy rejected at∼ 3.3− 4.2σ
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Observation of a Dipolar Anisotropy of UHECRs (E> 8 EeV)
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Pierre Auger Coll., ICRC21 and Science 357 (2017) 1266
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Summary
Golden Age of UHECR Research
• high-precision flux measurement
• unexpected mass composition
• large-scale anisotropy at> 5σ

• indication of intermediate-scale anisotropy
• maximum energy of source discovered?

• ν and γ limits constrain UHECR sources

• mass-dependent anisotropy

• hadronic interactions at UHE

• search for LIV, SHDM at UHE

• transient follow-ups (GWs, TXS 0506+056,...)

• ...
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Next Up: Charge Sensitivity and Full-Sky Equal Exposure
Under Construction: AugerPrime Under Construction: TAx4

• composition/protons at UHE?
• charged-particle astronomy?
• Emax or GZK?
• muon-puzzle at UHE 19/20



Future Zevatron Hunters

POEMMA PRD 101 (2020) 023012

GCOS PoS(ICRC2021)027

UHECR Snowmass white paper arXiv:2205.05845

fluorescence detection from space?

large hybrid ground array?

20/20



backup slides



AugerPrime Deployment Status 09/2022

• WCD sending T2
• with SSD
• pre-production array
• with UUB



Photon Limits
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GZK proton (Kampert et al. 2011)

GZK mixed (Bobrikova et al. 2021)
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Comparison of TA and Auger Energy Spectra



Comparison of TA and Auger Energy Spectra


