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Energy Spectrum of Ultrahigh-Energy Cosmic Rays
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Energy Spectrum of Ultrahigh-Energy Cosmic Rays
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Energy Spectrum of Ultrahigh-Energy Cosmic Rays

E®' Flux / (km? sryr'eV?)

Auger 2019

10%

10%

sectnd W,

10%

1017

10'®

Ig(E/eV)

1019

5 of 34]



UHECR Source Candidates
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Generic Source Model
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Propagation of UHECRs in Photon Fields
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Propagation of UHECRs in Photon Fields
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Propagation of UHECRs in Photon Fields
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Proton Source Model (“Dip Model”)
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Propagation of UHE Protons _
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Propagation of UHE Protons
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Propagation of UHE Protons
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Proton Source Model (“Dip Model”)

MIAPP review, Front.Astron.Space Sci. 6 (2019) 23
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Secondaries in Proton Source Model
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Protons and Neutrinos at Earth




Protons and Neutrinos at Earth

Redshift Horizon
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Protons and Neutrinos at Earth

Source Evolution

star formation rate from B.E. Robertson et al. Astrophys.J. 802 (2015) no.2, L19



Protons and Neutrinos at Earth

UHECR Energy Loss (20 EeV p)

intensity attenuation p+ycwg — P+ €F + €7, Xjoss ~ 1 GPC




Protons and Neutrinos at Earth

UHECR Energy Loss (50 EeV p)

intensity attenuation p+yave — p/n + 7%, X10ss ~ 100 Mpc




Secondaries in Proton Source Model
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Mixed-Composition Model
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Propagation of UHE Nuclei
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Propagatlon of UHE Nuclei
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Mixed-Composition Model
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Origin of Ankle and EeV Protons?
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Photonuclear Interactions in Source Environment?
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Photonuclear Interactions in Source Environment?

analytic example: full spallation of nucleus A, diffusion 7esc o< E<, Ting o E°
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Photonuclear Interactions in a “peaky” Photon Field

photo-disintegration photo-pion production
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Photonuclear Interactions in a “peaky” Photon Field

broken power law (BPL), black body (BB), modified black body (MBB)
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Example Escaping Photonuclear Cascade
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Example Escaping Photonuclear Cascade
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— interaction
- — escape

7 =A =19 20 =A =39 40 <A <56
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Example Escaping Photonuclear Cascade
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Example Escaping Photonuclear Cascade
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Example Escaping Photonuclear Cascade

n, dN/dIgE/dt [a.u.]
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Example Escaping Photonuclear Cascade

NN ireraction » injected mass: Fe
S e | e g=
AN > Fmax(Fe) = 10198 eV
T — » photon field: black body,

» complex composition leaving source
» ankle feature in escaping flux eV
» light component (nucleons) below ankle

wt  — can this model describe UHECR flux and composition?
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Fit of Spectrum and Composition At Earth (single mass)

Fiducial Scenario +1og —1ox,,..
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Fit of Spectrum and Composition At Earth (Galactic Mix)
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Secondaries vs. Photon Field Temperature
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Protons at UHE?
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Summary of Generic Source Models of UHECRs

¢ dip model (pure proton) * photonuclear interactions at source

@ elegant, very few parameters
@ disfavoured by secondaries (v, v)
excluded by UHE composition

fits UHE composition and flux

works with Galactic composition
explains ankle and low-E protons
detectable secondary fluxes (falsifiable)
hard injection spectrum v ~ 1

source properties: additonal doF

)

¢ mixed composition

fits UHE composition and flux

low secondary fluxes — not excluded

low secondary fluxes — hard to detect
hard injection spectrum v ~ 1

ad-hoc composition fractions

ad-hoc low-E light component needed

OOOGOOO
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