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Energy Spectrum of Ultrahigh-Energy Cosmic Rays
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UHECR Source Candidates
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Generic Source Model
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Propagation of UHECRs in Photon Fields

arXiv:1802.03694 [8 of 34]
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Proton Source Model (“Dip Model”)
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Propagation of UHE Protons
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Proton Source Model (“Dip Model”)
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Proton Source Model (“Dip Model”)
MIAPP review, Front.Astron.Space Sci. 6 (2019) 23

17.5 18 18.5 19 19.5 20

lg(E/eV)
0

10

20

30

40

50

60

70

80

3610×
)

-1
 y

r
-1

 s
r

-2
 k

m
2

 J
(E

) /
 (e

V
3 E

p

17.5 18 18.5 19 19.5 20

lg(E/eV)
0

20

40

60

80

100

120

3610×

)
-1

 y
r

-1
 s

r
-2

 k
m

2
 J

(E
) /

 (e
V

3 E

p

[14 of 34]



Secondaries in Proton Source Model
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Protons and Neutrinos at Earth

The Sources Of UHECRsThe Sources Of UHECRs

∼ 10−2 galaxies / Mpc3

[16 of 34]



Protons and Neutrinos at Earth

Redshift HorizonRedshift Horizon

I(z)/I(0) ∝
∫∞
E0

(1 + z) (E (1 + z))
−2 dE/

∫∞
E0

E−2 dE = (1 + z)−1, χloss ∼ 5 Gpc
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Protons and Neutrinos at Earth

Source EvolutionSource Evolution

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

UHECR Energy Loss (20 EeV p)UHECR Energy Loss (20 EeV p)

intensity attenuation p+γCMB → p + e+ + e−, χloss ∼ 1 Gpc
[16 of 34]



Protons and Neutrinos at Earth

UHECR Energy Loss (50 EeV p)UHECR Energy Loss (50 EeV p)

intensity attenuation p+γCMB → p/n + π0/+, χloss ∼ 100 Mpc
[16 of 34]



Secondaries in Proton Source Model

J. Heinze et al. ApJ 825 (2016) 122
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UHECR Composition
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Mixed-Composition Model
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Propagation of UHE Nuclei

D. Allard, APP 39 (2012) 33
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Propagation of UHE Nuclei

A. Taylor et al., Phys.Rev. D77 (2008) 103007 and D82 (2010) 123005 [21 of 34]



“Peters Cycle” at Source B. Peters, Nuovo Ciemento 22 (1961) 800
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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?

MU, G. Farrar, L. Anchordoqui, PRD 92 (2015) 123001 and M. Muzio, MU, G. Farrar arXiv:1906.06233

see also Globus+15, Biel+17, Kachelriess+17, Supanitsky+18
Virgo Cluster sim., R.A. Batista et al, arXiv:1811.03062 [25 of 34]



Photonuclear Interactions in Source Environment?
analytic example: full spallation of nucleus A, diffusion τesc ∝ Eα, τint ∝ Eβ
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Photonuclear Interactions in a “peaky” Photon Field
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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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� complex composition leaving source
� ankle feature in escaping flux
� light component (nucleons) below ankle

→ can this model describe UHECR flux and composition?
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Fit of Spectrum and Composition At Earth (single mass)
Fiducial Scenario

29Si injected, escaping
flux at source
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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)

elegant, very few parameters
disfavoured by secondaries (ν, γ)
excluded by UHE composition

• mixed composition

fits UHE composition and flux
low secondary fluxes → not excluded
low secondary fluxes → hard to detect
hard injection spectrum γ ≈ 1

ad-hoc composition fractions
ad-hoc low-E light component needed

• photonuclear interactions at source

fits UHE composition and flux
works with Galactic composition
explains ankle and low-E protons
detectable secondary fluxes (falsifiable)
hard injection spectrum γ ≈ 1

source properties: additonal doF

[34 of 34]


