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Ultrahigh-Energy Cosmic Rays

• Air Shower Physics
(electromagnetic and hadronic showers, shower maximum, muons in air showers)

• Detection Techniques
(particles, fluorescence- and Cherenkov-light, radio)

• Key Observations (and their Interpretation)
(anisotropies, mass, spectrum, Peters cycle, propagation, cosmic magnetic fields)



Key UHECR Observations

energy spectrum

1710 1810 1910 2010

E/eV

3910

4010

) 
2
.1

 e
V

-1
 y

r
-1

 s
r

-2
 F

lu
x
 /
 (

k
m

3
.1

 E

Pierre Auger Observatory

mass composition

E [eV]
1710 1810 1910 2010

]
2

 [
g
/c

m
ñ

m
a

x
Xá 

600

650

700

750

800

850 Auger FD ICRC17

Auger SD PRD17

TA FD ApJ18

iron

proton

17 17.5 18 18.5 19 19.5 20 20.5

lg(E/eV)

0

0.2

0.4

0.6

0.8

1

c
o

m
p

o
s
it
io

n
 f

ra
c
ti
o

n p He N Fe EPOS-LHC
Sibyll2.3

arrival directions
E>8 EeV

E>38 EeV

E>100 EeV

AND: Neutral UHE messengers (photons, neutrons, neutrinos), Hadronic Interactions (p+air cross section, muons in air showers), BSM Physics (LIV, SHDM, anitons, monopoles), ...



Extragalactic Cosmic-Ray Propagation



Greisen, Zatsepin, Kuzmin Cutoff (GZK)

Penzias & Wilson 1965 (Nobel 1978)



Greisen, Zatsepin, Kuzmin Cutoff (GZK)



Greisen, Zatsepin, Kuzmin Cutoff (GZK)



Photo-Pion Production



Photo-Pion Production



Photo-Pion Production



Extragalactic Photon Fields

arXiv:1802.03694



Pair Production and Adiabatic Loss



Pair Production and Adiabatic Loss



Energy Loss of Protons

Gaisser, Engel & Resconi, “Cosmic Rays & Particle Physics”



Energy Loss of Protons

Dermer & Menon, “High Energy Radiation from Black Holes”



Propagation of UHE Protons

lg(source redshift)

−3 −2.5 −2 −1.5 −1 −0.5 0 0.5

/e
V

)
0

lg
(E

17

17.5

18

18.5

19

19.5

20

20.5

21

0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

1
5 10 100 1000 3000

distance [Mpc]

MU arXiv:0812.2763



Propagation of UHE Protons
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Propagation of UHE Protons

lg(source redshift)
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Propagation of UHE Nuclei M. De Domenico, EPJ 128 (2013) 99



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



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



Propagation of UHE Nuclei
M. De Domenico, EPJ 128 (2013) 99



Propagation of UHE Nuclei

A. Taylor et al., Phys.Rev. D77 (2008) 103007 and D82 (2010) 123005



“GZK Sphere”
K. Kotera & A.V. Olinto ARAA 49 (2011) 119



Extra- and Intergalactic Magnetic Fields

K. Kotera & A.V. Olinto ARAA 49 (2011) 119
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Propagation Through the IGMF



Galactic Magnetism

Jansson&Farrar 2012

Planck polarized intensity at 30 GHz

M51 (HST, MPIfR)



Cosmic-Ray Deflections
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D. Harari

• Larmor radius of charged particle in B-field

r = 1.1 kpc
R/1018 V

B/µG

• rigidity

R =
cp

eZ

e=c=1
=

E

Z

• typical GMF deflections (JF12)

θcoh ∼ 3◦
�

R

1020 V

�−1

28/41



Deflections at 20 EV (backtracking)

31/41
 MU & G.R. Farrar, arXiv:2311.12120



Key UHECR Observations

energy spectrum
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Maximum Rigidity Model, Peters Cycle?
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Maximum Rigidity Model, Peters Cycle?
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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

13/27



Photonuclear Interactions in Source Environment?
analytic example: full spallation of nucleus A, diffusion τesc ∝ Eα, τint ∝ Eβ

14/27



Single Mass + Photonuclear Interactions in Source Environment
Fiducial Scenario

29Si injected, escaping
flux at source

flux and composition
at Earth
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Interpretation of the UHE Spectrum and Mass (schematically)
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Interpretation of the UHE Spectrum and Mass (schematically)
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Interpretation of the UHE Spectrum and Mass (schematically)
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Interpretation of the UHE Spectrum and Mass (schematically)
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Key UHECR Observations

energy spectrum
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Dipolar Anisotropy of UHECRs (E> 8 EeV)
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Dipolar Anisotropy of UHECRs (E> 8 EeV)
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Charged Particle Astronomy?

Cosmic ray sky above 5× 1019 eV (equatorial coordinates) Auger&TA UHECR18



UHECR Sky as seen by the Pierre Auger Observatory
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post-trial p-value is 3% Pierre Auger Coll., ApJ 2022

code and dataset available at

doi:10.5281/zenodo.6504276



Correlation with Galaxy Catalogues (E� 40 EeV)

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

NGC4945

CenA



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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Anisotropy at UHE: Localization of the “Amaterasu” Particle
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Propagation of Fe in Extragalactic Photon Fields
• horizon between 8 and 50 Mpc
• factor 240 uncertainty source volume!

1 1.5 2 2.5 3

 eV
20

 / 10EarthE

10

210

p
ro

p
a

g
a

ti
o

n
 d

is
ta

n
c
e

 D
 /

 M
p

c

0

0.2

0.4

0.6

0.8

1

1.2

1.4

1.6

 =
 n

(D
)/

n
(0

)
a

tt
 f

stat
s±nomE

stat
s±

low
E

D(f=0.1)

3/5MU & G.R.Farrar ApJL 2024



Distribution of galaxies up to D=150 Mpc
2MASS galaxies Swift-BAT AGNs radio galaxies starburst galaxies Amaterasu localization
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Elow − 2 σ, D0.1=72 Mpc
2MASS galaxies Swift-BAT AGNs radio galaxies starburst galaxies Amaterasu localization
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Enom, D0.1=10 Mpc
2MASS galaxies Swift-BAT AGNs radio galaxies starburst galaxies Amaterasu localization
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questions

James Webb Space Telescope 2023
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