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in today's class...

‣ propagation of cosmic particles 
✦ gamma rays 
✦ UHECRs 
✦ neutrinos
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astroparticle propagation: 
basics



cosmological photon backgrounds
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interaction between two particles
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other versions
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λ−1(E, z) =
1

8βE2

+∞

∫
εmin(E)

1
ε2

dn(ε, z)
dε

smax(E,ε)

∫
smin

(s − m2c4)σ(s)dsdε

Exercise. Let E be the energy of the projectile, and ε the energy of a 
background photon. From the more general equation for the mean free 
path for any two particles (see previous slide), derive this equation. 



computing interaction thresholds
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‣ the invariant mass of the initial state should be at least the 
same as that of the final state 

‣ for 2-to-2 scattering 

✦ max(si): head-on collisions (θi=π) 

✦ min(sf): parallel momenta (θf=0) 

‣ in the ultrarelativistic limit (or if photons), β3 ~ β4 ~ 1  

✦ if this is not the case, threshold depends on the energy/
momentum of the final state

max si = min sf

si = m2
1c4 + m2

2c4 + 2E1E2(1 − β1β2 cos θi)

sf = m2
3c4 + m2

4c4 + 2E3E4(1 − β3β4 cos θf)

max si = m2
1c4 + m2

2c4 + 2E1E2(1 + β1β2)

min sf = m2
3c4 + m2

4c4 + 2E3E4(1 − β3β4)

min sf ≈ m2
3c4 + m2

4c4

E2,thr =
(m2

3 + m2
4 − m2

1 − m2
2)c4

2(1 + β1β2)E1



recipe for astroparticle propagation
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astrophysical 
inputs

propagation

outputs

injection spectrum 
initial composition 
source distribution 
source emissivity evolution

particle interactions 
particle acceleration 
background photon fields 
background matter fields 
magnetic fields

spectrum 
composition 
arrival directions 
arrival times

observations
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propagation of extragalactic 
cosmic rays



astroparticle propagation. cosmic rays
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Bethe-Heitler pair production
nucleus(A, Z) + γbg → nucleus(A, Z) + e+ + e-

photodisintegration
nucleus(A, Z) + γbg → nucleus(A-1, Z) + n 
nucleus(A, Z) + γbg → nucleus(A-1, Z-1) + p 
nucleus(A, Z) + γbg → nucleus(A, Z) + γ

nuclear decays
nucleus(A, Z)  → nucleus(A-4, Z-2) + α 
nucleus(A, Z)  → nucleus(A, Z+1) + e- + νe 
nucleus(A, Z)  → nucleus(A, Z-1) + e+ + νe 

nucleus(A, Z)* → nucleus(A, Z) + γ

photopion production 
p + γbg → p + π0 

p + γbg → n + π+ 

nucleus(A, Z) + γbg → ... + π0 + π+

decays
π0 → γ + γ 
π+ → νμ + μ+ 

μ+ → e+ + νμ + νe 

n → p + e- + νe

CR

(secondary) 

CR

co
sm

og
en

ic ν

co
sm

og
en

ic γ



1018 1019 1020 1021 1022

energy [eV]

10°1

100

101

102

103

104

en
er
gy

lo
ss

le
ng

th
[M

pc
]

Hubble horizon

photodisintegration
photopion production
Bethe-Heitler pair production
total

1H
4He
14N
28Si
56Fe

UHECRs. interactions during cosmological propagation
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photopion production
p + γbg → p + π0 

p + γbg → n + π+ 

π0 → γ + γ
π+ → νμ + μ+

μ+ → e+ + νe + νμ(similar for nuclei)

Bethe-Heitler pair production
nucleus(A, Z) + γbg → nucleus(A, Z) + e-  + e+

photodisintegration
nucleus(A, Z) + γbg → nucleus(A-1, Z) + n 

nucleus(A, Z) + γbg → nucleus(A-1, Z-1) + p

nucleus(A, Z) → nucleus(A-4, Z-2) + α 

nucleus(A, Z) → nucleus(A, Z+1) + e-  + νe  

nucleus(A, Z) → nucleus(A, Z-1) + e-+ + νe  

nucleus(A, Z)* → nucleus(A, Z) + γ

nuclear decays
...

Alves Batista. arXiv:2412.17201

https://arxiv.org/abs/2412.17201


UHECRs. interactions during cosmological propagation
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pion production
p + γbg → p + π0 

p + γbg → n + π+ 

Coleman et al. Astroparticle Physics 149 (2023) 102819. arXiv:2205.05845

Discussion. Look at the UHECR spectrum shown in the figure. Suppose 
neutrons are not detected at all.  
a) What can be concluded about the sources of these particles? 
b) If a neutron from a cosmologically distant source is detected, what 

would that imply?

photodisintegration
nucleus(A, Z) + γbg → nucleus(A-1, Z) + n 

nucleus(A, Z) + γbg → nucleus(A-1, Z-1) + p



UHECRs. interactions during cosmological propagation
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‣ hypothesis: spectral features due to proton propagation (if 
extragalactic sources) 

‣ expectation: spectral features at corresponding energies
Bethe-Heitler pair production

p + γbg → p + e-  + e+

pion production
p + γbg → p + π0 

p + γbg → n + π+ 

Coleman et al. Astroparticle Physics 149 (2023) 102819. arXiv:2205.05845

CMB EBL

pion 
production 1020 eV 1018.7 eV

Bethe-
Heitler 1018 eV 1016.5 eV

computing thresholds...



UHECRs. interactions during cosmological propagation

14

Coleman et al. Astroparticle Physics 149 (2023) 102819. arXiv:2205.05845
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Alves Batista. arXiv:2412.17201

the GZK cut-off
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Coleman et al. Astroparticle Physics 149 (2023) 102819. arXiv:2205.05845

p + γbg → Δ+ → {p + π0

n + π+

π0 → γ + γ
π+ → μ+ + νμ

μ+ → e+ + νe + ν̄μ

n → p + e− + ν̄e

https://arxiv.org/abs/2412.17201


epistemological interlude. the GZK cut-off
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‣ is the suppression at E > 50 EeV due to the 
GZK effect? 

‣ necessary conditions:  

✦ either: 

• (i) source spectrum very well 
understood 

• (ii) source Emax  > EGZK 

✦ dominant proton composition

Auger

HiRes
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propagation of gamma rays



astroparticle propagation. gamma rays and electrons
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e-

γ

γ

γ

e+

e-
e+

pair production
γ + γbg → e+ + e-

inverse Compton scattering
e± + γbg → e± + γ 



cosmological propagation of gamma rays and electrons
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CRB Niţu et al. 2021

CRB Protheroe & Biermann 1996

1010 1012 1014 1016 1018 1020 1022

E [eV]

10°8

10°6

10°4

10°2

100

∏
°
1
[M

pc
°
1
]

double pair production

CMB

EBL Gilmore et al. 2012
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pair production γ + γbg → e- + e+ 

inverse Compton e± + γbg → e± + γ

double pair production γ + γbg → e- + e+ + e- + e+ 

triplet pair production e± + γbg → e± + e- + e+



gamma-ray propagation. pair production
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the brightest-ever gamma-ray burst: GRB 221009A
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cosmological gamma-ray propagation. optical depth
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Φo(Eo; zs) = Φs(Eo,s) exp [−τ(Eo, zs)]flux 
attenuation

τ(Eo, zs) =
zs
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how good is this approximation?

Addazi et al. Prog. Part. Nucl. Phys. 125 (2022) 103948. arXiv:2111.05659



gamma-ray propagation. gravitational lensing

23

27 days!



gamma-ray propagation. gravitational lensing
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e-
γ

e+

pair production
γ + γbg → e+ + e-

inverse Compton scattering
e± + γbg → e± + γ 

intergalactic 
medium

pair 
beam

plasma instabilities
energy losses: dE / dx

canonical 
cascade photons

quenched 
cascade photons

gamma-ray 
beam
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propagation of neutrinos



neutrino propagation
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ν

neutrino oscillations



neutrino as probes of the cosmos
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high energies + long baselines

Ackermann et al. arXiv:1903.04333



what can we learn from neutrinos
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