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$ X = x, /mean inelasticity

. 4 T
N * ® neutrinos Xoy o
p+' ® X +p0_ s 3: P \‘ 10_126
g p- ® g- rays ek v
> # K (2 & ol &
=11}
o
2 fs it g ! G = -1f
L 2 107%G~,
-3 A T T T SN T
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g\' | I leg(E/eV)
CK ) & 3’ 36 <( Included processes:

Electrons: inverse Compton; synchrotron rad
(for fields from pG te 10 nG)

Gammas: pair—-producticon through IR, CMB, and
radic backgrounds

Protons: Bethe—-Heitler pair producticon,
pion photoproduction




Propagation of nucleons, photons,

electrons, and neutrinos

In one dimension propagation is governed by Boltzmann equations for differential
spectrum of species ¢, n;(F):

On; (E) +1 1 — pBf;
at == tI’i{E) - HE(E) fd&.“nﬁ(f) .[—1 dp‘T ? Ji_’j‘s:EE{l—p.ﬂbﬂi,)
#‘ﬁﬁﬁ dg‘—)‘i 8, E
"'fd‘gfdm’("‘")f_ d“z n;{ &) % BL-nfofl)
k11 — i & j
where:

®,( F'} =injection spectrum,

ny{e) =diffuse background neutrino or photon density at energy e,
u# = cos(angle between background and in-particle},

B =particle velocities,

o;; = cross sections for processes ¢ — j,

s =center of mass energy.

Background spectrum between ~ 10~%eV and ~ 10eV
propagated particles between 100 MeV and 10'% GeV {GUT scale)
transport equations (including cosmology, i.e. redshift-distance relation) solved by

implicit methods.




Processes taken into account

Nucleons:
¢ (multiple} pion production: Nv; — N(nw) with subsequent pion decays: leads

to “GZK-eflect”.
e pair production by protons: py, — pete : relevant below GZK threshold
(similar to triplet pair production below)

e Neutron decay: n — pe™ I,

Electromagnetic channel:
e pair production and inverse Compton scattering: vy — ete™ and ey, = ev]

leading order processes with

mg 5 3
opp = 20708 = 59T, ]lemg (s »m.).

¢ double pair production: vy, — eTe”ete”: dominates at highest energies with

o 4—0 (s> mg)
ODPP = o1 5OT el -

e triplet pair production: ey; — eete”: dominant at highest energies with

3o 28 3 218 5
OTPP = @ OT (5111;%—2—7) (s »>m,),
with fractional energy loss % of leading e

g\

. . 2
p=ts (5] > m).
e synchrotran loss of electrons and positrans in cosmic magnetic fields: e B — el

Energy loss given by

dF 4 R? (Zme)4( E )2
_— ——JT —_— 8
dt 3 Br\ m M,
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