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Part 1: Introduction to air shower physics
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Particle interactions and cascades
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Centaurus A

M31

Air shower

Source

Intergalactic medium
(10-6 protons/cm3,
 400 photons/cm3)

Interstellar medium
(1 proton/cm3)

Earth´s atmosphere
(7x1020 protons/cm3)



Four-momentum kinematics
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Calculation with four-momenta (c=1) p = (E,⇥p)

p2 = E2��p2 = m2

p1 · p2 = E1E2� �p1 · �p2

Resonance production

p1

p2

p3
p1 + p2 = p3

Energy-momentum conservation

Mass of produced resonance

p2
3 = m2

3 = (p1 + p2)2 = (E1 +E2)2� (�p1 +�p2)2

= p2
1 +2p1 · p2 + p2

2 = m2
1 +m2

2 +2E1E2�2�p1 ·�p2



Laboratory and center-of-mass system
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Mass of produced resonance,
valid in any reference system

Lab system: p1 = (E1,⇥p1) p2 = (m2,⇥0)

Center-of-mass system (CMS, *):

m2
3 = 2m2E1 +m2

1 +m2
2

⇥p�
1 =�⇥p�

2

m2
3 = (E�

1 +E�
2 )2 Ecm =

�
s = E�

1 +E�
2CMS energy:

p2
3 = m2

3 = (p1 + p2)
2
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Cosmic ray flux and CMS energy
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Data from 
ICRC 2011

Extrapolated flux

Typically 20% energy
scale uncertainty



Ultra-high energy: 1020 eV
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Need accelerator of size of Mercury´s orbit to 
reach 1020 eV with current technology

Large Hadron Collider (LHC), 
27 km circumference, 
superconducting magnets

Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

(M. Unger, 2006)

Acceleration time for LHC: 815 years 



Extensive air showers
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Simulation of shower development (i)
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Proton shower of low 
energy (knee region)



Simulation of shower development (ii)
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Simulation of air shower tracks (i)
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Simulation of air shower tracks (ii)
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Particles of an iron shower
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Particles of an proton shower
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Particles of a gamma-ray shower
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Time structure in shower front
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Cross section and interaction rate
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Definition

Interaction rate
Flux of particles
on single target � =

dNbeam

dA dt

⇥ =
1
�

dNint

dt

Beam
Target

(Units: 1 barn = 10-28 m2

          1 mb = 10-27 cm2)

dNint

dt dV
=

dNint

dl dtdA
=�rtarget

dF
dX

dNint

dtdV
=

rtarget

hmtargeti
s F dF

dX
=� s

hmtargeti
F

dX = rtarget dl



Atmosphere and interaction length
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Indirect Detection of Cosmic Rays  

⊡ Table 
Parameters of air that are of relevance to air shower physics. The values are given for the
US standard atmosphere (National Aeronautics and Space Administration ) relative to
sea level

Altitude Vertical depth Local density Molière
Electron
Cherenkov Cherenkov

(km) (g/cm) (− g/cm) unit (m) threshold (MeV) angle (○)
  . × − . ×   .
 . . × − . ×   .
 . . × − . ×   .
  .   .
  .   .
  .   .
  .   .
.  .   .
.  .   .
 , .   .

GeV. #e stable and relatively long-lived secondary hadrons (baryons, charged pions, and
kaons) form the hadronic shower component.#is hadronic shower core feeds all other shower
components. High-energy photons from the decay of π are the dominant source for the elec-
tromagnetic shower component. #e decay of charged pions and kaons gives rise to the muonic
shower component. In addition, up to % of the low-energy muons are produced by the em.
shower component. Conversely, muon interaction and decay lead again to em. particles.

In the early years of cosmic ray physics, shower properties were calculated solving cascade
equations, see Rossi and Greisen (), for example. Now it is common to simulate air showers
in much more detail with the Monte Carlo method. Commonly used simulation packages are
AIRES (Sciutto , ), CORSIKA (Heck et al. ), CONEX (Bergmann et al. ), COS-
MOS (Kasahara et al.), and SENECA (Drescher and Farrar ).#e latter three combine the
numerical solution of cascade equations with Monte Carlo simulation techniques to increase
the simulation speed. In addition to being a very e*cient method to handle the large number
of secondary particles in a shower, the Monte Carlo method allows the correct treatment of
shower-to-shower +uctuations.

In > Fig.  the particle tracks of photon-, proton-, and iron-induced air showers of  eV
are shown. To illustrate the di,erences between the showers the electromagnetic, muonic, and
hadronic components are shown separately. #e em. component of showers is rather inde-
pendent of the primary particle type, and the number of muons and hadrons can be used for
estimating the type/mass of the primary particle.

In the following we will give an overview of analytic results describing shower properties
that are used to derive information on the energy and mass or particle type of the primary
particle. Up-to-date predictions from Monte Carlo simulations will be shown in > Sect. .
Additional information on the physics of air showers can be found in text books (Gaisser ;
Stanev ; Grieder ) and recent review articles (Anchordoqui et al. ; Engel et al.
).

Z
rair dl = X

dP
dX1

=
1

lint
e�X1/lint

Atmospheric depth

US standard
atmosphere

Interaction
length lint =

hmairi
sint

=
24160mb g/cm2

sint lp ⇡ lK ⇡ 120g/cm2

lFe ⇡ 5g/cm2

lp ⇡ 90g/cm2

Typical values



Hadronic cascades
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Typical energies above
which particles interact

EK ⇠ 200GeV

Ep0 ⇠ 1019 eV

Ep± ⇠ 30GeV

em. shower



Analytic cascade models of air showers
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Electromagnetic showers: Heitler model

D
ep

th
 X

  (
g/

cm
2 )

Number of charged particles

�em

Nmax = E0/Ec

Xmax � �em ln(E0/Ec)

Shower maximum: 

E0

E = Ec

E = E0/2n
X = n �em

21



Electromagnetic showers: Cascade equations
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dE
dX

=�a� E
X0

Energy loss
of electron:

Ec = a X0 ⇠ 85MeVCritical energy:

Cascade equations

(Rossi & Greisen, Rev. Mod. Phys. 13 (1940) 240)

+
Z •

E

sg
hmairi
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Mean longitudinal shower profile

23

0

2000

4000

6000

8000

10000

x 10

 n
um

be
r o

f e
- +e

+

e-+e+ cutoff :    1.0 MeV a at E=1014 eV and 0o

Cascade Eqs.

CONEX (hybrid)

CORSIKA

0

2000

4000

6000

8000

x 10 3

200 400 600 800 1000
 depth (g/cm2)

 n
um

be
r o

f e
- +e

+

e-+e+ cutoff :    1.0 MeV a at E=1016 eV and 0o

E = 1014 eV

E = 1016 eV

Calculation with cascade Eqs.

Photons
• Pair production
• Compton scattering

Electrons
• Bremsstrahlung
• Moller scattering

Positrons
• Bremsstrahlung
• Bhabha scattering

(Bergmann et al.,  Astropart.Phys. 26 (2007) 420)



Energy spectra of secondary particles
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Photons

Electrons

Positrons

e–

e+

Number of photons divergent

• Typical energy of electrons
and positrons Ec ~ 80 MeV

• Electron excess of 20 - 30%

• Pair production symmetric

• Excess of electrons in target



Muon production in hadronic showers

Primary particle proton

π0 decay immediately

π± initiate new cascades 

Assumptions: 
• cascade stops at

• each hadron produces one muon

Epart = Edec

Nµ =
�

E0

Edec

⇥�

� =
lnnch

lnntot
� 0.82 . . .0.95

(Matthews, Astropart.Phys. 22, 2005) 25
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Superposition model
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Proton-induced shower

Nµ =
�

E0

Edec

⇥�

Nmax = E0/Ec

Assumption: nucleus of mass A and energy E0 corresponds
                        to A nucleons (protons) of energy En = E0/A

Xmax � �eff ln(E0)

XA
max � �eff ln(E0/A)

NA
µ = A

�
E0

AEdec

⇥�
= A1��Nµ

NA
max = A

�
E0

AEc

⇥
= Nmax

�� 0.9



Superposition model: correct prediction of mean Xmax

56

42

39

24

iron nucleus

Depth X

Number of
nucleons without 
interaction

56

42
39

24
56 protons

iron

npart =
�Fe�air

�p�air

Glauber approximation (unitarity)

Superposition and semi-superposition models 
applicable to inclusive (averaged) observables

(J. Engel et al. PRD D46, 1992)
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Measured components of air showers
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Longitudinal profile:
Cherenkov light
Fluorescence light
(bulk of particles measured)

Lateral profiles:
particle detectors at ground
(very small fraction of particles sampled)

(RE, Pierog, Heck, ARNPS 2011)



Longitudinal shower profile
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Nmax = E0/Ec

Xmax � De ln(E0/Ec)

Superposition model:

XA
max � De ln(E0/AEc)



Mean depth of shower maximum

30(RE, Pierog, Heck, ARNPS 2011)

500

600

700

800

900

1016 1017 10 18 10 19 10 20

Elab (eV)

�X
m

ax
� 

(g
/c

m
2 )

proton

iron

photonEPOS 1.99
QGSJET 01
QGSJET II-3
SIBYLL 2.1

Auger 2010
Yakutsk 2010

Yakutsk 2001

HiRes 2004

HiRes-MIA 2000
Fly´s Eye 1993

TUNKA 2002

XA
max � De ln(E0/AEc)



Energy and composition measurement (Ne-Nµ)
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Electromagnetic energy and energy transfer
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 Model dependence of correction to obtain total energy small

(RE, Pierog, Heck, ARNPS 2011)
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Different slopes for em. and hadronic showers

34(RE, Pierog, Heck, ARNPS 2011)
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Derivation of elongation rate theorem
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Elongation rate theorem
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Bn =
d lnntot

d lnE

B� =� 1
X0

d�int

d lnE

Dhad
e = X0(1�Bn�B�)

Large if multiplicity of high energy particles 
rises very fast, zero in case of scaling

(Linsley, Watson PRL46, 1981) 

Large if cross section rises rapidly with energy

D10 = log(10)DeNote: 

X0 = 36 g/cm2



Summary: Introduction to air showers
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Air showers are easy to understand

• Heitler model of em. shower
• Matthews-Heitler model of muon production
• Superposition model (which is better than expected)
• Elongation rate theorem

Still to come

• Shower-to-shower fluctuations
• Lateral distribution of particles
• Shower age, universality features
• Model predictions and data interpretation
• Muon discrepancy (help!)



Part 2: Modeling hadronic interactions
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Modeling of hadronic interactions 

39

4

Figure 5: An example of reconstructed event from the 2007 run. The red lines correspond to the fitted tracks, the yellow
(grey) points to the used (unused) TPC clusters.
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Figure 6: Invariant mass distribution of reconstructed K0
S

candidates. Mean value of the peak is indicated. MC dis-
tribution (dashed histogram) is normalized to the data right
tail.

(iii) matching of track segments from di�erent TPCs
into global tracks,

(iv) track fitting through the magnetic field and deter-
mination of track parameters at the first measured
TPC cluster,
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Figure 7: Track reconstruction e�ciency for negatively
charged particles as a function of momentum in the polar
angle interval [100,140] mrad.

(v) determination of the interaction vertex as the in-
tersection point of the incoming beam particle with
the middle target plane,

(vi) refitting the particle trajectory using the interaction
vertex as an additional point and determining the
particle momentum at the interaction vertex and

Beam: p (31 GeV)

Secondary particles

Vertex TPCs

Main TPCs

Time-of-flight walls

NA61 experiment in CERN SPS beam

Typical particle multiplicities:  5 to 15 secondaries
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Simulation concepts: energy ranges
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Particle production in resonance region
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Photoproduction of resonances

43

proton (0.938 GeV)

photon

Δ+ resonance (1.232 GeV)
proton, neutron

π0, π+

CMB: Energy threshold not sharp

Decay branching ratio proton:neutron = 2:1

Mean proton energy loss 20%

Decay isotropic up to spin effects

In proton rest frame:

E�,lab � 300 MeV

Ep,� =
m2

��m2
p

2E⇥,max(1� cos⇤)
⇥ 1020eV

E�,max ⇥ 10�3eV



Well-established resonances in photoproduction
A. Mücke et al. / Computer Physics Communications 124 (2000) 290–314 297

Table 2

Baryon resonances and their physical parameters implemented in SOPHIA (see text). Superscripts + and 0 in the parameters refer to pγ and

nγ excitations, respectively. The maximum cross section, σmax = 4m2NM2σ0/(M
2 − m2N)2, is also given for reference

Resonance M Γ 103b+
γ σ+

0
σ+
max 103b0γ σ 0

0
σ 0max

$(1232) 1.231 0.11 5.6 31.125 411.988 6.1 33.809 452.226

N(1440) 1.440 0.35 0.5 1.389 7.124 0.3 0.831 4.292

N(1520) 1.515 0.11 4.6 25.567 103.240 4.0 22.170 90.082

N(1535) 1.525 0.10 2.5 6.948 27.244 2.5 6.928 27.334

N(1650) 1.675 0.16 1.0 2.779 7.408 0.0 0.000 0.000

N(1675) 1.675 0.15 0.0 0.000 0.000 0.2 1.663 4.457

N(1680) 1.680 0.125 2.1 17.508 46.143 0.0 0.000 0.000

$(1700) 1.690 0.29 2.0 11.116 28.644 2.0 11.085 28.714

$(1905) 1.895 0.35 0.2 1.667 2.869 0.2 1.663 2.875

$(1950) 1.950 0.30 1.0 11.116 17.433 1.0 11.085 17.462

excitation. The resonances fulfilling these criteria and their parameters, as implemented in SOPHIA after iterative

optimization, are given in Table 2. The phase-space reduction close to the Nπ threshold is heuristically taken into

account by multiplying Eq. (11) with the linear quenching function Qf(ε′;0.152,0.17) for the$(1232)-resonance,

and with Qf(ε′;0.152,0.38) for all other resonances. The function Qf(ε′; ε′
th,w) is defined in Appendix 6. The

quenching width w has been determined from comparison with the data of the total pγ cross section, and of the

exclusive channels pπ0, nπ+ and $++π− where most of the resonances contribute. The major hadronic decay

channels of these baryon resonances are Nπ , $π and Nρ; for the N(1535), there is also a strong decay into Nη,

and the N(1650) contributes to the ΛK channel. The hadronic decay branching ratios bc are all well determined

for these resonances and given in the RPP. However, a difficulty arises from the fact that branching ratios can be

expected to be energy dependent because of the different masses of the decay products in different branches. In

SOPHIA, we consider all secondary particles, including hadronic resonances, as particles of a fixed mass. This

implies that, for example, the decay channel $π is energetically forbidden for
√

s < m$ + mπ ≈ 1.37 GeV. To

accommodate this problem, we have developed a scheme of energy dependent branching ratios, which change at the

thresholds for additional decay channels and are constant in between. The requirements are that (i) the branching

ratio bc = 0 for ε′ < ε′
th,c, and (ii) the average of the branching ratio over energy, weighted with the Breit–Wigner

function, correspond to the average branching ratio given in the RPP for this channel. For all resonances, we

considered not more than three decay channels leading to a unique solution to this scheme. No fits to data are

required. In practice, however, the experimental error on many branching ratios allows for some freedom, which

we have used to generate a scheme that optimizes the agreement with the data on different exclusive channels.

The hadronic branching ratios are given in Table 4 in Appendix 6. To obtain the contribution to a channel with

given particle charges, e.g.,$++π−, the hadronic branching ratio b$π has to be multiplied with the iso-branching

ratios as given in Table 1. We note that with the parameters bγ , bc and biso, the resonant contribution to all exclusive

decay channels is completely determined.

The angular decay distributions for the resonances follow from Eq. (6). In SOPHIA, the kinematics of the decay

channels into Nπ is implemented in full detail (see Table 3). For other decay channels, we assume isotropic

decay according to the phase space. Furthermore, there might be some mixing of the different scattering angular

distributions since the sampled resonance mass, in general, does not coincide with its nominal mass. This effect is

neglected in our work. Instead, we use the angular distributions applying to resonance decay at its nominal massM .

The two decay products of a resonance may also decay subsequently. This decay is simulated to occur

isotropically according to the available phase space.
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nucleon. For this particle, the Lorentz invariant 4-momentum transfer t = (PN−Pfinal)
2 is often used as a final state

variable. At small s, many interaction channels can be reduced to 2-particle final states, for which dσ/dt gives a
complete description.

2.2. Interaction processes

Photon–proton interactions are dominated by resonance production at low energies. The incoming baryon is

excited to a baryonic resonance due to the absorption of the photon. Such resonances have very short life times and

decay immediately into other hadrons. Consequently, the Nγ cross section exhibits a strong energy dependence

with clearly visible resonance peaks. Another process being important at low energy is the incoherent interaction of

photons with the virtual structure of the nucleon. This process is called direct meson production. Eventually, at high

interaction energies (
√

s > 2GeV) the total interaction cross section becomes approximately energy-independent,

while the contributions from resonances and the direct interaction channels decrease. In this energy range, photon–

hadron interactions are dominated by inelastic multiparticle production (also called multipion production).

2.2.1. Baryon resonance excitation and decay

The energy range from the photopion threshold energy
√

s th ≈ 1.08 GeV for γN -interactions up to
√

s ≈ 2 GeV

is dominated by the process of resonant absorption of a photon by the nucleon with the subsequent emission of

particles, i.e. the excitation and decay of baryon resonances. The cross section for the production of a resonance

with angular momentum J is given by the Breit–Wigner formula

σbw(s;M,Γ, J ) = s

(s − m2
N)2

4πbγ (2J + 1)sΓ 2

(s − M2)2 + sΓ 2
, (4)

whereM and Γ are the nominal mass and the width of the resonance. bγ is the branching ratio for photo-decay of

the resonance, which is identical to the probability of photoexcitation. The decay of baryon resonances is generally

dominated by hadronic channels. The exclusive cross sections for the resonant contribution to a hadronic channel

with branching ratio bc can be written as

σc(s;M,Γ, J ) = bcσbw(s;M,Γ, J ), (5)

with
∑
c bc = 1 − bγ ≈ 1. Most decay channels produce two-particle intermediate or final states, some of them

again involving resonances. For the pion-nucleon decay channel, Nπ , the angular distribution of the final state is

given by

dσNπ

d cosχ∗ ∝
J∑

λ=−J

∣∣∣f J
1/2,λd

J
λ,1/2(χ

∗)
∣∣∣
2

, (6)

where χ∗ denotes the scattering angle in the CMF and f J
1/2,λ are the Nπ -helicity amplitudes. The functions

dJ
λ,1/2(χ

∗) are commonly used angular distribution functions which are defined on the basis of spherical harmonics.
TheNπ helicity amplitudes can be determined from the helicity amplitudesA1/2 andA3/2 for photoexcitation (see

Ref. [22] for details), which are measured for many baryon resonances [23]. The same expression applies to other

final states involving a nucleon and an isospin-0 meson (e.g., Nη). For decay channels with other spin parameters,
however, the situation is more complex, and we assume for simplicity an isotropic decay of the resonance.

Baryon resonances are distinguished by their isospin into N -resonances (I = 1/2, as for the unexcited nucleon)
and (-resonances (I = 3/2). The charge branching ratios biso of the resonance decay follow from isospin

symmetry. For example, the branching ratios for the decay into a two-particle final state involving a N - or (-

baryon and an I = 1 meson (π or ρ) are given in Table 1. Here (I3 is the difference in the isospin 3-component
of the baryon between initial and final state (the baryon charge is QB = I3 + 1/2). In contrast to the strong

decay channels, the electromagnetic excitation of the resonance does not conserve isospin. Hence, the resonance

Breit-Wigner resonance 
cross section



Direct pion production
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Multiparticle production: vector meson dominance
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Putting all together: description of total cross section
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Comparison with measured partial cross sections
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SOPHIA  (Mücke et al. CPC124, 2000)

Data from fixed-target experiments



Comparison with measured partial cross sections
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Measurement of nucleus disintegration
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Effective em. dissociation cross section
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Example: Greisen-Zatsepin-Kuzmin (GZK) effect
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Energy loss times interaction probability

Frame: proton at rest

(Berezinsky, 2002)
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Radiation fields as possible target

CMB: Penzias & Wilson (1965)
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Calculation of energy loss length

propagation over different distances. In addition, the neutrino

fluxes produced during the propagation are presented.

The article is organized as follows. We describe the

propagation method, including the relevant features of the

event generator SOPHIA, in Sec. II. Section III gives some

interesting results on the propagation of mono-energetic pro-

ton beams, and compares our results with other work. Sec-

tion IV analyzes the formation and development of the pri-

mary and secondary particle spectra for protons injected with

a power law spectrum. In Sec. V we discuss the results,

present our conclusions, and make suggestions for future

work.

II. COSMIC RAY PROPAGATION

This section provides a description of our simulation code

for propagating protons in intergalactic space. We treat en-

ergy losses due to hadronic and electromagnetic interactions

of the nucleons with photons of the cosmic microwave back-

ground radiation as well as the deflection of particles by the

intergalactic magnetic field. Although we present here only

results on nucleon propagation in random magnetic fields,

our approach also allows us to follow the particles in com-

plicated magnetic field topologies. Because of the time-

consuming detailed simulation of each nucleon propagation

path by Monte Carlo, the propagation method described be-

low is not suitable for calculations involving large cosmo-

logical distances.

A. Interactions and energy loss processes

Particles of energy E!1018 eV interact with photons of

the cosmic microwave background radiation giving rise to

secondary particle production and nucleon energy loss. The

most important processes are:

photoproduction of hadrons, and

Bethe-Heitler !BH" production of e"e# pairs by protons.

We also account for the adiabatic losses due to cosmo-

logical expansion of the Universe, and for the decay of neu-

trons produced in hadronic production process. Since we re-

strict our calculation to models of UHECR acceleration in

astrophysical shocks, and energies below 1022 eV, we con-

sider only interactions with cosmic microwave background

photons. The calculation of nucleon propagation at higher

energies would require the use of models of the radio back-

ground !see e.g. Ref. #27$". Since we are not presenting re-
sults on the development of electromagnetic cascades initi-

ated by secondary particles produced in proton-photon

interactions, we can safely neglect interactions on the univer-

sal optical-infrared background as well. We keep track, how-

ever, of the individual energies of all secondaries of photo-

production interactions and are thus able to show the spectra

of neutrinos generated by primary protons after propagation

over different distances.

Hadron production and energy loss in nucleon-photon in-

teractions is simulated with the event generator SOPHIA #26$.
This event generator samples collisions of nucleons with

photons from isotropic thermal or power law energy distri-

butions, using standard Monte Carlo techniques. In this pa-

per the code has been used with a blackbody spectrum with

T$2.726 K to represent the cosmic microwave background.
According to the respective partial cross sections, which

have been parametrized using all available accelerator data,

it invokes an interaction either via baryon resonance excita-

tion, one-particle t-channel exchange !direct one-particle
production", diffractive particle production and !non-
diffractive" multiparticle production using string fragmenta-
tion. The distribution and momenta of the final state particles

are calculated from their branching ratios and interaction ki-

nematics in the center-of-mass frame, and the particle ener-

gies and angles in the laboratory frame are calculated by

Lorentz transformations. The decay of all unstable particles

except for neutrons is treated subsequently using standard

Monte Carlo methods of particle decay according to the

available phase space. The neutron decay is implemented

separately into the present propagation code. The SOPHIA

event generator has been tested and shown to be in good

agreement with available accelerator data. A detailed de-

scription of the code including the sampling methods, the

interaction physics used, and the performed tests can be

found in Ref. #26$.
The Monte Carlo treatment of photoproduction is very

important, because nucleons lose a large fraction of their

energy in each interaction. As early as 1985 Hill and

Schramm #7$ pointed out that the use of a continuous energy
loss approximation for this process neglects the intrinsic

spread of arrival energies due to the variation of the energy

loss %E per interaction, and the Poissonian distribution in

the number of pion production interactions during propaga-

tion. This results in a certain ‘‘survival probability’’ of cos-

mic rays arriving at Earth with energies above the GZK cut-

off, as estimated in the assumption of continuous energy

loss.

Figure 1!a" shows the energy dependence of all param-
eters relevant to the average proton energy loss in the micro-

wave background (T$2.726 K) for redshift z$0. The pho-
toproduction interaction length &ph for protons is shown as a
dashed line. Denoting the proton-photon center-of-mass en-

ergy by !s , the interaction length can be written as #12$

1

&ph!E "
$

1

8E2'
!

( th

)

d(
n!("

(2
!
smin

smax(( ,E)
ds!s#mp

2c4"*p+!s "

!1"

with

smin$!mpc
2"m,0c

2"2 !2"

smax!( ,E "$mp
2c4"2E(!1"'" !3"

( th$
smin#mp

2c4

2E!1"'"
, '2$1#

mp
2c4

E2
. !4"

Here E(() is the proton !photon" energy and the proton and
neutral pion masses are mp and m,0, respectively. The cos-

mic microwave background !CMB" photon density is given
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by n(!) in units of cm!3 eV!1 and the photoproduction

cross section, "p#(s), is taken from the parametrization

implemented in SOPHIA.

The mean energy loss distance x loss(E), shown in Fig.

1$a% as triple-dot-dashed curve, is calculated as

x loss$E %"
E

dE/dx
"

&$E %

'$E %
$5%

with '(E) being the mean inelasticity

'$E %"
()E*
E

. $6%

The mean energy loss of the nucleon due to the hadron pro-

duction, ()E*, has been calculated by simulating 104 inter-
actions for each given proton energy, resulting in a statistical

error of the order of 1%. For E#1020 eV losses through

photomeson production dominate with a loss distance of

about 15 Mpc at E+8$1020 eV. Below this energy, Bethe-
Heitler pair production and adiabatic losses due to the cos-

mological expansion in the Hubble flow determine the pro-

ton energy losses.

Both the photoproduction interaction and the pair produc-

tion are characterized by strongly energy dependent cross

sections and threshold effects. Figure 1$a% shows &ph de-
creasing by more than three orders of magnitude for a proton

energy increasing by a factor of three. After the minimum

&ph is reached, the proton energy loss distance is approxi-
mately constant. It is worth noting that the threshold region

of &ph is very important for the shape of the propagated
proton spectrum. As pointed out by Berezinsky and Grigor-

eva ,8-, a pile-up of protons will be formed at the intersec-
tion of the photoproduction and pair production energy loss

distances. Another, smaller pile-up will develop at the inter-

section of the pair production and adiabatic loss functions.

In the current calculation we treat pair production as a

continuous loss process which is justified considering its

small inelasticity of 2me /mp.10
!3 $with me ,mp being the

electron and proton masses, respectively% compared to pion-
photoproduction ('.0.2–0.5). We use the analytical fit
functions given by Chodorowsky et al. ,28- to calculate the
mean energy loss distance for Bethe-Heitler pair production.

This result is in excellent agreement with results obtained by

simulating this process via Monte Carlo as done by Prothe-

roe and Johnson ,12-.
The turning point from pion production loss dominance to

pair production loss dominance lies at E.6$1019 eV, with
a mean energy loss distance of .1 Gpc. The minimum of

the pair production loss length is reached at E.(2
!4)$1019 eV. For E/(2!3)$1018 eV continuous

losses due to the expansion of the universe dominate. For an

Einstein–de Sitter $flat, matter-dominated% universe as con-
sidered here, the cosmological energy loss distance scales

with redshift z as

x loss,ad$E ,z %"
c

H0

$1%z %!3/2.4000 Mpc $1%z %!3/2,

$7%

for a Hubble constant of H0"75 km/s/Mpc, which we use
throughout this paper. All other energy loss distances, x loss,BH
for Bethe-Heitler pair production and x loss, ph for photomeson

production, scale as

x loss$E ,z %"$1%z %!3x loss,$1%z %E ,z"0- . $8%

We also show the mean decay distance of

09$10!9#n kpc for neutrons, where #n is the Lorentz fac-

tor of the neutron. Obviously, neutrons of energy below

1021 eV tend to decay, whereas at higher energies neutrons

tend to interact.

Since the details of the proton energy loss directly affect

the proton spectra after propagation, we present the ratio of

the loss distance in previous calculations to that of our work

on a linear scale in Fig. 1$b%. Generally all values of the
energy loss distance are in a good qualitative agreement.

Rachen and Biermann ,10- treat both Bethe-Heitler and pion
production losses very similarly to our work except for the

threshold region of pion production. In the pair production

region our work is also in perfect agreement with Protheroe

and Johnson ,12-. An overestimate of the loss distance due to
pion production of 010–20% in Ref. ,12-, however, will
result in a small shift of the GZK cutoff to higher energies in

comparison to the present calculations. Berezinsky and Grig-

oreva ,8- used a very good approximation for the pion pro-
duction losses, but underestimate the energy loss in pair pro-

duction interactions by at least 30–40%. The largest

deviation of the combined loss distance from our model ap-

FIG. 1. $a% Mean energy loss length due to adiabatic expansion
$upper dotted curve%, Bethe-Heitler pair production $dash-dotted
curve%, and hadron production $triple-dot-dashed curve%. Also
shown are the hadron interaction length $dashed curve% and the
neutron decay length $lower dotted curve%. The solid line shows the
total x loss . $b% Ratio of mean energy loss length as calculated in
Refs. ,8- $dotted%, ,10- $long-dashed%, ,9- $short-dashed%, ,12-
$dash-dotted%, ,13- $dashed-dot-dot-dot%, and ,25- $thin solid% to the
loss length of the present work presented in the upper panel.
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by n(!) in units of cm!3 eV!1 and the photoproduction

cross section, "p#(s), is taken from the parametrization

implemented in SOPHIA.

The mean energy loss distance x loss(E), shown in Fig.

1$a% as triple-dot-dashed curve, is calculated as

x loss$E %"
E

dE/dx
"

&$E %

'$E %
$5%

with '(E) being the mean inelasticity

'$E %"
()E*
E

. $6%

The mean energy loss of the nucleon due to the hadron pro-

duction, ()E*, has been calculated by simulating 104 inter-
actions for each given proton energy, resulting in a statistical

error of the order of 1%. For E#1020 eV losses through

photomeson production dominate with a loss distance of

about 15 Mpc at E+8$1020 eV. Below this energy, Bethe-
Heitler pair production and adiabatic losses due to the cos-

mological expansion in the Hubble flow determine the pro-

ton energy losses.

Both the photoproduction interaction and the pair produc-

tion are characterized by strongly energy dependent cross

sections and threshold effects. Figure 1$a% shows &ph de-
creasing by more than three orders of magnitude for a proton

energy increasing by a factor of three. After the minimum

&ph is reached, the proton energy loss distance is approxi-
mately constant. It is worth noting that the threshold region

of &ph is very important for the shape of the propagated
proton spectrum. As pointed out by Berezinsky and Grigor-

eva ,8-, a pile-up of protons will be formed at the intersec-
tion of the photoproduction and pair production energy loss

distances. Another, smaller pile-up will develop at the inter-

section of the pair production and adiabatic loss functions.

In the current calculation we treat pair production as a

continuous loss process which is justified considering its

small inelasticity of 2me /mp.10
!3 $with me ,mp being the

electron and proton masses, respectively% compared to pion-
photoproduction ('.0.2–0.5). We use the analytical fit
functions given by Chodorowsky et al. ,28- to calculate the
mean energy loss distance for Bethe-Heitler pair production.

This result is in excellent agreement with results obtained by

simulating this process via Monte Carlo as done by Prothe-

roe and Johnson ,12-.
The turning point from pion production loss dominance to

pair production loss dominance lies at E.6$1019 eV, with
a mean energy loss distance of .1 Gpc. The minimum of

the pair production loss length is reached at E.(2
!4)$1019 eV. For E/(2!3)$1018 eV continuous

losses due to the expansion of the universe dominate. For an

Einstein–de Sitter $flat, matter-dominated% universe as con-
sidered here, the cosmological energy loss distance scales

with redshift z as

x loss,ad$E ,z %"
c

H0

$1%z %!3/2.4000 Mpc $1%z %!3/2,

$7%

for a Hubble constant of H0"75 km/s/Mpc, which we use
throughout this paper. All other energy loss distances, x loss,BH
for Bethe-Heitler pair production and x loss, ph for photomeson

production, scale as

x loss$E ,z %"$1%z %!3x loss,$1%z %E ,z"0- . $8%

We also show the mean decay distance of

09$10!9#n kpc for neutrons, where #n is the Lorentz fac-

tor of the neutron. Obviously, neutrons of energy below

1021 eV tend to decay, whereas at higher energies neutrons

tend to interact.

Since the details of the proton energy loss directly affect

the proton spectra after propagation, we present the ratio of

the loss distance in previous calculations to that of our work

on a linear scale in Fig. 1$b%. Generally all values of the
energy loss distance are in a good qualitative agreement.

Rachen and Biermann ,10- treat both Bethe-Heitler and pion
production losses very similarly to our work except for the

threshold region of pion production. In the pair production

region our work is also in perfect agreement with Protheroe

and Johnson ,12-. An overestimate of the loss distance due to
pion production of 010–20% in Ref. ,12-, however, will
result in a small shift of the GZK cutoff to higher energies in

comparison to the present calculations. Berezinsky and Grig-

oreva ,8- used a very good approximation for the pion pro-
duction losses, but underestimate the energy loss in pair pro-

duction interactions by at least 30–40%. The largest

deviation of the combined loss distance from our model ap-

FIG. 1. $a% Mean energy loss length due to adiabatic expansion
$upper dotted curve%, Bethe-Heitler pair production $dash-dotted
curve%, and hadron production $triple-dot-dashed curve%. Also
shown are the hadron interaction length $dashed curve% and the
neutron decay length $lower dotted curve%. The solid line shows the
total x loss . $b% Ratio of mean energy loss length as calculated in
Refs. ,8- $dotted%, ,10- $long-dashed%, ,9- $short-dashed%, ,12-
$dash-dotted%, ,13- $dashed-dot-dot-dot%, and ,25- $thin solid% to the
loss length of the present work presented in the upper panel.
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by n(!) in units of cm!3 eV!1 and the photoproduction

cross section, "p#(s), is taken from the parametrization

implemented in SOPHIA.

The mean energy loss distance x loss(E), shown in Fig.

1$a% as triple-dot-dashed curve, is calculated as

x loss$E %"
E

dE/dx
"

&$E %

'$E %
$5%

with '(E) being the mean inelasticity

'$E %"
()E*
E

. $6%

The mean energy loss of the nucleon due to the hadron pro-

duction, ()E*, has been calculated by simulating 104 inter-
actions for each given proton energy, resulting in a statistical

error of the order of 1%. For E#1020 eV losses through

photomeson production dominate with a loss distance of

about 15 Mpc at E+8$1020 eV. Below this energy, Bethe-
Heitler pair production and adiabatic losses due to the cos-

mological expansion in the Hubble flow determine the pro-

ton energy losses.

Both the photoproduction interaction and the pair produc-

tion are characterized by strongly energy dependent cross

sections and threshold effects. Figure 1$a% shows &ph de-
creasing by more than three orders of magnitude for a proton

energy increasing by a factor of three. After the minimum

&ph is reached, the proton energy loss distance is approxi-
mately constant. It is worth noting that the threshold region

of &ph is very important for the shape of the propagated
proton spectrum. As pointed out by Berezinsky and Grigor-

eva ,8-, a pile-up of protons will be formed at the intersec-
tion of the photoproduction and pair production energy loss

distances. Another, smaller pile-up will develop at the inter-

section of the pair production and adiabatic loss functions.

In the current calculation we treat pair production as a

continuous loss process which is justified considering its

small inelasticity of 2me /mp.10
!3 $with me ,mp being the

electron and proton masses, respectively% compared to pion-
photoproduction ('.0.2–0.5). We use the analytical fit
functions given by Chodorowsky et al. ,28- to calculate the
mean energy loss distance for Bethe-Heitler pair production.

This result is in excellent agreement with results obtained by

simulating this process via Monte Carlo as done by Prothe-

roe and Johnson ,12-.
The turning point from pion production loss dominance to

pair production loss dominance lies at E.6$1019 eV, with
a mean energy loss distance of .1 Gpc. The minimum of

the pair production loss length is reached at E.(2
!4)$1019 eV. For E/(2!3)$1018 eV continuous

losses due to the expansion of the universe dominate. For an

Einstein–de Sitter $flat, matter-dominated% universe as con-
sidered here, the cosmological energy loss distance scales

with redshift z as

x loss,ad$E ,z %"
c

H0

$1%z %!3/2.4000 Mpc $1%z %!3/2,

$7%

for a Hubble constant of H0"75 km/s/Mpc, which we use
throughout this paper. All other energy loss distances, x loss,BH
for Bethe-Heitler pair production and x loss, ph for photomeson

production, scale as

x loss$E ,z %"$1%z %!3x loss,$1%z %E ,z"0- . $8%

We also show the mean decay distance of

09$10!9#n kpc for neutrons, where #n is the Lorentz fac-

tor of the neutron. Obviously, neutrons of energy below

1021 eV tend to decay, whereas at higher energies neutrons

tend to interact.

Since the details of the proton energy loss directly affect

the proton spectra after propagation, we present the ratio of

the loss distance in previous calculations to that of our work

on a linear scale in Fig. 1$b%. Generally all values of the
energy loss distance are in a good qualitative agreement.

Rachen and Biermann ,10- treat both Bethe-Heitler and pion
production losses very similarly to our work except for the

threshold region of pion production. In the pair production

region our work is also in perfect agreement with Protheroe

and Johnson ,12-. An overestimate of the loss distance due to
pion production of 010–20% in Ref. ,12-, however, will
result in a small shift of the GZK cutoff to higher energies in

comparison to the present calculations. Berezinsky and Grig-

oreva ,8- used a very good approximation for the pion pro-
duction losses, but underestimate the energy loss in pair pro-

duction interactions by at least 30–40%. The largest

deviation of the combined loss distance from our model ap-

FIG. 1. $a% Mean energy loss length due to adiabatic expansion
$upper dotted curve%, Bethe-Heitler pair production $dash-dotted
curve%, and hadron production $triple-dot-dashed curve%. Also
shown are the hadron interaction length $dashed curve% and the
neutron decay length $lower dotted curve%. The solid line shows the
total x loss . $b% Ratio of mean energy loss length as calculated in
Refs. ,8- $dotted%, ,10- $long-dashed%, ,9- $short-dashed%, ,12-
$dash-dotted%, ,13- $dashed-dot-dot-dot%, and ,25- $thin solid% to the
loss length of the present work presented in the upper panel.
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propagation over different distances. In addition, the neutrino

fluxes produced during the propagation are presented.

The article is organized as follows. We describe the

propagation method, including the relevant features of the

event generator SOPHIA, in Sec. II. Section III gives some

interesting results on the propagation of mono-energetic pro-

ton beams, and compares our results with other work. Sec-

tion IV analyzes the formation and development of the pri-

mary and secondary particle spectra for protons injected with

a power law spectrum. In Sec. V we discuss the results,

present our conclusions, and make suggestions for future

work.

II. COSMIC RAY PROPAGATION

This section provides a description of our simulation code

for propagating protons in intergalactic space. We treat en-

ergy losses due to hadronic and electromagnetic interactions

of the nucleons with photons of the cosmic microwave back-

ground radiation as well as the deflection of particles by the

intergalactic magnetic field. Although we present here only

results on nucleon propagation in random magnetic fields,

our approach also allows us to follow the particles in com-

plicated magnetic field topologies. Because of the time-

consuming detailed simulation of each nucleon propagation

path by Monte Carlo, the propagation method described be-

low is not suitable for calculations involving large cosmo-

logical distances.

A. Interactions and energy loss processes

Particles of energy E!1018 eV interact with photons of

the cosmic microwave background radiation giving rise to

secondary particle production and nucleon energy loss. The

most important processes are:

photoproduction of hadrons, and

Bethe-Heitler !BH" production of e"e# pairs by protons.

We also account for the adiabatic losses due to cosmo-

logical expansion of the Universe, and for the decay of neu-

trons produced in hadronic production process. Since we re-

strict our calculation to models of UHECR acceleration in

astrophysical shocks, and energies below 1022 eV, we con-

sider only interactions with cosmic microwave background

photons. The calculation of nucleon propagation at higher

energies would require the use of models of the radio back-

ground !see e.g. Ref. #27$". Since we are not presenting re-
sults on the development of electromagnetic cascades initi-

ated by secondary particles produced in proton-photon

interactions, we can safely neglect interactions on the univer-

sal optical-infrared background as well. We keep track, how-

ever, of the individual energies of all secondaries of photo-

production interactions and are thus able to show the spectra

of neutrinos generated by primary protons after propagation

over different distances.

Hadron production and energy loss in nucleon-photon in-

teractions is simulated with the event generator SOPHIA #26$.
This event generator samples collisions of nucleons with

photons from isotropic thermal or power law energy distri-

butions, using standard Monte Carlo techniques. In this pa-

per the code has been used with a blackbody spectrum with

T$2.726 K to represent the cosmic microwave background.
According to the respective partial cross sections, which

have been parametrized using all available accelerator data,

it invokes an interaction either via baryon resonance excita-

tion, one-particle t-channel exchange !direct one-particle
production", diffractive particle production and !non-
diffractive" multiparticle production using string fragmenta-
tion. The distribution and momenta of the final state particles

are calculated from their branching ratios and interaction ki-

nematics in the center-of-mass frame, and the particle ener-

gies and angles in the laboratory frame are calculated by

Lorentz transformations. The decay of all unstable particles

except for neutrons is treated subsequently using standard

Monte Carlo methods of particle decay according to the

available phase space. The neutron decay is implemented

separately into the present propagation code. The SOPHIA

event generator has been tested and shown to be in good

agreement with available accelerator data. A detailed de-

scription of the code including the sampling methods, the

interaction physics used, and the performed tests can be

found in Ref. #26$.
The Monte Carlo treatment of photoproduction is very

important, because nucleons lose a large fraction of their

energy in each interaction. As early as 1985 Hill and

Schramm #7$ pointed out that the use of a continuous energy
loss approximation for this process neglects the intrinsic

spread of arrival energies due to the variation of the energy

loss %E per interaction, and the Poissonian distribution in

the number of pion production interactions during propaga-

tion. This results in a certain ‘‘survival probability’’ of cos-

mic rays arriving at Earth with energies above the GZK cut-

off, as estimated in the assumption of continuous energy

loss.

Figure 1!a" shows the energy dependence of all param-
eters relevant to the average proton energy loss in the micro-

wave background (T$2.726 K) for redshift z$0. The pho-
toproduction interaction length &ph for protons is shown as a
dashed line. Denoting the proton-photon center-of-mass en-

ergy by !s , the interaction length can be written as #12$

1
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Here E(() is the proton !photon" energy and the proton and
neutral pion masses are mp and m,0, respectively. The cos-

mic microwave background !CMB" photon density is given
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propagation over different distances. In addition, the neutrino

fluxes produced during the propagation are presented.

The article is organized as follows. We describe the

propagation method, including the relevant features of the

event generator SOPHIA, in Sec. II. Section III gives some

interesting results on the propagation of mono-energetic pro-

ton beams, and compares our results with other work. Sec-

tion IV analyzes the formation and development of the pri-

mary and secondary particle spectra for protons injected with

a power law spectrum. In Sec. V we discuss the results,

present our conclusions, and make suggestions for future

work.

II. COSMIC RAY PROPAGATION

This section provides a description of our simulation code

for propagating protons in intergalactic space. We treat en-

ergy losses due to hadronic and electromagnetic interactions

of the nucleons with photons of the cosmic microwave back-

ground radiation as well as the deflection of particles by the

intergalactic magnetic field. Although we present here only

results on nucleon propagation in random magnetic fields,

our approach also allows us to follow the particles in com-

plicated magnetic field topologies. Because of the time-

consuming detailed simulation of each nucleon propagation

path by Monte Carlo, the propagation method described be-

low is not suitable for calculations involving large cosmo-

logical distances.

A. Interactions and energy loss processes

Particles of energy E!1018 eV interact with photons of

the cosmic microwave background radiation giving rise to

secondary particle production and nucleon energy loss. The

most important processes are:

photoproduction of hadrons, and

Bethe-Heitler !BH" production of e"e# pairs by protons.

We also account for the adiabatic losses due to cosmo-

logical expansion of the Universe, and for the decay of neu-

trons produced in hadronic production process. Since we re-

strict our calculation to models of UHECR acceleration in

astrophysical shocks, and energies below 1022 eV, we con-

sider only interactions with cosmic microwave background

photons. The calculation of nucleon propagation at higher

energies would require the use of models of the radio back-

ground !see e.g. Ref. #27$". Since we are not presenting re-
sults on the development of electromagnetic cascades initi-

ated by secondary particles produced in proton-photon

interactions, we can safely neglect interactions on the univer-

sal optical-infrared background as well. We keep track, how-

ever, of the individual energies of all secondaries of photo-

production interactions and are thus able to show the spectra

of neutrinos generated by primary protons after propagation

over different distances.

Hadron production and energy loss in nucleon-photon in-

teractions is simulated with the event generator SOPHIA #26$.
This event generator samples collisions of nucleons with

photons from isotropic thermal or power law energy distri-

butions, using standard Monte Carlo techniques. In this pa-

per the code has been used with a blackbody spectrum with

T$2.726 K to represent the cosmic microwave background.
According to the respective partial cross sections, which

have been parametrized using all available accelerator data,

it invokes an interaction either via baryon resonance excita-

tion, one-particle t-channel exchange !direct one-particle
production", diffractive particle production and !non-
diffractive" multiparticle production using string fragmenta-
tion. The distribution and momenta of the final state particles

are calculated from their branching ratios and interaction ki-

nematics in the center-of-mass frame, and the particle ener-

gies and angles in the laboratory frame are calculated by

Lorentz transformations. The decay of all unstable particles

except for neutrons is treated subsequently using standard

Monte Carlo methods of particle decay according to the

available phase space. The neutron decay is implemented

separately into the present propagation code. The SOPHIA

event generator has been tested and shown to be in good

agreement with available accelerator data. A detailed de-

scription of the code including the sampling methods, the

interaction physics used, and the performed tests can be

found in Ref. #26$.
The Monte Carlo treatment of photoproduction is very

important, because nucleons lose a large fraction of their

energy in each interaction. As early as 1985 Hill and

Schramm #7$ pointed out that the use of a continuous energy
loss approximation for this process neglects the intrinsic

spread of arrival energies due to the variation of the energy

loss %E per interaction, and the Poissonian distribution in

the number of pion production interactions during propaga-

tion. This results in a certain ‘‘survival probability’’ of cos-

mic rays arriving at Earth with energies above the GZK cut-

off, as estimated in the assumption of continuous energy

loss.

Figure 1!a" shows the energy dependence of all param-
eters relevant to the average proton energy loss in the micro-

wave background (T$2.726 K) for redshift z$0. The pho-
toproduction interaction length &ph for protons is shown as a
dashed line. Denoting the proton-photon center-of-mass en-

ergy by !s , the interaction length can be written as #12$
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Here E(() is the proton !photon" energy and the proton and
neutral pion masses are mp and m,0, respectively. The cos-

mic microwave background !CMB" photon density is given
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propagation over different distances. In addition, the neutrino

fluxes produced during the propagation are presented.

The article is organized as follows. We describe the

propagation method, including the relevant features of the

event generator SOPHIA, in Sec. II. Section III gives some

interesting results on the propagation of mono-energetic pro-

ton beams, and compares our results with other work. Sec-

tion IV analyzes the formation and development of the pri-

mary and secondary particle spectra for protons injected with

a power law spectrum. In Sec. V we discuss the results,

present our conclusions, and make suggestions for future

work.

II. COSMIC RAY PROPAGATION

This section provides a description of our simulation code

for propagating protons in intergalactic space. We treat en-

ergy losses due to hadronic and electromagnetic interactions

of the nucleons with photons of the cosmic microwave back-

ground radiation as well as the deflection of particles by the

intergalactic magnetic field. Although we present here only

results on nucleon propagation in random magnetic fields,

our approach also allows us to follow the particles in com-

plicated magnetic field topologies. Because of the time-

consuming detailed simulation of each nucleon propagation

path by Monte Carlo, the propagation method described be-

low is not suitable for calculations involving large cosmo-

logical distances.

A. Interactions and energy loss processes

Particles of energy E!1018 eV interact with photons of

the cosmic microwave background radiation giving rise to

secondary particle production and nucleon energy loss. The

most important processes are:

photoproduction of hadrons, and

Bethe-Heitler !BH" production of e"e# pairs by protons.

We also account for the adiabatic losses due to cosmo-

logical expansion of the Universe, and for the decay of neu-

trons produced in hadronic production process. Since we re-

strict our calculation to models of UHECR acceleration in

astrophysical shocks, and energies below 1022 eV, we con-

sider only interactions with cosmic microwave background

photons. The calculation of nucleon propagation at higher

energies would require the use of models of the radio back-

ground !see e.g. Ref. #27$". Since we are not presenting re-
sults on the development of electromagnetic cascades initi-

ated by secondary particles produced in proton-photon

interactions, we can safely neglect interactions on the univer-

sal optical-infrared background as well. We keep track, how-

ever, of the individual energies of all secondaries of photo-

production interactions and are thus able to show the spectra

of neutrinos generated by primary protons after propagation

over different distances.

Hadron production and energy loss in nucleon-photon in-

teractions is simulated with the event generator SOPHIA #26$.
This event generator samples collisions of nucleons with

photons from isotropic thermal or power law energy distri-

butions, using standard Monte Carlo techniques. In this pa-

per the code has been used with a blackbody spectrum with

T$2.726 K to represent the cosmic microwave background.
According to the respective partial cross sections, which

have been parametrized using all available accelerator data,

it invokes an interaction either via baryon resonance excita-

tion, one-particle t-channel exchange !direct one-particle
production", diffractive particle production and !non-
diffractive" multiparticle production using string fragmenta-
tion. The distribution and momenta of the final state particles

are calculated from their branching ratios and interaction ki-

nematics in the center-of-mass frame, and the particle ener-

gies and angles in the laboratory frame are calculated by

Lorentz transformations. The decay of all unstable particles

except for neutrons is treated subsequently using standard

Monte Carlo methods of particle decay according to the

available phase space. The neutron decay is implemented

separately into the present propagation code. The SOPHIA

event generator has been tested and shown to be in good

agreement with available accelerator data. A detailed de-

scription of the code including the sampling methods, the

interaction physics used, and the performed tests can be

found in Ref. #26$.
The Monte Carlo treatment of photoproduction is very

important, because nucleons lose a large fraction of their

energy in each interaction. As early as 1985 Hill and

Schramm #7$ pointed out that the use of a continuous energy
loss approximation for this process neglects the intrinsic

spread of arrival energies due to the variation of the energy

loss %E per interaction, and the Poissonian distribution in

the number of pion production interactions during propaga-

tion. This results in a certain ‘‘survival probability’’ of cos-

mic rays arriving at Earth with energies above the GZK cut-

off, as estimated in the assumption of continuous energy

loss.

Figure 1!a" shows the energy dependence of all param-
eters relevant to the average proton energy loss in the micro-

wave background (T$2.726 K) for redshift z$0. The pho-
toproduction interaction length &ph for protons is shown as a
dashed line. Denoting the proton-photon center-of-mass en-

ergy by !s , the interaction length can be written as #12$
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Energy loss length of nucleons
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(Stanev et al., Phys. Rev. D62 (2000) 093005) 



Mean loss rate vs. full simulation

(Cronin, TAUP 2003)

Hadronic energy loss: stochastic process (Achterberg 1999, 
Stanev et al., PRD62, 2000)
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Photodisintegration of nuclei

One of the most complete compilation of photonuclear data is provided by the 2000 IAEA
atlas (2000) [11]. Nevertheless, as far as elements of interest in the propagation of UHECR
are concerned, only a limited set of photonuclear cross sections are known, namely the total
photoabsorption cross section as a function of energy for about 10 nuclei and the integrated
total photoabsorption cross section for no more than 16 nuclei. All the remaining rates must
therefore be estimated on the basis of theoretical reaction models.

2.1 The E1-strength function

The uncertainties involved in any cross section calculation are not so much related to the
model of formation and de-excitation of the compound nucleus itself, than to the evaluation
of the nuclear quantities necessary for the calculation of the transmission coefficients. The
total photon transmission coefficient characterizing the probability to excite by photoab-
sorption a compound nucleus excited state is obviously one of the key ingredients for the
evaluation of the photoreaction rates. In the specific astrophysical conditions considered
here, i.e for UHECR energies of 1019−21 eV, this function is dominated by the E1 transition
which is classically estimated within the Lorentzian representation of the GDR. Experi-
mental photoabsorption data confirm the simple semi-classical prediction of a Lorentzian
shape at energies around the resonance energy EGDR. One the most widely used form of
the E1-strength function is described by the Brink-Axel Lorentzian model [12,13]

TE1(εγ) =
8

3

NZ

A

e2

!c

1 + χ

mc2

ΓGDR ε4
γ

(ε2
γ − E2

GDR)2 + Γ2
GDR ε2

γ

, (3)

where EGDR and ΓGDR are the energy and width of the GDR, m is the nucleon mass and
χ " 0.2 is an exchange-force contribution to the dipole sum rule.

The Lorentzian description is known to be less satisfactory at energies away from the GDR
peak, and in particular fails to describe the low-energy experimental data, namely the
radiation widths and gamma-ray spectra [14,16]. Various improvements have been brought
to the Lorentzian form, mainly by including an energy-dependence of the GDR width
capable of modifying the low-energy behavior of the E1-strength [8,14–16]. For this reason,
the photon transmission coefficient is most frequently described in the framework of the
phenomenological Kopecky-Uhl generalized Lorentzian model [16]. In this approximation,
the GDR width of Eq. (3) is replaced by an energy-dependent width of the form Γ(εγ) =
ΓGDR[ε2

γ +4πT 2]/E2
GDR, where T is the nuclear temperature and equals zero in the case of

photoabsorption reactions. This model is the most widely used for practical applications,
and more specifically when global predictions are requested for large sets of nuclei. It also
requires the determination of the GDR peak energy and width to be predicted from some
underlying model for each nucleus. For practical applications, these properties are either
taken directly from experimental compilations (e.g [11,17]) whenever available, or obtained
from a droplet-type model [18] or some experimental systematics [17].

The phenomenological Lorentzian approach suffers, however, from shortcomings of various
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Main contribution: 
giant dipole resonance
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Fig. 1. Measured photoabsorption cross sections (γ,1nx) state, compared to the predictions of
the four models: Lorentzian (dashed line), generalized Lorentzian (solid line), microscopic HF-
BCS+QRPA (dotted line) and microscopic HFB+QRPA (dash-dot line)
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Fig. 2. Measured photoabsorption cross sections (γ,1nx) state, compared to the predictions of
the four models: Lorentzian (dashed line), generalized Lorentzian (solid line), microscopic HF-
BCS+QRPA (dotted line) and microscopic HFB+QRPA (dash-dot line)

7

Fig. 7. Nuclei involved in the photodisintegration process of 56Fe nuclei for γ=2.1010. Unstable
nuclei are in shaded squares, and the PSB path is indicated by the arrows. The mass number of
each nucleus is written in the corresponding square.

independently of the nuclear input considered. This path effect is stronger for heavier than
for lighter nuclei. For A ≤ 45, the curves show similar slopes. For the heavy species, the
major differences stem from the large number of nuclei excluded from the PSB path, while
the full reaction network calculations show that many isobars contribute to the nuclear
flow. Within an isobaric chain, the photodisintegration cross section is usually larger for
high Z-values, so that nuclei on the PSB path propagate up to large distances.

The differences between the dashed and dotted lines in Fig. 8 reflect the impact of the
newly-determined photoreaction rates with respect to the widely used PSB rates. This
comparison also confirms the previous conclusion that the cross section effect is attenuated
at high energies due to similar integrated photoabsorption cross sections. However, the
effect of the low-energy E1-strength around the threshold against particle emission remains
significant, as seen in the low-γ case. Both the path and the cross section have an impact
on the propagation distance, whereas at high γ values, the path effect is the only one to
remain.

13

Dominant emission processes:
• single nucleon
• quasi-deuteron
• alpha particle

(Khan et al., Astropart. Phys. 23, 2005)
60



Example of nucleus disintegration path

(Yamamoto et al., APP20, 2004)

production for protons are taken into account
analytically in this simulation.

Fig. 2 shows the life of an Fe nucleus whose
initial energy is 4.9 · 1020 eV. The Fe is disinte-
grated during its propagation and turns into a
lighter nucleus with the emission of nucleons.
When the nucleus is 42Ca, four protons and four
neutrons are emitted. Then a sulfur is created. In
comparison with energy, the Lorentz factor chan-
ges smoothly because photo-disintegration process
does not change the Lorentz factor. This process
makes a lighter nucleus and nucleons with same
Lorentz factor.

3. Scattering by the intergalactic magnetic field

The effect of magnetic fields is described by the
rigidity defined as the ratio of energy to charge
(¼E=Z). Particles with small rigidity are deflected
by the magnetic field and cannot be observed as a
cluster. The deflection of magnetic field increases
the propagation time, and therefore particles
emitted from distant sources may not reach to the

observer. We calculate the effect of the interga-
lactic magnetic field based on a Monte-Carlo
method.

To simulate the scattering by the intergalactic
magnetic field, we assume a Kolmogorov spectrum
for the random magnetic field according to the
reference of [18]. In this reference, authors divide
space in a lattice of 250 kpc cubes. The lattice is
filled with a random magnetic field which follows
the Kolmogorov spectrum with three logarithmic
scales. Three field vectors of random orientation
are sampled at scales l ¼ 1000, 500, and 250 kpc
with amplitudes proportional to l1=3. The final
magnetic field in each 250 kpc cube is vectorial sum
of these three vectors. The average magnitude of
the magnetic field is assumed to be 1 nG. Particles
propagate in spiral trajectories until they leave the
lattice. Fig. 3 shows examples of the trajectories. Fe
with energy of 1018 eV does not rapidly lose energy
by the interaction with photons, and is trapped by
the magnetic field inside 1 Mpc cubes. In case of
2 · 1020 eV, Fe is disintegrated by the photons
rapidly and the products propagates close to a
straight line in the initial direction of the Fe.
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Fig. 2. Life of an Fe nucleus. An Fe is emitted with an energy of 4.9 · 1020 eV. The Fe is disintegrated during its propagation and turn
into lighter nucleus with the emission of nucleons. These figures show the properties of the surviving nucleus as a function of prop-
agation distance from the source. The upper and lower left panels show the variation of the mass number and the energy of the
surviving nucleus respectively. These parameters change in a similar way. The upper and lower right panels show the variation of the
Lorentz factor and the rigidity respectively. In comparison with the energy, the Lorentz factor changes smoothly because the photo-
disintegration process does not change the Lorentz factor. Only the pair-production process affects this parameter. Therefore varia-
tions of the Lorentz factor and the rigidity are smaller than that of the energy. The fluctuation of the rigidity in lower right panel is
caused by the variation of the ratio of mass number to charge (A=Z).

408 T. Yamamoto et al. / Astroparticle Physics 20 (2004) 405–412
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Energy considerations for nuclei
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Energy of nucleus needed for formation of giant dipole resonance in CMB

s = (p� + pA)2

= p2
� + p2

A +2(p� · pA)

= (Amp)2 +2AmpE�

Nucleus at rest

13 MeV

Nucleus with EA in CMB field

s = (Amp)2 +2ECMB
� EA(1� cos⇥)

Iron:      EA ~ 3 1020 eV
Helium:  EA ~ 2 1019 eV

ECMB
� ⇥ A

mpE�
(1� cos⇥)EA

Light nuclei disintegrate very fast while traveling through CMB



Comparison of energy loss lengths
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Summary: Modeling of resonance region
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No fundamental problem in resonance region

• Large amount of data exists (still not perfect)
• Careful implementation needed
• Several simulation codes available

Application to GZK processes

• Processes reasonably well understood
• Remarkable coincidence of energy thresholds
• Light nuclei disintegrate very fast
• Largest uncertainties coming from IR and UR background fields



Energy loss length of photons

Z-Burst Scenario for the Highest Energy Cosmic Rays* 7

Figure 3. Left: The intensity spectrum of the diffuse extragalactic photon background at
redshift z = 0 (solid). Different estimates of the universal radio background (URB) are also
indicated: high URB (long-dashed) and moderate URB (short-dashed). Right: Photon energy
attenuation length l0 at z = 0 corresponding to the photon background shown on the left
(solid). Variations of l0 arising from different assumptions about the URB are also indicated:
high URB (long-dashed) and moderate URB (short-dashed). The energy attenuation length for
electrons due to synchrotron radiation for different magnitudes of the extragalactic magnetic
fields is also shown (long-dashed-short-dashed).

where Pe is the momentum distribution of the electrons in the rest system of the charged pion.
The energy distributionQe± is also displayed in Fig. 2 (right).

3.2. Propagation of nucleons and photons

The cosmic microwave background is known to a high accuracy. It plays the key role in the
determination of the probability Pp(r, Ep; E) that a proton created at a distance r with energy
Ep arrives at Earth above the threshold energy E, suggested in Ref. [64] and determined for
a wide range of parameters in Ref. [65]. The propagation function Pp takes into account the
fact that protons of extragalactic (EG) origin and energies above ≈ 4 · 1019 eV lose a large
fraction of their energy due to pion and e+e− production through scattering on the CMB and
due to their redshift [19, 20]. In our analysis we went, according to

dz = −(1 + z) H(z) dr/c , (25)

out to distances Rmax (cf. (11)) corresponding to redshift zmax = 2. We used the expression

H2(z) = H2
0

[

ΩM (1 + z)3 + ΩΛ

]

(26)

for the relation of the Hubble expansion rate at redshift z to the present one. Uncertainties
of the latter, H0 = h 100 km/s/Mpc, with h = (0.71 ± 0.07)×1.15

0.95 [56], were included. In
Eq. (26), ΩM and ΩΛ, with ΩM +ΩΛ = 1, are the present matter and vacuum energy densities
in terms of the critical density. As default values we choseΩM = 0.3 andΩΛ = 0.7, as favored
today. Our results turn out to be pretty insensitive to the precise values of the cosmological
parameters.

We determined Pp(r, Ep; E) in a range of r ≤ 4000 Mpc, 1018 eV ≤ Ep ≤ 1026 eV,
and 1018 eV ≤ E ≤ 1026 eV, for several fixed values of the cosmological parameters.
The simulation was carried out in small (10 kpc) steps in r. For each step, the statistical
energy losses due to pion/e+e− production and redshift were taken into account [65]. In
this connection, the advantage of our formulation of the Z-burst spectrum in terms of
the probability Pp(r, Ep; E) becomes evident. We have to determine the latter only once
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today. Our results turn out to be pretty insensitive to the precise values of the cosmological
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We determined Pp(r, Ep; E) in a range of r ≤ 4000 Mpc, 1018 eV ≤ Ep ≤ 1026 eV,
and 1018 eV ≤ E ≤ 1026 eV, for several fixed values of the cosmological parameters.
The simulation was carried out in small (10 kpc) steps in r. For each step, the statistical
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(Fodor, Katz & Ringwald, 2002)

Photons: 
Bethe-Heitler e+e- pair production
with photons of radio background

Energy loss length significantly 
smaller than that of hadrons

Synchrotron losses
 of electrons
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