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Vorlesung 12: 
Ausbreitung der kosmischen Strahlung

http://apod.nasa.gov/apod/ap110405.html

Galaktische Ausbreitung: Leaky-Box-Modell (Teil 2)
• Erzeugung von sekundären Kernen 
• Durchlaufene Materiesäule 
• Lebensdauer in unserer Galaxie

Extragalaktische Ausbreitung
• Übergang von galaktischen zu extragalaktischen Quellen 
• Energieverlustprozesse (GZK-Unterdrückung) 
• Galaktische und extragalaktische Magnetfelder
• Richtungsablenkung, Zeitverzögerung

Physik von Schockwellen (Stoßwellen) 
• Kontinuitätsgleichung  
• Teilchengeschwindigkeiten 

Beschleunigung an Schockfronten 
• Fermi-Beschleunigung 1. Ordnung  
• Fermi-Beschleunigung 2. Ordnung  
• Erwartetes Energiespektrum

http://apod.nasa.gov/apod/ap110405.html
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Vorlesung: Dienstags

 
3. Nov. 2020

10. Nov. 2020
17. Nov. 2020
24. Nov. 2020
1. Dez. 2020
8. Dez. 2020

15. Dez. 2020
22. Dez. 2020
12. Jan. 2021 
19. Jan. 2021
26. Jan. 2021 
2. Feb. 2021

Ersatz für 19.1.      4. Feb. 2021
9. Feb. 2021

16. Feb. 2021

Übungen: Donnerstags 
gehalten von Max Stadelmaier

19.11.2020 - Blatt 1
03.12.2020 - Blatt 2
17.12.2020 - Blatt 3
14.01.2021 - Blatt 4
11.02.2021 - Präsentation (Paul Filip) 
18.02.2021 - Blatt 5
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Erzeugung seltener Kerne (Sekundärteilchen)
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Erzeugung seltener Kerne (Sekundärteilchen)

Spallationsreaktionen

12C

9Be

3He

Umschreiben der Gleichung: 
• Energie pro Nukleon
• durchlaufene Materiesäule
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Beschleunigerdaten für Wechselwirkung mit Kernen
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Erwartung für Sekundärkerne
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Verhältnis von sekundären 
 zu primären Elementen
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Verhältnis von sekundären 
zu primären Elementen

Daten entsprechen qualitativ den
theoretischen Erwartungen τesc ~ E-0.6
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Verhältnis von sekundären 
zu primären Elementen

Daten entsprechen qualitativ den
theoretischen Erwartungen τesc ~ E-0.6
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Durchlaufene Materiesäule

8

108 AVE ET AL. Vol. 697

Here, Λk→i quantifies the probability of a nucleus k to spallate
into a product i in an interstellar interaction. Equation (3) appears
to be much more manageable than Equation (1) and is often
called the “leaky box” approximation. Its major shortcomings
are twofold. (1) The diffusion boundaries, i.e., the shape and
structure of the Galaxy and its halo, are ignored. (2) The cosmic
ray source Q(E) is assumed to be continuous, although at any
given time, only a relatively small number (less than 100) of
sources can be active if discrete supernova remnants (SNRs)
are the accelerators of cosmic rays. However, as the galactic
containment time of cosmic rays exceeds the active lifetime of
an SNR by at least a factor of 103, the number of galactic sources
contributing to the equilibrium cosmic ray population could be
of order 105.

Nevertheless, in the following, Equation (3) is used as a base
for describing the recent measurement of cosmic ray nuclei at
high energies.

3.2. Diffusion and Spallation

At relativistic energies (! few GeV amu−1), the diffusion
coefficient describing the propagation of cosmic rays through
the galaxy increases with energy. The observational evidence for
this fact, first reported in the early 1970s (Juliusson et al. 1972;
Smith et al. 1973), comes from measurements of the relative
abundances of spallation produced secondary cosmic ray nuclei;
most detailed are measurements of the abundance of boron (Z
= 5), relative to its parents carbon and oxygen (Z = 6, 8).
Figure 3 shows measurements obtained in space with the HEAO-
3 (Engelmann et al. 1990) and CRN/Spacelab-2 missions
(Swordy et al. 1990), and also more recent measurements
by the balloon-borne CREAM instrument (Ahn et al. 2008).
These measurements can be parameterized (Swordy et al. 1990)
with a propagation path length Λ that decreases with energy
proportional to R−0.6 (where R is the particle rigidity):

Λ(R) = 6.9
(

R

20 GV

)−0.6

g cm−2, (R > 20 GV). (4)

Note that the rigidity is defined as R = pc/Ze, with
momentum p, and the charge of the nucleus Ze. For highly
relativistic particles (γ # 1), the kinetic energy per amu
is proportional to R; E per amu = (Z/A)eR. Few physical
mechanisms have been proposed that could lead to this power-
law dependence of the escape path length Λ on rigidity or
energy (e.g., Ptuskin et al. 1997). Further, the currently available
data become quite uncertain above about 100 GeV amu−1. The
energy dependence at lower energies, "10 GeV amu−1, has
been studied by Yanasak et al. (2001), and parameterized in the
form

Λ(R) = 26.7β

(βR)0.58 + (0.714 × βR)−1.4
g cm−2, (5)

At high energies, Equations (4) and (5) yield essentially the
same trend with energy (although the path length according to
Equation (4) is larger than that calculated by Equation (5) by
about 25%). It is unlikely, however, that the power-law behavior
persists to the highest energies: the diminishing path length
would be difficult to reconcile with the observed isotropy of
the cosmic ray flux. Taking this into account, we introduce a
residual path length Λ0 that would be reached asymptotically at
high energies:

Λ(R) = CR−0.6 + Λ0. (6)

10-2
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HEAO-3
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Figure 3. Boron to carbon flux ratio with data from HEAO-3, CRN, and
CREAM. The solid line represents the parameterization from Equation (5).
The addition of a residual path length of Λ0 = 0.3 g cm−2 is indicated by the
dashed line, and Λ(E) ∝ E−0.3 is shown as the dotted line.

This would reflect the fact that even at extremely high
energies, the cosmic rays must traverse a minimum amount
of galactic matter.

To obtain numerical values for the spallation path length
Λs(A) (Equation (2)), it is assumed that the interstellar gas
consists of 90% hydrogen and 10% helium. For a given nucleus
Λs(A) can therefore be written as

Λs(A) = 2.17 × 10−24

0.9σH(A) + 0.1σHe(A)
g cm−2, (7)

where the total cross sections for charge–changing interactions
of this nucleus are σH(A) and σHe(A) on hydrogen or helium
targets, respectively. The cross sections have been determined
empirically. In the following analysis, the measured and interpo-
lated values from Webber et al. (1990) at an energy of 1.5 GeV
amu−1 are used. Although there are very few cross section mea-
surements available at higher energies, a slight increase in cross
section with energy may be possible, but would not significantly
affect our conclusions (Hörandel et al. 2006 quote σ ∝ E+ε with
ε of the order of 10−2).

The partial path lengths Λk→i in Equation (3) are calculated
using partial cross sections in Equation (2) that are derived
from the semiempirical formula of Webber et al. (2003). This
formula computes the cross section of an interaction on a
hydrogen target, and allows for the extrapolation to 6 GeV
amu−1, above which the cross sections are taken as energy
independent. The semiempirical formula agrees with most cross
sections measured by Webber et al. (2003) within 5%; however,
in some cases Villagrasa-Canton et al. (2007) have reported
deviations greater than 20%. Furthermore, the semiempirical
cross sections do not include the helium component of the ISM.
Therefore, in the following analysis a conservative systematic
uncertainty of 25% is assigned to the partial cross sections.

The two quantities Λ(R) and Λs(A) characterize the propa-
gation of cosmic rays. The propagation path length decreases
with energy but is assumed to have the same value for different
nuclei of the same rigidity or energy per amu. The spallation



Mittlere Lebensdauer der Kosm. Strahlung
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Vergleich mit Daten
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Vergleich mit Daten
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Because the secondary flux must come from the Galaxy at large (the local secon-
daries being negligible), a steep local primary source will cause B/C to decrease at
low energies. The known existence of the Local Bubble containing the Sun, and its
probable origin in a few supernovae in the last few million years, makes this plausible,
but hard to prove. However, it might be possible if CR composition at low energies
were found to have anomalies, indicating a younger age compared to high-energy
CR. Davis et al. (104) claim that if B/C is fitted in such a model, then sub-Fe/Fe
cannot be fitted by the same model. However, an acceptable fit to this and other data
is found in Reference 126 using a diffusion model for the large-scale component.

3.2. Unstable Secondary-to-Primary Ratios: Radioactive Clocks
The five unstable secondary nuclei that live long enough to be useful probes of
CR propagation are 14C, 10Be, 26Al, 36Cl, and 54Mn, with properties summarized in
References 101, 126, and 127. 10Be is the longest lived and best measured. The theory
is presented in Section 2.2. On the basis of these isotopes and updated cross sections
(128), the halo height zh = 4–6 kpc, consistent with earlier estimates of 3–7 kpc (98)
and 4–12 kpc (67). Figure 11 compares 10Be/9Be with models, where the ISOMAX
10Be measurements (129) up to 2 GeV (and hence longer decay lifetime) are consistent
with the fit to the other data, although the statistics are not very constraining.

The data are often interpreted in terms of the leaky-box model, but this is mislead-
ing (108, 127, 131). For the formulae and the detailed procedure for the leaky-box
model interpretation, see Reference 132. Luckily, the leaky-box-model surviving frac-
tion can be converted to physically meaningful quantities (131) for a given model.
For example, in a simple diffusive halo model, the surviving fraction determines the
diffusion coefficient, which can be combined with stable secondary-to-primary ratios
to derive the halo size. Typical results are Dxx = (3 − 5) × 1028 cm2 s−1 (at 3 GV) and
zh = 4 kpc. We can then compare the leaky-box model’s escape time of ≈107 yr with
the actual time for CRs to reach the halo boundary after leaving their sources, the

0
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Figure 11
Data on energy-dependence
of 10Be/9Be, including
ISOMAX, ACE, Ulysses,
Voyager, IMP, and ISEE-3
data. The solid black line is
a diffusive halo model with
4-kpc scale height using
GALPROP (98). The gray
lines are leaky-box models
(130). Figure adapted from
Reference 129 with
permission from the
American Astronomical
Society.

www.annualreviews.org • Cosmic-Ray Propagation in the Galaxy 309

A
nn

u.
 R

ev
. N

uc
l. 

Pa
rt.

 S
ci

. 2
00

7.
57

:2
85

-3
27

. D
ow

nl
oa

de
d 

fr
om

 a
rjo

ur
na

ls
.a

nn
ua

lre
vi

ew
s.o

rg
by

 W
IB

63
95

 - 
Fo

rs
ch

un
gs

ze
nt

ru
m

 K
ar

ls
ru

he
 G

m
bH

 o
n 

12
/0

8/
08

. F
or

 p
er

so
na

l u
se

 o
nl

y.



Standardmodell für galaktische kosm. Strahlung

• Quellen (theoretische Erwartung):

• lokales Energiespektrum:

• durchlaufene Materiesäule (Quelle - Erde):

• Lebensdauer (direkte Messung): 

• Probleme: Interpretation des Knies im Spektrum und Anisotropie
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Standardmodell für galaktische Kosm. Strahlung

Quellen (theoretische Erwartung):

lokales Energiespektrum:

durchlaufene Materiesäule (Quelle - Erde): lesc ⇠ l0

✓
E
Z

◆�d

dN
dE

⇠
✓

E
Z

◆�(p+d)

Q(E) ⇠
✓

E
Z

◆�p

Lebensdauer (direkte Messung): tesc ⇠ 2⇥107 yr

Probleme: Interpretation des Knies im Spektrum und Anisotropie
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Übergang von galaktischen zu extragalaktischen Quellen

12

Proton 6x1018 eV

Proton 1020 eV

13

Accounting GMF deflections

Z ~ 1.7 – 5  at 10 EeV E/Z ~ 2 – 5  EeV
[Auger Coll. PRD 90 (2014) 122006]

The flux-weighted dipole from IR galaxy distribution in 

2MRS points to (l,b)=(251º,38º)  → ~55º from observed
[Erdogdu et al. 2006]

[Jansson and Farrar ApJ 757 (2012) 14]

DISCUSSION DISCUSSION 

Improves agreement 
observation ↔2MRS

The flux-weighted dipole from  
IR galaxy distribution in 2MRS  
points to (l,b)=(251o,38o)  
⇒ ~55° from observed 

Significant modulation at 5.2σ  
(5.6σ before penalization for energy bins explored) 

2MASS Redshift Survey



Übergang von galaktischen zu extragalaktischen Quellen
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Transition from galactic to extragalactic cosmic rays
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Figure 11. 99% CL upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations from stationary Galactic
sources distributed in the disk are also shown for various assumptions on the cosmic-ray composition. The fluctuations of the amplitudes due to the stochastic nature
of the turbulent component of the magnetic field are sampled from different simulation data sets and are shown by the bands (see the text).
(A color version of this figure is available in the online journal.)

Table 3
Summary of the Dipolar Analysis (!max = 1) Reported in Section 5.2,

Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E N r δ α UL
(EeV) (%) (◦) (◦) (%)

1–2 360132 1.0 ± 0.4 −15 ± 32 342 ± 20 1.5
2–4 88042 1.6 ± 0.8 −46 ± 28 35 ± 30 2.8
4–8 19794 2.7 ± 2.0 −69 ± 30 25 ± 74 5.8
>8 8364 7.5 ± 2.5 −37 ± 21 96 ± 18 11.4

simulation of showers. Both the systematic uncertainties asso-
ciated with the different interaction models and primary masses
and the statistical uncertainties related to the procedure used to
extract g1 and g2 constitute a source of systematic uncertainties
on the anisotropy parameters.

To quantify these systematic uncertainties, we repeated the
whole chain of analysis on a large number of modified data
sets. Each modified data set is built by randomly sampling the
coefficients αP , αρ, and βρ (or g1 and g2 when dealing with
geomagnetic effects) according to the corresponding uncertain-
ties and correlations between parameters through the use of a
Gaussian probability distribution function. For each new set of
correction coefficients, new sets of anisotropy parameters are
then obtained. The rms of each resulting distribution for each
anisotropy parameter is the systematic uncertainty that we as-
sign. Results are shown in Figure 10, in terms of the dipole
and quadrupole amplitudes as a function of the energy. Bal-
anced against the statistical uncertainties in the original analysis
(shown by the bands), it is apparent that both sources of system-
atic uncertainties have a negligible impact on each reconstructed
anisotropy amplitude.

7. UPPER LIMITS AND DISCUSSION

From the analyses reported in Section 5, upper limits on
dipole and quadrupole amplitudes can be derived at 99% CL
(see Appendices C and D). All relevant results are summarized
in Tables 3 and 4. The upper limits are also shown in Figure 11
accounting for the systematic uncertainties discussed in the
previous section: in the last two energy bins, the upper limits
are quite insensitive to the systematic uncertainties because all
amplitudes lie well within the background noise.

Below we illustrate the astrophysical interest of these upper
limits by calculating the anisotropy amplitudes expected in a toy
scenario in which sources of EeV cosmic rays are stationary,

Table 4
Summary of the Quadrupolar Analysis (!max = 2) Reported in Section 5.3,
Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E λ+ β UL (λ+) UL (β)
(EeV) (%) (%) (%) (%)

1–2 2.0 ± 0.7 1.7 ± 0.6 3.0 2.9
2–4 5.0 ± 1.7 4.2 ± 1.3 6.3 6.1
4–8 1.6 ± 2.0 1.9 ± 1.8 10.0 9.4
>8 4.0 ± 3.4 3.9 ± 2.7 14.5 13.8

densely and uniformly distributed in the Galactic disk, and emit
particles in all directions.

Both the strength and the structure of the magnetic field in
the Galaxy, known only approximately, play a crucial role in
the propagation of cosmic rays. The field is thought to contain
a large-scale regular component and a small-scale turbulent
one, both having a local strength of a few microgauss (see,
e.g., Beck 2001). While the turbulent component dominates in
strength by a factor of a few, the regular component imprints
dominant drift motions as soon as the Larmor radius of cosmic
rays is larger than the maximal scale of the turbulences (thought
to be in the range 10–100 pc). We adopt in the following a
recent parameterization of the regular component obtained by
fitting model field geometries to Faraday rotation measures of
extragalactic radio sources and polarized synchrotron emission
(Pshirkov et al. 2011). It consists in two different components:
a disk field and a halo field. The disk field is symmetric with
respect to the Galactic plane and is described by the widely
used logarithmic spiral model with reversal direction of the
field in two different arms (the so-called BSS-model). The
halo field is anti-symmetric with respect to the Galactic plane
and purely toroidal. The detailed parameterization is given in
Pshirkov et al. (2011) (with the set of parameters reported in
Table 3). In addition to the regular component, a turbulent field
is generated according to a Kolmogorov power spectrum and is
pre-computed on a three-dimensional grid periodically repeated
in space. The size of the grid is taken as 100 pc, so as the
maximal scale of turbulences, and the strength of the turbulent
component is taken as three times the strength of the regular one.

To describe the propagation of cosmic rays with energies
E ! 1 EeV in such a magnetic field, the direct integration of
trajectories is the most appropriate tool. Performing the forward
tracking of particles from Galactic sources and recording those
particles which cross the Earth is, however, not feasible within
a reasonable computing time. So, to obtain the anisotropy of
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(Auger, ApJ 203, 2012, 
Giacinti et al. JCAP 2012, 2015)

Simulation: Sources in galactic plane
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Composition FractionsComposition Fractions
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Fe
Transition energy ~1018 eV
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Accounting GMF deflections

Z ~ 1.7 – 5  at 10 EeV E/Z ~ 2 – 5  EeV
[Auger Coll. PRD 90 (2014) 122006]

The flux-weighted dipole from IR galaxy distribution in 

2MRS points to (l,b)=(251º,38º)  → ~55º from observed
[Erdogdu et al. 2006]

[Jansson and Farrar ApJ 757 (2012) 14]

DISCUSSION DISCUSSION 

Improves agreement 
observation ↔2MRS

The flux-weighted dipole from  
IR galaxy distribution in 2MRS  
points to (l,b)=(251o,38o)  
⇒ ~55° from observed 

Significant modulation at 5.2σ  
(5.6σ before penalization for energy bins explored) 

2MASS Redshift Survey
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Photon-Hintergrundstrahlung im Universum
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aspects of UHECR nuclei propagation in the following sections. Indeed, it is worth stat-
ing that the CR composition observed at Earth may be quite different from that at injec-
tion. Intermediate mass or heavy nuclei injected in a distant CR acceleration will gradu-
ally disintegrate into lighter nuclei and nucleons as they propagate through intergalactic
space [2].

1.3 UHECR PROTON ENERGY LOSS INTERACTIONS

The photon targets for pion production are given by the Cosmic microwave background
(CMB) and the Cosmic infrared background (CIR). The specific number density of the
CMB photon spectrum constitutes the main target for p! interactions and is described
by the Planck’s law for a black body of temperature kT = 2.3×10−4 eV (2.7 K).

"!
dn!
d"!

=
8#
h3c3

"3!
e"!/kT −1

≈ 170

[

(

"!/kT
)3

e"!/kT −1

]

cm−3, (1)

where c is the velocity of light in a vacuum and h is Planck’s constant.
Over large enough distance scales through this background, UHECR protons will

undergo interactions with these photons leading to the production of electron positron
pairs (p+ ! → p+ e+e−) and pions (p+ ! → p/n+#0/#+).
The attenuation rate calculation for both these (p!) proton energy loss processes may

be expressed as

R=
1
2$2p

∫ %

0

1
"2!

dn!
d"!

d"!
∫ 2$p"!

0
" ′!&p!("

′
!)Kpd" ′! (2)

where $ = Ep/mp, mp is the protons mass, "! is the photon energy, &p! is the p!
interaction cross section and Kp is the inelasticity of the proton for such interactions
(Kp = 'Ep/Ep).
Pair production- In the rest frame of the proton, the photon threshold energy for pair
creation is " ′! ,th ≈ 1 MeV. The inelasticities of these interactions typically going as
Kp ≈ 4m2ec4/(mpc2" ′!), where " ′! is the colliding photon’s energy in the proton’s rest
frame and me is the electron rest mass [6].
Pion production-In the rest frame of the proton, the photon threshold energy for pion
production is " ′! ,th ≈ 145 MeV. The inelasticities of these interactions, for low pion
multiplicities, go approximately as Kp ≈ (m2# + 2mp" ′!)/2(m2p + 2mp" ′!), where " ′! is
the colliding photon’s energy in the proton rest frame, and m# is the pion rest mass [7].
For an approximate description of R(Ep) for pion losses, we may describe the cross-

section as a top-hat function,

&(" ′!) =











0, " ′! ≤ " ′'−(

&', " ′'−( < " ′! ≤ " ′'+(

0, " ′! ≥ " ′'+(

(3)
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Energieverlust: mono-energetische Protonen

(Cronin, TAUP 2003)

Energieverlust ist stochastischer Prozess

(Achterberg 1999,  Stanev et al., PRD62, 2000)
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dE
ds

=� E
lloss

100

101

102

103

104

105

106

107

1018 1019 1020 1021 1022 1022 1023

en
er

gy
 lo

ss
 le

ng
th

 
 E

 d
s/

dE
 

 (M
pc

)

nucleon energy E  (eV)

total loss length
hadron prod.

e+ e- pair prod.
adiabatic expansion

neutron decay length10

100

1000

0.1 1 10 100

to
ta

l c
ro

ss
 s

ec
tio

n 
 (!

ba
rn

)

photon lab. energy �’  (GeV)

total
direct

multi-pion
diffraction

resonances



Photodissoziation von Kernen

18

Hauptbeitrag: große Dipolresonanz

Wichtigste Emissionsprozesse:
- einfaches Neutron/Proton
- Quasi-Deuteron
- Alphateilchen

Photodissoziation von Kernen

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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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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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

wichtigste Emissionsprozesse:
• einfaches Neutron/Proton
• Quasi-Deuteron
• Alphateilchen

(Khan et al., APP23, 2005)

Photodissoziation von Kernen

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]
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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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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.
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• Quasi-Deuteron
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(Khan et al., APP23, 2005)

as large as 7 mass units, which means that many
different nuclei are found with comparable abun-
dances as secondaries of the parent 56Fe nucleus.
In the specific case of c = 7 · 109, the mass distri-
bution ranges from Ne to Fe isotopes at a distance
D = 2.5 Mpc.

3.2. Photodisintegration path

In Section 3.1, the UHECR propagation dis-
tance has been estimated making use of the full
reaction network (Eq. (1)). Previous calculations
were based on the reduced PSB path illustrated
in Fig. 7. In this approximation, only one stable
isotope is considered per isobaric chain and the
corresponding isobars (i.e. nuclei with the same
A) are not affected by competitive channels. How-
ever, as shown in Fig. 7, about 85 nuclei are
involved in the 56Fe photodisintegration at
c = 2 · 1010 and numerous open channels includ-
ing b-decay can compete (the Lorentz dilation of
time allows b-unstable nuclei with half-lives of
the order of the hour to survive over a Mpc scale,
and thus have a chance to interact with a CMB
photon). Most of the stable nuclei involved in
the photodisintegration process have more neu-
trons than protons. Neutron emissions are there-
fore favoured and the corresponding unstable
nuclei will b+-decay towards the valley of stability.
Note that we consider here that a given nucleus is
involved in the reaction network if its calculated
abundance amounts about 10% of the most pro-
duced one at any given time during the photodisin-
tegration process.

Significant differences can therefore be expected
between our new calculation (Fig. 5) and the origi-
nal PSB results based on the reduced path and the
Gaussian parameterization of GDR strengths. In
particular, as seen in Fig. 7, for heavy nuclei
(A P 45), about 70% of the nuclei are short-
cut by the simplified PSB path. For light
nuclei (A 6 45), less than 42% of the nuclei are
bypassed.

Fig. 8 displays the average mass numbers hAi
with respect to the source distance for the three c
regimes. For each regime, three calculations are
shown, namely (i) the full network calculation
based on the generalized Lorentzian rates (solid
line), (ii) the reduced PSB path calculation with
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Fig. 7. Nuclei involved in the photodisintegration process of
56Fe nuclei for c = 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.

E. Khan et al. / Astroparticle Physics 23 (2005) 191–201 199

(Khan et al., Astropart. Phys, 23, 2005)
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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-
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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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GZK-Unterdrückung des oberen Ende des Spektrums
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N.B.: Cherenkov-Effekt beruht auf 
        Stoßwelleneffekt

Materie des Mediums nahe der Störungsquelle kann nicht 
schnell genug reagieren, um der Störung auszuweichen. 

Die Zustandsgrößen des Mediums 
- Dichte, 
- Druck, 
- Temperatur, 
- Geschwindigkeit usw. 
verändern sich daher nahezu momentan, um sich der Störung 
anzupassen.

http://de.wikipedia.org/wiki/Dichte
http://de.wikipedia.org/wiki/Druck_%28Physik%29
http://de.wikipedia.org/wiki/Temperatur
http://de.wikipedia.org/wiki/Geschwindigkeit
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Astrophysikalische Schockwellen (Stoßwellen)

20 pc

Entfernung: ~ 2.2 kpc

SN-Überrest 1006

Radio-Bild des galaktischen Zentrums

Aktiver Galaktischer Kern 
(AGN)


