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Pressing	  ques+ons:
1. Where	  do	  they	  come	  from?	  
2. What	  are	  they	  made	  of?	  
3. How	  are	  they	  accelerated?	  
4. What	  can	  they	  tell	  us	  about	  

fundamental	  and	  par+cle	  physics?	  
5. Is	  there	  a	  maximal	  energy?

Par$cle	  propaga$on	  from	  source	  to	  
observer	  is	  important	  to	  answer	  

these	  ques$ons

Ultra-high energy cosmic rays 
E	  >	  1017	  eV
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Propaga+on	  features
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‣ Cosmic	  rays	  can	  interact	  with	  background	  photons:

cosmic ray

ph
oto

n

interaction

#
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� =
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photon energy in 
nucleus rest frame

	  	  	  	  	  	  is	  the	  relevant	  
energy	  scale	  for	  

interac$on

✏0

✏
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‣ Pion	  produc+on
Pion production for a head-on collision of a nucleon N:

Ethres =
m⇡(mN +m⇡/2)

2✏
⇡ 6.8 · 1019

⇣ ✏

10�3 eV

⌘�1
eV

N + � ! N + ⇡
with the threshold energy

where                          represents a typical target photon such as a CMB photon. 
Both the electromagnetic and the strong interaction play a role.  
Example: Pion production by protons via delta resonance:

✏ ⇠ 10�3 eV

p+ � ! �

+ !
⇢

n+ ⇡+
with branching ratio 1/3

p+ ⇡0 with branching ratio 2/3

EM !
interaction

strong !
interaction ! µ+ + ⌫µ

main production channel of 
neutrinos by hadronic cosmic rays

main channel of high energy 
photons by hadronic cosmic rays

! � + �

A?er	  the	  discovery	  of	  the	  CMB	  (1965)	  people	  realized: 

Universe	  gets	  opaque	  for	  cosmic	  rays	  at	  ultra-‐high	  energies:	  GZK-‐effect 
first	  realized	  by	  Greisen,	  Zatsepin	  and	  Kuzmin	  in	  1966 

K.	  Greisen,	  PRL	  16	  748	  (1966),	  G.T.	  Zatsepin	  and	  V.A.	  Kuzmin	  Sov.	  Phys.	  JETP	  LeX.	  4	  78	  (1966)
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‣ Pair	  produc+on
Pair production by a nucleus with mass number A and charge Z on a photon:

A
Z + � !A

Z +e+ + e�

with the threshold energy

Ethres =
me(m+me)

✏
⇡ 4.8 · 1017 A

⇣ ✏

10�3 eV

⌘�1
eV

where                          represents a typical target photon such as a CMB photon.✏ ⇠ 10�3 eV

induces electromagnetic 
cascades via inverse 
Compton scattering

mailto:kuempel@physik.rwth-aachen.de


Daniel	  Kuempel

Interactions

710th Rencontres du Vietnam

‣ Pair	  produc+on
Pair production by a nucleus with mass number A and charge Z on a photon:

A
Z + � !A

Z +e+ + e�

with the threshold energy

Ethres =
me(m+me)

✏
⇡ 4.8 · 1017 A

⇣ ✏

10�3 eV

⌘�1
eV

where                          represents a typical target photon such as a CMB photon.✏ ⇠ 10�3 eV

induces electromagnetic 
cascades via inverse 
Compton scattering

‣ Photodisintegra+on	  of	  nuclei
Gamma ray is absorbed by nuclei and causes it to enter excited state before 
splitting in two parts.

photon

Changes in energy        , and atomic number       , are related by "
Thus, effective energy loss rate is given by: 

�E �A �E/E = �A/A

1

E

dE

dt

����
e↵

=
1

A

dA

dt
=

X

i

i

A
lA,i(E)

mean free path for the 
emission of i nucleons
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Interaction rate can be calculated as  

��1 =

Z 1

0
n(✏)�avg(✏) d✏

photon number density

collision angle averaged 
cross section

electron-pair production

photodisintegration of 
various nuclei 

pion 
production  
(x 100)
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Figure 1: Left : Energy evolution of the energy loss length, �
loss

, of protons, the contri-
butions of di↵erent energy loss processes (adiabatic expansion, pair production and pion
production) are displayed, as well as the di↵erent photon backgrounds (see labels). Cen-
ter: Energy evolution of the photodisintegration cross section for 56Fe, the contributions
of the giant dipole resonance (GDR), quasi-deuteron (QD) and baryon resonances (BR)
are shown as well as the contribution of di↵erent nucleon multiplicities (for GDR and
QD). Right: Lorentz factor evolution of the iron nucleus mean free path for the di↵erent
photodisintegration processes and interactions with the CMB and IR/Opt/UV photons at
z = 0.

the energy threshold is proportional to the mass ,A4, of the parent nucleus
whereas the loss length decreases like ⇠ A/Z2 at a given Lorentz factor
[20, 25].

Concerning photodisintegration, di↵erent processes become dominant at
di↵erent energies. The lowest energy and highest cross section process is
the giant dipole resonance(GDR). The GDR is a collective excitation of the
nucleus [26] in response to electromagnetic radiation between ⇠10 and 50
MeV5 where a strong resonance can be seen in the photoabsorption cross
section (see Fig. 1). The GDR mostly triggers the emission of one nucleon
(most of the time a neutron but depending on the structure of the parent
nucleus, ↵ emission can also be strong for some nuclei), 2, 3 and 4 nucleon
channels can also contribute significantly though their energy threshold is
higher. Around 30 MeV in the nucleus rest frame and up to the photopion
production threshold, the quasi-deuteron (QD) process becomes comparable
to the GDR (but much lower than at the peak of the resonance) and its
contribution dominates the total cross section at higher energies. Unlike

4In the laboratory frame, for a given photon spectrum.
5The threshold for most nuclei is between 10 and 20 MeV except for peculiar cases like

9Be or the dinucleon and trinucleon

6

D. Allard, Astropart. Phys. 39-40 (2012) 33-43

‣ Low	  energies: 
energy	  loss	  dominated	  by	  expansion	  of	  the	  
universe	  

‣ Intermediate	  energies: 
Most	  important	  loss	  length	  is	  pair	  
producZon	  on	  CMB	  

‣ High	  energies: 
Most	  important	  loss	  length	  is	  pion	  
producZon	  on	  CMB
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GZK-‐effect:	  For	  propagaZon	  distances	  >	  100	  
Mpc	  the	  primary	  energy	  is	  aXenuated	  to	  
almost	  the	  same	  value
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blue = photodisintegration"
green = pion production"
red = pair production

solid = CMB"
dashed = IRB

expansion

E ⇠ � A 109 eV

‣ Low	  energies: 
energy	  loss	  dominated	  by	  expansion	  
of	  the	  universe	  

‣ Intermediate	  energies: 
Most	  important	  energy	  loss	  is	  
photodisintegraZon	  

‣ High	  energies: 
Pion	  producZon	  on	  CMB	  
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Simulation study of GZK photon fluxes
Daniel Kuempel∗, Karl-Heinz Kampert∗ and Markus Risse∗

∗Physics Department, University of Wuppertal, Gaußstr. 20, D-42119 Wuppertal, Germany

Abstract. The composition of ultra-high energy
(UHE) cosmic rays E > 1017 eV is still unknown.
The observation of UHE photons would extend the
observed electromagnetic spectrum to highest energy
and open a new channel for multimessenger obser-
vations in the universe. Current limits on the photon
flux already constrain “exotic” scenarios where a
large number of photons is expected by the decay
products of supermassive X-particles. Motivated by
the growing exposure of UHE cosmic ray experiments
- like the Pierre Auger Observatory - the observation
of conventionally produced GZK photons may be in
reach in the near future. We investigate UHE particle
propagation using the Monte Carlo code CRPropa.
Particularly, the expected photon fluxes normalized
to current experiments as well as prospects for
future experiments are illustrated. Varying source
and propagation scenarios are analyzed and the
impact on secondary GZK photons is shown. For
the specific case of Centaurus A, we study which
source parameters can be tested by searching for the
expected GZK photons.

Keywords: cosmic ray propagation, UHE photon
flux, Centaurus A

I. INTRODUCTION

The origin and nature of the highest energy cosmic
rays (E > 1017 eV) is still one of the most pressing
questions of astroparticle physics. However recent de-
velopments show a clear evidence of a suppression in
the cosmic ray flux at highest energies. HiRes reported
the observation of the GZK cutoff above ∼ 6 · 1019 eV
with 5 standard deviation significance [1]. Furthermore,
the Pierre Auger Observatory rejects the hypothesis that
the cosmic ray spectrum continues with a constant slope
above 4 · 1019 eV, with a significance of 6 standard
deviations [2].

The composition at these energies still remains a
mystery. The Pierre Auger Observatory revealed a corre-
lation between the arrival directions of ultra high energy
cosmic rays (UHECR) with energy above 6 · 1019 eV
and the positions of active galactic nuclei (AGN) within
∼ 75 Mpc [3]. This perhaps indicates a lighter composi-
tion since heavier nuclei are more effected by magnetic
fields. However, measurements of the depth of shower
maximum Xmax of air showers seem to indicate also a
heavier component [4].

In either case, energy loss by propagation effects limit

Fig. 1. Spectrum of secondary photons generated by pion and pair
production from a single UHECR proton source at a given distance.
We consider here a one-dimensional model, with an injection spectral
index α = 2.5 and maximum energy of 1020.5 eV. No magnetic fields
were taken into account. At a source distance of ∼ 10 Mpc most of
the UHE photons are produced. For closer distances the EM cascade’s
development has insufficient time to produce a sufficient number of
UHE photons whereas for large distances the UHE photon population
may cascade down to lower energies (see also [5]).

the UHECR horizon1 distance to below ∼ 70 Mpc at
energies ≥ 1020 eV and give rise to secondary particle
production.

To get a clue of an answer of the raised questions
it is therefore desirable to expand the knowledge of
particle propagation through the local universe. The
photon background is a key ingredient for understand-
ing the properties of particle propagation. At energies
≥ 5·1019 eV the main channel of energy loss for primary
protons is photo-pion production in interactions with
background radiation fields which generates the already
mentioned GZK feature. Here, the low energy photon
can Lorentz transform into a γ-ray in the rest frame of
a very-high energy particle. The cross section increases
strongly at the ∆+(1232) resonance. The process can
be described as

p + γ → ∆+(1232) → n + π+

→ p + π0 .

In addition, also further baryon resonances can be
excited at increasing energy. The produced neutral pions
decay into two UHE photons which in turn are distance
limited by γγ interactions with background photons.

In Fig. 1 a proton source with spectral index α = 2.5
was simulated at various distances. The simulations
were made using the numerical tool CRPropa [6] which

1Here the horizon d is defined as the distance within which 90%
of arriving particles originated.

DK et al., ICRC 2009, 430
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‣ Dominant	  interacZon	  process	  is	  pair	  
producZon:

�UHE + �b ! e+ + e�

‣ Strong	  aXenuaZon	  in	  PeV	  regime	  by	  
CMB	  photons

‣ Typical	  energy	  loss	  length:	  
‣ 7-‐15	  Mpc	  at	  1019	  eV	  
‣ 5-‐30	  Mpc	  at	  1020	  eV
observation of galactic 
and nearby extragalactic 
sources may be possible

Current status: No photons above ~TeV energies observed 
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‣ Some	  words	  of	  cau+on:	  Extragalac+c	  magneZc	  fields	  are	  currently	  poorly	  constrained.	  
‣ Their	  origin	  is	  not	  well	  understood	  (primordial	  Universe,	  magneZc	  polluZon	  from	  

astrophysical	  sources,	  e.g.	  jets	  from	  radio	  galaxies,	  …)	  
‣ Typical	  strength	  of	  the	  field	  varies:	  
‣ 1-‐40	  µG	  with	  coherence	  length	  of	  about	  10	  kpc	  (clusters	  of	  galaxies)	  
‣ 10-‐16	  -‐	  10-‐6	  G	  with	  coherence	  length	  between	  1-‐10	  Mpc	  (in	  filaments)	  

‣ Field	  strength	  probably	  related	  to	  maXer	  density	  in	  this	  environment

AA49CH04-Olinto ARI 13 July 2011 14:26
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Figure 7
Cumulative volume
filling factor of the
extragalactic magnetic
field for different
numerical simulations.

stochastic approach can be effective in describing the propagation of UHECRs in the extragalactic
fields because of the high energy of the particles and the low magnetization of voids (Kotera &
Lemoine 2008b). Indeed, the deflection of UHECRs by magnetic fields of strength B < 10−12 G
is lower than typical instrument resolutions, which are ∼1◦. Particle transport can then be viewed
as a succession of rectilinear portions interrupted by deflections on localized magnetized regions
(such as filaments, halos of radio galaxies and galactic winds). This model can be applied to the
coherent field amplified in numerical simulations as well as to the local enrichment processes due
to astrophysical sources, and provides an effective framework to calculate the influence of magnetic
fields on observable quantities of UHECRs.

4. THE GALACTIC TO EXTRAGALACTIC TRANSITION
The highest energy cosmic rays are likely to originate in extragalactic sources, given the strength
of Galactic magnetic fields and the lack of correlations with the Galactic plane. Low-energy
cosmic rays are easily created and contained in the Galaxy, so a transition region should occur
in some intermediate energy. “A hypothesis blessed by long tradition is that” Galactic cosmic
rays end below 10 EeV, “and above that a different source is active (most plausibly in the nearby
supercluster of galaxies),” quoting Hillas (1984). Modern measurements of the spectrum place a
plausible transition region around the ankle at about 4 EeV (Figures 1 and 2). However, the ankle
can also be interpreted as the product of propagation losses due to pair production (Berezinsky &
Grigorieva 1988; Berezinsky, Gazizov & Grigorieva 2006) in proton-dominated scenarios allowing
for a transition at lower energies.

The knee in the cosmic ray spectrum is likely to signal the Emax for light nuclei of dominant
Galactic sources and/or the maximum containment energy for light nuclei in the Galactic magnetic
field. The same effect for heavier nuclei may cause the softer spectrum above the knee (see, e.g.,
Lemoine 2005, Hillas 2006). Extragalactic sources producing spectra harder than s = 3 can
overtake the decaying Galactic flux around the ankle. Recent studies of a transition at the ankle
that fit the observed spectrum and the composition trends in this energy region are discussed by
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‣ Absence	  of	  powerful	  counterparts	  in	  the	   
arrival	  direcZon	  of	  UHECRs	  is	  probably	    
related	  to	  magneZc	  fields	  

Large scale structure simulations
K. Kotera, A.V. Olinto, Ann. Rev. Astron. Astrophys. 2011 49:119-53

• Simulations lead to very discrepant results"
• Illustrates variety of assumptions made "
• E.g. Sigl, Miniati & Enßlin estimate proton 

deflection with energy > 100 EeV by 10-20°, 
whereas Dolag et al. < 1° of the same energy
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‣ Much	  progress	  in	  recent	  years	  
‣ Models	  based	  on	  Faraday	  rotaZon	  measurements	  and	    

polarized	  and	  unpolarized	  synchrotron	  emission	  
‣ Concentrate	  on	  field	  from	  Jannson	  &	  Farrar:	  JF12 

R.	  Jansson	  and	  G.	  R.	  Farrar,	  ApJ	  757	  (2012)	  14  
R.	  Jansson	  and	  G.	  R.	  Farrar,	  ApJL	  761	  (2012)	  L11	  

‣ Field	  strength	  of	  order	  micro-‐Gauss 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rameters: B

X

, ⇥0

X

, r

c

X

and r

X

.

5.2. Striated random fields

We include the possibility of striated magnetic fields
by adding a multiplicative factor to the calculation of
PI, such that when this factor is equal to unity the model
describes a purely regular field. We parametrize striated
and purely random fields as B

2

stri

= �B

2

reg

. We let the
factor be a free parameter in the large-scale GMF model.
We originally performed the analysis allowing the disk,
toroidal halo, and X-field each to have a separate amount
of striation (see appendix A). We did not find a signifi-
cant improvement in �

2 using this added freedom, so for
the final parameter optimization used a single � value
for all components. This means the striated field is ev-
erywhere aligned with the local large-scale field and has
the same relative magnitude everywhere in the Galaxy.
When the striated field is aligned with the regular field,

there is an obvious degeneracy between the strength of
the striated magnetic field component and the relativis-
tic electron density: if we write the multiplicative fac-
tor as � = ↵(1 + �), we can interpret ↵ as being a
rescaling factor for the relativistic electron density, with
B

2

stri

= �B

2

reg

. The distribution of relativistic electrons
in the Galaxy is not well enough known to permit this de-
generacy to be disentangled at present. Of course, since
� � 0 it follows if � is found to be less than unity we can
conclude that ↵ < 1, and that n

cre

has been underesti-
mated.

5.3. Parameter Estimation

As noted in JFWE09, avoiding false �

2 minima when
optimizing a model is very di�cult, and we have devoted
considerable e↵ort to exploring the very large parame-
ter space available for the model outlined in the previ-
ous section. The model optimization is done using the
PyMC package by Patil et al. (2010), and uses an adap-
tive Metropolis MCMC algorithm. To achieve good mix-
ing and convergence of the Markov chain, we continue
to sample the parameter space until the Gelman-Rubin
convergence and mixing statistic, R̂ (Gelman & Rubin
1992), satisfies the condition R̂ < 1.03 for all parame-
ters. The final Markov chain has 100k steps, and the
Monte Carlo standard error for any given optimized pa-
rameter is at least an order of magnitude less than the
estimated confidence range of the same parameter.

6. RESULTS

Figure 5. Top view of slices in the x-y-plane of the GMF model.
Top row, from left, slices at z = 10 pc and z = �10 pc. Bot-
tom row, slices at z = 1 kpc and z = �1 kpc, respectively. The
color scheme shows the magnitude of the total regular field, with
negative values if the azimuthal component is oriented clockwise.
The location of the Sun at x = �8.5 kpc is marked with a circle.
From the top panels it is clear that the magnetic field just above
and below the mid-plane are very similar, but not identical, due
to the superposition of the z-symmetric disk field component with
the z-asymmetric toroidal halo component. At |z| = 1 kpc the field
is dominated by the halo component, but still exhibits signs of the
superposition with the X-field, and even the disk field.

Figure 6. An x � z slice of the galaxy showing only the out-of-
plane “X” component. The black lines crossing the mid-plane at
±4.8 kpc traces the boundary between the outer region with con-
stant elevation angle, and the inner region with varying elevation
angle. The black arrows show the direction of the field.

6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��

confidence intervals.

6.1.1. The disk field

The best-fit field in the disk is shown in the top panel
of Figure 5. The innermost arrow refers to the molecular
ring region; consecutive arrows are positioned in spiral
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When the striated field is aligned with the regular field,

there is an obvious degeneracy between the strength of
the striated magnetic field component and the relativis-
tic electron density: if we write the multiplicative fac-
tor as � = ↵(1 + �), we can interpret ↵ as being a
rescaling factor for the relativistic electron density, with
B

2

stri

= �B

2

reg

. The distribution of relativistic electrons
in the Galaxy is not well enough known to permit this de-
generacy to be disentangled at present. Of course, since
� � 0 it follows if � is found to be less than unity we can
conclude that ↵ < 1, and that n

cre

has been underesti-
mated.

5.3. Parameter Estimation

As noted in JFWE09, avoiding false �

2 minima when
optimizing a model is very di�cult, and we have devoted
considerable e↵ort to exploring the very large parame-
ter space available for the model outlined in the previ-
ous section. The model optimization is done using the
PyMC package by Patil et al. (2010), and uses an adap-
tive Metropolis MCMC algorithm. To achieve good mix-
ing and convergence of the Markov chain, we continue
to sample the parameter space until the Gelman-Rubin
convergence and mixing statistic, R̂ (Gelman & Rubin
1992), satisfies the condition R̂ < 1.03 for all parame-
ters. The final Markov chain has 100k steps, and the
Monte Carlo standard error for any given optimized pa-
rameter is at least an order of magnitude less than the
estimated confidence range of the same parameter.

6. RESULTS

Figure 5. Top view of slices in the x-y-plane of the GMF model.
Top row, from left, slices at z = 10 pc and z = �10 pc. Bot-
tom row, slices at z = 1 kpc and z = �1 kpc, respectively. The
color scheme shows the magnitude of the total regular field, with
negative values if the azimuthal component is oriented clockwise.
The location of the Sun at x = �8.5 kpc is marked with a circle.
From the top panels it is clear that the magnetic field just above
and below the mid-plane are very similar, but not identical, due
to the superposition of the z-symmetric disk field component with
the z-asymmetric toroidal halo component. At |z| = 1 kpc the field
is dominated by the halo component, but still exhibits signs of the
superposition with the X-field, and even the disk field.

Figure 6. An x � z slice of the galaxy showing only the out-of-
plane “X” component. The black lines crossing the mid-plane at
±4.8 kpc traces the boundary between the outer region with con-
stant elevation angle, and the inner region with varying elevation
angle. The black arrows show the direction of the field.

6.1. Optimized large-scale magnetic field model

The large-scale Galactic magnetic field model has 21
free parameters. Table 1 lists the best-fit values and 1��

confidence intervals.

6.1.1. The disk field

The best-fit field in the disk is shown in the top panel
of Figure 5. The innermost arrow refers to the molecular
ring region; consecutive arrows are positioned in spiral

protons	  injected
Slices in x-y plane

z = 10 pc z = -10 pc

sun

Slices in x-z plane 
out of the plane component

Deflections important in 
anisotropy studies

galac4c	  coordinates
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Mean deflection for Auger and TA site

1510th Rencontres du Vietnam

Based on JF12 model

central 68% quantile

‣ Mean	  deflecZon	  assuming	  that	  parZcles	  
arrive	  isotropically	  at	  the	  edge	  of	  the	  
galaxy	  

‣ Events	  recorded	  at	  each	  site	  up	  to	  60°	  in	  
zenith	  angle

proton deflection

TA	  and	  Auger	  observe	  
different	  deflec$ons.	  
Important	  when	  

comparing	  Auger	  and	  
TA	  measurements

mean
mean
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Multiparameter challenge
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Number	  	  
Posi4on	  	  
Size	  	  
Luminosity	  	  
Spectrum	  
Composi4on	  	  
Evolu4on	  	  
Transient	  sources	  
Emission	  paCerns

Energy	  loss,	  cross	  sec4ons	  	  
Change	  in	  composi4on	  
Background	  radia4on	  model	  
RedshiI	  effects

Extragalac+c	  Mag.	  Field	  	  
Strength,	  coherence	  length,	  
structure	  (filaments,	  voids,	  cluster)

Galac+c	  Mag.	  Field	  	  
Model	  and	  strength	  	  
scale	  heights,	  turbulence

Aim:	  Constrain	  /	  determine	  astrophysical	  parameters
Challenge:	  Many	  unknown/uncertain	  parameters	  

Sources Propaga+on Observa+on

Direc+on	  (direct)	  
Energy	  (direct)	  
Composi+on	  
(indirect	  e.g.	  Xmax,)	  
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Simulations

1910th Rencontres du Vietnam

Using	  high	  staZsZc	  experimental	  data	  in	  combinaZon	  with	  
sophisZcated	  propagaZon	  tools	  and	  powerful	  compuZng	  

clusters	  we	  are	  entering	  a	  new	  phase	  of	  data	  /	  MC	  comparison

OBSERVATORY

‣ Much	  progress	  in	  recent	  years

Propagation codes Experimental data Computing power

CRPropa 
R.A.	  BaZsta	  et	  al.	  ICRC	  2013	  
hXps://crpropa.desy.de	  
SimProp 
R.	  Aloisio	  et	  al.	  JCAP	  10	  007	  (2012)	  

mailto:kuempel@physik.rwth-aachen.de


Daniel	  Kuempel

Simple example data comparison

2010th Rencontres du Vietnam

Auger	  ICRC	  2013

lg(E [eV])
18 18.5 19 19.5 20 20.

]
-1

 y
ea

r
-1

 s
r

-2
 k

m
2

 [e
V

3
di

ff 
flu

x 
* E

3710

3810

Auger ICRC2013

Karl-Heinz Kampert – University Wuppertal Windows on the Universe, Quy Nhon (Vietnam), Aug. 201325

 OBSERVATORY 

 

GZK Suppression compared to Data

p-sources
m=0, γ=-2.4 ΔE/E=14%

Simulations: CRPropa 2.0 (B. Sarkar)

m=0, γ=-2.7

lg(E [eV])
18 18.5 19 19.5 20 20.

]
-1

 y
ea

r
-1

 s
r

-2
 k

m
2

 [e
V

3
di

ff 
flu

x 
* E

3710

3810

Auger ICRC2013

Fe-sources

18.0 18.5 19.0 19.5 20.0 20.5
log10(E /eV)

1035

1036

1037

1038

E3
J(
E)

[k
m

−
2
yr

−
1
sr
−
1
eV

2 ] OBSERVATORY

• 1D	  simula+on	  
• Homogeneous	  
source	  distribu+on	  

•m=0

preliminary

mailto:kuempel@physik.rwth-aachen.de


Daniel	  Kuempel

Simple example data comparison

2010th Rencontres du Vietnam

Auger	  ICRC	  2013

lg(E [eV])
18 18.5 19 19.5 20 20.

]
-1

 y
ea

r
-1

 s
r

-2
 k

m
2

 [e
V

3
di

ff 
flu

x 
* E

3710

3810

Auger ICRC2013

Karl-Heinz Kampert – University Wuppertal Windows on the Universe, Quy Nhon (Vietnam), Aug. 201325

 OBSERVATORY 

 

GZK Suppression compared to Data

p-sources
m=0, γ=-2.4 ΔE/E=14%

Simulations: CRPropa 2.0 (B. Sarkar)

m=0, γ=-2.7

lg(E [eV])
18 18.5 19 19.5 20 20.

]
-1

 y
ea

r
-1

 s
r

-2
 k

m
2

 [e
V

3
di

ff 
flu

x 
* E

3710

3810

Auger ICRC2013

Fe-sources

18.0 18.5 19.0 19.5 20.0 20.5
log10(E /eV)

1035

1036

1037

1038

E3
J(
E)

[k
m

−
2
yr

−
1
sr
−
1
eV

2 ] OBSERVATORY

18.0 18.5 19.0 19.5 20.0 20.5
log10(E /eV)

1035

1036

1037

1038

E3
J(
E)

[k
m

−
2
yr

−
1
sr
−
1
eV

2 ]

A = 1
A = 2-8
A = 9-26
A = 27-56

• 1D	  simula+on	  
• Homogeneous	  
source	  distribu+on	  

•m=0

•Fit	  4	  masses	  at	  source	  
•Variable	  maximum	  
energy.	  Best	  fit:  
Emax	  =	  1019.73	  	  x	  Z	  eV
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Auger data show a smooth change
to a heavier composition above 5 EeV
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Figure 9: Example of a longitudinal air shower development as measured with
fluorescence telescopes. Data points are taken from [145] (E = (30 ± 2) EeV)
and compared to ten simulated [133] air showers for three di↵erent primary
particle types using the hadronic interaction model Epos1.99 [36].

groups (see e.g. [150]) similar to what is done for surface de-
tectors. In the following, however, we will concentrate on the
first two moments of the Xmax-distribution, hXmaxi and �(Xmax).

For the determination of the average shower maximum, ex-
periments bin the recorded events in energy and calculate the
mean of the measured shower maxima. For this averaging not
all events are used, but only those that fulfill certain quality
requirements that vary from experiment to experiment, but all
analyses accept only profiles for which the shower maximum
had been observed within the field of view of the experiment.
Without this condition, one would rely only on the rising or
falling edge of the profile to determine its maximum, which
was found to be to unreliable to obtain the precise location of
the shower maximum. The field of view of fluorescence tele-
scopes is typically limited to 1-30 degrees in elevation. There-
fore some slant depths can only be detected with smaller e�-
ciencies than others, resulting in a distortion of the measured
Xmax-distribution due to undersampling in the tails of the distri-
bution [151, 152]. For instance, a detector located at a height
corresponding to 800 g/cm2 vertical depth cannot detect shower
maxima deeper than 800, 924 and 1600 g/cm2 for showers with
zenith angles of 0, 30 and 60 degrees respectively. On top of
this acceptance bias an additional reconstruction bias may be
present that can further distort the measured hXmaxi-values.

There are two ways to deal with such biases: If one is only
interested in comparing the data to air shower simulations for
di↵erent primary particles, then the biased data can be simply
compared to air shower predictions that include the experimen-
tal distortions. For this purpose the full measurement process
has to be simulated including the attenuation in the atmosphere,
detector response and reconstruction to obtain a prediction of
the observed average shower maximum, hXmaxiobs. Another
possibility is to restrict the data sample to shower geometries
for which the acceptance bias is small (e.g. by discarding verti-
cal showers) and to correct the remaining reconstruction e↵ects
to obtain an unbiased measurement of hXmaxi in the atmosphere.
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Figure 10: Elongation rates obtained by a linear fit in lg E to the Xmax data
of HiRes, Yakutsk, TA and Auger above di↵erent energy thresholds. Only fit
results with �2/Ndf < 2 are shown. The yellow, solid band is the average
obtained for HiRes, Yakutsk and TA , the green hatched band indicates the
average for all four experiments.

Whereas the former approach maximizes the data statistics,
the latter allows the direct comparison of published data to air
shower simulations even for models that were not developed at
the time of publication. Moreover, only measurements that are
independent of the detector-specific distortions due to accep-
tance and reconstruction can be compared directly.

The HiRes and TA collaborations follow the strategy to pub-
lish hXmaxiobs [130, 132] and to compare it to the detector-
folded air shower simulations. In the HiRes analysis the cuts
were optimized to assure an Xmax-bias that is constant with en-
ergy, but di↵erent for di↵erent primaries and hadronic inter-
action models. The preliminary TA analysis uses only mini-
mal cuts resulting in energy dependent detection biases. The
Auger collaboration quotes average shower maxima that are
without detector distortions within the quoted systematic uncer-
tainties [153] due to the use of fiducial volume cuts. Yakutsk
derives Xmax indirectly using a relation between the slope of
the Cherenkov-LDF and height of the shower maximum (cf.
Sec. 3.2). This relation is derived from air shower simula-
tions and is universal with respect to the primary particle and
hadronic interaction models [154]. We will therefore assume
in the following, that the the Yakutsk measurement is bias-free
and that it can be compared to air shower simulations directly.

To allow a comparison of the results of these experiments and
moreover to calculate hln Ai using the Eposmodel (cf. Sec. 3.4)
which was not used in some of the original publications, we
correct the hXmaxiobs-values of HiRes and TA by shifting them
by an amount � which we infer from the di↵erence of the pub-
lished hXmaxiobs-values for proton, QGSJetII to the simulated
values that are obtained without detector distortions:

hXmaxicorr = hXmaxiobs + � (27)

12

K.-‐H.	  Kampert	  &	  M.	  Unger	  Astropart.	  Phys.	  35	  (2012)	  10
30 EeV event
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K.-‐H.	  Kampert	  VHEPA	  2014

‣ In	  this	  example:	  
‣ Emax,p	  =	  1018.9	  eV  

Emax,Fe	  =	  26	  Emax,p	  
‣ Source	  spectral	  index	  =	  1.55	   

(very	  hard)	  
‣ No	  source	  evoluZon

‣Here	  limi+ng	  energy	  of	  sources	  
combined	  with	  GZK	  describes	  
composi+on	  data	  best	  
‣Addi+onal	  (proton)	  component	  
may	  be	  needed	  to	  describe	  
composi+on	  at	  highes	  energies	  
‣Pure	  proton	  composi+on	  can	  
not	  describe	  Auger	  data

preliminary

preliminary

source composition according to 
galactic nuclear abundances. 
Inspired by DuVernois et al. 1996 &  
Allard, Astropart. Phys. 39-40, 2012
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Many other papers on this subject

2310th Rencontres du Vietnam

Bofom	  line:	  
‣Hard	  source	  spectral	  index	  needed,	  unless	  
nearby	  source	  (addiZonal	  component)	  is	  assumed	  

‣ Too	  early	  to	  draw	  decisive	  conclusions	    
(large	  parameter	  space	  and	  big	  uncertainZes)
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Multi-messenger approach

2410th Rencontres du Vietnam
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(a) Proton sources, ↵ = 2.4, E
max

= 200 EeV, GRB2
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(b) Including cascade photons

Figure 1 – Pure proton injection at the sources, with a spectral index at injection of ↵ = 2.4 and a maximum
energy of E

max

= 200 EeV. The GRB2 source evolution model has been implemented. (a) In the left panel in
red points the measured Pierre Auger UHECR spectrum is shown, while in black points the simulated UHECR
spectrum is given. The lines show the bounds on the all-flavor neutrino flux by IceCube (dashed dotted), Pierre
Auger (straight) and Anita (dashed). The green area indicates the flux level of the IceCube events. The magenta
points show the simulated neutrino flux. (b) The same spectra, bounds and flux level are given in the right panel
as well. Furthermore, the di↵use gamma-ray flux observed by Fermi and the simulated gamma-ray flux from
UHECR interactions are shown.
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Figure 2 – Pure proton injection at the sources, with a spectral index at injection of ↵ = 2.2 and a maximum
energy of E

max

= 200 EeV. The FRII source evolution model has been implemented. The same simulated spectra,
measurements, limits and flux level are shown as in fig. 1(b).

‣ IceCube	  PeV	  neutrino	  events	  from	  extragalac+c	  UHECRs?
G.	  Sigl,	  A.v.	  Vliet,	  Proc.	  Rencontres	  de	  Moriond	  2014	  

‣Difficult	  to	  interpret	  IceCube	  events	  in	  terms	  of	  cosmogenic	  
neutrino	  flux	  
‣Gamma	  ray	  flux	  of	  the	  order	  of	  Fermi	  diffuse	  level

In	  this	  example:	  
‣ pure	  proton	  injecZon	  
‣ source	  spectral	  index	  2.2	  
‣ Emax	  =	  200	  EeV	  
‣ RelaZvely	  strong	  source	  

evoluZon	  model
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Conclusion
"
"
"

‣ Propagation of UHECRs plays an important role constraining 
astrophysical parameters 

‣ Modern simulation tools enable 1D and 3D simulations in 
structured (extra)galactic environments including secondaries 

‣ Too early to draw decisive conclusions on astrophysical parameters  
➡ Use more observables and experimental data 

VHEPA, Kashiwa/Tokyo (Japan), March 19-20, 2014Karl-Heinz Kampert - Univ. Wuppertal
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Auger data show a smooth change
to a heavier composition above 5 EeV

using post LHC interaction models:
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(b) Including cascade photons

Figure 1 – Pure proton injection at the sources, with a spectral index at injection of ↵ = 2.4 and a maximum
energy of E

max

= 200 EeV. The GRB2 source evolution model has been implemented. (a) In the left panel in
red points the measured Pierre Auger UHECR spectrum is shown, while in black points the simulated UHECR
spectrum is given. The lines show the bounds on the all-flavor neutrino flux by IceCube (dashed dotted), Pierre
Auger (straight) and Anita (dashed). The green area indicates the flux level of the IceCube events. The magenta
points show the simulated neutrino flux. (b) The same spectra, bounds and flux level are given in the right panel
as well. Furthermore, the di↵use gamma-ray flux observed by Fermi and the simulated gamma-ray flux from
UHECR interactions are shown.
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Figure 2 – Pure proton injection at the sources, with a spectral index at injection of ↵ = 2.2 and a maximum
energy of E

max

= 200 EeV. The FRII source evolution model has been implemented. The same simulated spectra,
measurements, limits and flux level are shown as in fig. 1(b).

spectrum composition arrival direction photons, neutrinos

… the future is bright

"
‣ Secondaries as messengers may further constrain astrophysical 

parameters, e.g. by comparing with TeV observations 
‣ Vibrant field of MC / data comparison. More results to come…


