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In astroparticle physics, an ultra-
high-energy cosmic ray (UHECR) 
is a cosmic ray particle with a kinetic 
energy greater than 1018 eV, far 
beyond both its rest mass and 
energies typical of other cosmic ray 
particles.

Definition wikipedia:

Let’s have a closer look…

mailto:kuempel@physik.rwth-aachen.de
http://en.wikipedia.org/wiki/Astroparticle_physics
http://en.wikipedia.org/wiki/Cosmic_ray
http://en.wikipedia.org/wiki/Kinetic_energy
http://en.wikipedia.org/wiki/Electronvolt
http://en.wikipedia.org/wiki/Rest_mass
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Victor Franz Hess
Victor Franz Hess:  
How fast does an electroscope discharge when we leave 
the surface of the Earth?	


Expectation: 	


Discharge should decrease for increasing altitude	


  

Hess after landing

Ballon of Franz Victor Hess
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Conclusion:  
This radiation is not from Earth, it’s from 
space!

24 years later he receives 
the Nobel price for the 
discovery of cosmic rays 

Observation:  
After a specific height discharge increases!!

It was August 7 1912 - 6am …

mailto:kuempel@physik.rwth-aachen.de
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… the story continues…
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Pierre Auger

Year 1938:
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Extensive air showers (EAS)
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Observation:  
Even at spacings of ~80 m they detect 
coincidences of particles 
Explanation:  
These particles are secondary particles from  
extensive air showers!

Pierre Auger

Werner Kolhörster

mailto:kuempel@physik.rwth-aachen.de
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Extensive air showers
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Primary
Particle

Nuclear interaction
with air molecule

h a d r o n i c
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Why do we care about EAS?

Region almost 	
impossible for 	

direct 
measurements

1 particle / m2 / yr

1 particle / km2 / yr Highest energies only 
indirect accessible, e.g. 

via extensive air 
showers 
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Primary 	


cosmic rays

Fluorescence light

Extensive air shower

Two main measurement techniques:
Fluorescence telescope

Water-Cherenkov detector
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Pioneering experiment in 1961
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John Linsley

Linsley (checking for rattlesnakes)

First giant air shower array !
at Vulcano ranch / USA

• 19 plastic scintillation 
counters!

• total 8.1 km2 area

• First measurement of energy spectrum  
above 1018 eV!

• First observation of 1020 eV air shower!
• Extragalactic origin likely!

Linsley’s event > 1020 eV

mailto:kuempel@physik.rwth-aachen.de
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1965: The big discovery
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Wilson Penzias

„Universe is filled !
with photons“

Impact on propagation of !
ultra-high energy cosmic rays. !

More to come…

mailto:kuempel@physik.rwth-aachen.de
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Haverah Park, UK 1962-87

Water Cherenkov tank inside

Water Cherenkov tank inside

Haverah Park, UK 1962 - 1987
Using water-Cherenkov tanks

mailto:kuempel@physik.rwth-aachen.de
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Water Cherenkov tank inside

Water Cherenkov tank inside

Haverah Park, UK 1962 - 1987
Using water-Cherenkov tanks
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Fluorescence light
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Light emitted isotropically at near-UV wavelength

Light originates from transitions from the second positive system 
(2P) of molecular nitrogen N2 and the first negative system (1N) of 

ionized nitrogen molecules.

~ 4 photons / m / electron!

~ 0.5% of dE/dX

mailto:kuempel@physik.rwth-aachen.de
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Fly’s Eye experiment, Utah, USA
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First detection of particle with 3.2 x 1020 eV (Bird et al. Astrophys.J. 441 (1995) 144-150 )!
Primary type: Unknown

Utilizing fluorescence light 1981 - 1993

mailto:kuempel@physik.rwth-aachen.de
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… today: The Pierre Auger Observatory
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Full members
Associate members

Dates:	


•1992:  

First ideas for a giant extensive air 
shower experiment by J. Cronin and 
A. Watson	



•2000:  
Start of construction	



•Since 2004:  
Data taking	



•2008:  
Construction complete

OBSERVATORY

Aim: Study ultra-high energy 
cosmic rays above 1017 eV

About 500 collaborators from 18 countries

Pierre Auger Observatory

mailto:kuempel@physik.rwth-aachen.de
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Pierre Auger Observatory
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• About 3000 km2 area	



•1660 water-Cherenkov tanks	



•27 fluorescence telescopes

10 km

Loma Amarilla

Los Morados

Los Leones

Coihueco

HEAT

XLF

BLS

CLF

Additional R&D antennas

mailto:kuempel@physik.rwth-aachen.de
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17

Hybrid technique

Advantage:  
‣More accurate energy and directional 

information	


‣ Lower energy threshold	


‣ Small dependence on interaction 

models

Disadvantage:  
‣Only 10-15% duty cycle 

mailto:kuempel@physik.rwth-aachen.de
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Two step process: 1. Determination of the shower 
detector plane (SDP)
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Plane spanned by the (signal-weighted) 
viewing directions of the triggered 

camera

Direction within this plane 
still unclear…
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Two step process: 2.Determine geometry within SDP
Geometry reconstruction

Sh
ow

er 
De
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tor

 Pl
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e
Ground Plane

FD

t0
Rp

χi

χ0

shower front

Ŝ

χ0 - χi

ti

τi
prop

Si.
τi

shower

Use timing information of pixel!
Express expected arrival time ti at 

telescope as function of Rp, t0 and chi0 :

ti = t
0

� ⌧ shower

i + ⌧propi

ti = t0 +
Rp

c
tan

✓
�0 � �i

2

◆

Fit Rp, t0 and chi0 to 
determine geometry

SD information  
(impact on ground)

Angular resolution 
typically less than 1°
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Energy reconstruction

20CASPAR2014

]2Slant Depth X [g/cm
200 400 600 800 1000 1200 1400 1600 1800

)]2
dE

/d
X 

[P
eV

/(g
/cm

-10

0

10

20

30

40

50

60

Z
dE

dX
dX ⇠ E

Energy determination from profile fit

Largest uncertainty from fluorescence yield!
Systematic uncertainty ~14%
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Auger in operation…

Video by S. Saffi
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Auger in operation…

Video by S. Saffi
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…	
  s$ll	
  many	
  open	
  ques$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?

Ultra-high energy 
cosmic rays (UHECR)
E	
  >	
  10

… and today, 
more than 100 years after  

the discovery of cosmic rays?

mailto:kuempel@physik.rwth-aachen.de
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Birth
supernovae	


pulsar	


black hole	


AGN	


…

Additional 
acceleration

spallation	


radioactive decay	


magnetic fields	


interactions

Propagation

shock acceleration 
(Fermi) 	



charged particle

General picture UHECR

neutral particle

Death
cosmic ray air 
shower

Galactic 
deflection

magnetic field	


interactions

mailto:kuempel@physik.rwth-aachen.de
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Extra-galactic energy density 
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‣ Cosmic	
  rays	
  can	
  interact	
  with	
  background	
  photons:

cosmic ray

ph
oto

n

interaction

#
✏0 = ✏�(1� cos(#))

� =
E

m

photon energy in 
nucleus rest frame

	
  	
  	
  	
  	
  	
  is	
  the	
  relevant	
  
energy	
  scale	
  for	
  

interac$on

✏0

✏

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Interactions

25CASPAR2014

‣ 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

! � + �

ABer	
  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	
  LeY.	
  4	
  78	
  (1966)

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Interactions

26CASPAR2014

‣ 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
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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
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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)

rate for emission of i 
nucleons of mass A

mailto:kuempel@physik.rwth-aachen.de
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Interaction rate
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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)

mailto:kuempel@physik.rwth-aachen.de
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Attenuation length for protons

28CASPAR2014

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	
  
produc[on	
  on	
  CMB	
  

‣ High	
  energies: 
Most	
  important	
  loss	
  length	
  is	
  pion	
  
produc[on	
  on	
  CMB
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GZK-­‐effect:	
  For	
  propaga[on	
  distances	
  >	
  100	
  
Mpc	
  the	
  primary	
  energy	
  is	
  aYenuated	
  to	
  
almost	
  the	
  same	
  value

propagation distance [Mpc]1 10 210 310

1910

2010

2110

2210

total propagation distance 1 Gpcme
an

 en
erg

y o
f le

ad
ing

 pa
rti

cle
 [e

V]

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Energy loss rate for Carbon-12
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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	
  
photodisintegra[on	
  

‣ High	
  energies: 
Pion	
  produc[on	
  on	
  CMB	
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PROCEEDINGS OF THE 31st ICRC, ŁÓDŹ 2009 1

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.
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‣ Dominant	
  interac[on	
  process	
  is	
  pair	
  
produc[on:

�UHE + �b ! e+ + e�

‣ Strong	
  aYenua[on	
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  PeV	
  regime	
  by	
  
CMB	
  photons

‣ Typical	
  energy	
  loss	
  length:	
  
‣ 7-­‐15	
  Mpc	
  at	
  1019	
  eV	
  
‣ 5-­‐30	
  Mpc	
  at	
  1020	
  eV
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‣ Some	
  words	
  of	
  cau<on:	
  Extragalac<c	
  magne[c	
  fields	
  are	
  currently	
  poorly	
  constrained.	
  
‣ Their	
  origin	
  is	
  not	
  well	
  understood	
  (primordial	
  Universe,	
  magne[c	
  pollu[on	
  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	
  maYer	
  density	
  in	
  this	
  environment
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filling factor of the
extragalactic magnetic
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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	
  direc[on	
  of	
  UHECRs	
  is	
  probably	
    
related	
  to	
  magne[c	
  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	
  rota[on	
  measurements	
  and	
    

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

R.	
  Jansson	
  and	
  G.	
  R.	
  Farrar,	
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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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It has not escaped our notice that the directions of the five most
energetic events are not part of the fraction of events that correlate
with objects in the VCV catalog.

Additional monitoring of the correlation signal with this set of
astronomical objects can also be found in [29]. Further studies of
the correlation exploring other parameters are currently in pro-
gress. One conjecture often made in the literature (see e.g.
[30,31] and references therein) is that powerful radiogalaxies are
the most promising contenders for UHECR acceleration, along with
gamma-ray bursts. The analysis of directional correlations of
UHECRs with positions of AGNs from the VCV catalog discussed
here does not account for any differences among those AGNs. Thus,
a logical next step with respect to [6,7] would consider the AGN
radio luminosity given in the VCV catalog as a fourth scan param-
eter to find a threshold in radio luminosity above which the direc-
tional correlation starts to increase. Such a scan has been
performed with a subset of the data and the signal evolution with
those parameters is being monitored since, similarly as presented
here for all AGN of the VCV. These results will be reported
elsewhere.

The HiRes collaboration has reported [32] an absence of a corre-
lation with AGNs of the VCV catalog using the parameters of the
Auger prescribed test. They found two events correlating out of a
set of 13 arrival directions that have been measured stereoscopi-

cally above an energy which they estimated to be the same as
the Auger prescribed energy threshold. The 38% correlation mea-
sured by Auger suggests that approximately five arrival directions
out of 13 HiRes directions should correlate with an AGN position.
The difference between 2 and 5 does not rule out a 38% correlation
in the northern hemisphere that is observed by the HiRes detector.
Also, it is not necessarily expected that the correlating fraction
should be the same in both hemispheres. The three-dimensional
AGN distribution is not uniform, and the VCV catalog itself has dif-
ferent level of completeness in the two hemispheres. In addition,
comparison of results between the two observatories is especially
challenging in this situation because the energy cut occurs where
the GZK suppression has steepened the already steep cosmic ray
spectrum. A small difference in the threshold energy or a difference
in energy resolution can strongly affect the measurement of a cor-
relation that exists only above the threshold.

It is worth mentioning that while the degree of correlation with
the parameters of the test updated here has decreased with the
accumulation of new data, a re-scan of the complete data set sim-
ilar to that performed in Ref. [7] does not lead to a much more sig-
nificant correlation for other values of the parameters. The largest
departure from isotropic expectations in the scan actually occurs
for the same energy threshold Eth = 55 EeV and maximum redshift
z 6 0.018. There is a spread in the angular scales over which the
correlation departs from isotropic expectations. This issue will be
examined in Section 4, where we explore the correlation with
other sets of nearby extragalactic objects, described by catalogs
more uniform than the VCV compilation.

There is now available a more recent version of the VCV catalog
[33]. Conclusions are similar if the arrival directions are compared
to the distribution of objects in this latest version.

4. Examination of the arrival directions in relation to other
catalogs

As noted in [6], ‘‘the correlation that we observe with nearby
AGNs from the VCV catalog cannot be used alone as a proof that
AGNs are the sources. Other sources, as long as their distribution
within the GZK horizon is sufficiently similar to that of the AGNs,
could lead to a significant correlation between the arrival direc-
tions of cosmic rays and the AGNs positions.” It is therefore appro-
priate to investigate the arrival directions of this data set with
respect to other scenarios for cosmic ray sources in the local
universe.

Fig. 1. The 69 arrival directions of CRs with energy EP 55 EeV detected by the Pierre Auger Observatory up to 31 December 2009 are plotted as black dots in an Aitoff-
Hammer projection of the sky in galactic coordinates. The solid line represents the border of the field of view of the Southern Observatory for zenith angles smaller than 60!.
Blue circles of radius 3.1! are centred at the positions of the 318 AGNs in the VCV catalog that lie within 75 Mpc and that are within the field of view of the Observatory.
Darker blue indicates larger relative exposure. The exposure-weighted fraction of the sky covered by the blue circles is 21%. (For interpretation of the references to colour in
this figure legend, the reader is referred to the web version of this article.)
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Figure 5. The sky map of the TA events (white dots) with E > 57 EeV and the zenith angle cut z < 55� in the Galactic coordinates.
The bands of grey represent the expected UHECR flux assuming sources follow the matter distribution in the local Universe, smeared
with the angular scale of 6�.
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Figure 6. Left: The most likely value of the degree of correlation p
data

= k/N is plotted as a function of the total number of
time-ordered events (excluding the data used for the parameter scan) [62]. The 68%, 95% and 99.7% confidence level intervals
around the most likely value are shaded. The horizontal red dashed line shows the isotropic value p
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= 0.21 and the full black line
the current estimate of the signal p

data

= 0.33± 0.05. The black symbols show the correlation fraction in independent bins with 10
consecutive events. Right: Number of correlating events from TA (red crosses) [61] as a function of the total number of events. The
black line shows the expected number of random coincidences assuming a uniform background. The latest data correspond to 17
correlating events out of 42. The shaded area shows the expectation (1- and 2� bands) based on the degree of correlation measured
by Auger [62].

this reason, not all components of the low multipoles can be extracted unambiguously from the data of a single
experiment. For instance, because of the (approximate) azimuthal symmetry of the exposure function, only the
(xy)-components of the dipole (in equatorial coordinates) can be obtained in a straightforward way by a single
experiment.

Results of a search for the equatorial dipole have been reported by the Pierre Auger collaboration [18,68]. Fig. 7
(left panel) shows the measurement of the dipole amplitude as a function of energy. Di↵erent analysis techniques
have been used in di↵erent energy bins as indicated in the plot. The measured amplitude of the dipole is consistent
with expectations from the isotropic background. It is interesting to note, however, that the dipole amplitude is
not the most sensitive observable [68] because of the energy binning and related loss in statistics. Even when the
dipole amplitude is not su�ciently large to be detected, its phase may show regular behavior with energy, which
would be an indication for a non-zero dipole. The right panel of Fig. 7 shows the phase of the dipole as a function
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Figure 5. The sky map of the TA events (white dots) with E > 57 EeV and the zenith angle cut z < 55� in the Galactic coordinates.
The bands of grey represent the expected UHECR flux assuming sources follow the matter distribution in the local Universe, smeared
with the angular scale of 6�.
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(xy)-components of the dipole (in equatorial coordinates) can be obtained in a straightforward way by a single
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Results of a search for the equatorial dipole have been reported by the Pierre Auger collaboration [18,68]. Fig. 7
(left panel) shows the measurement of the dipole amplitude as a function of energy. Di↵erent analysis techniques
have been used in di↵erent energy bins as indicated in the plot. The measured amplitude of the dipole is consistent
with expectations from the isotropic background. It is interesting to note, however, that the dipole amplitude is
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Figure 4. Amplitudes of the quadrupolar moment as a function of the energy using a multipolar reconstruction up to ℓmax = 2. The dotted lines stand for the 99% CL
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Figure 5. 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.
(A color version of this figure is available in the online journal.)

smooth behavior is observed using the analysis presented here
and applied to a data set containing two additional years of data.

Assuming now that the angular distribution of cosmic rays is
modulated by a dipole and a quadrupole, the intensity Φ(n) can
be parameterized in any direction n as

Φ(n) = Φ0

4π
(1 + rd · n + λ+(q+ · n)2 + λ0(q0 · n)2 + λ−(q− · n)2),

(7)
with the constraint λ+ + λ− + λ0 = 0. It is convenient to define
the quadrupole amplitude β ≡ (λ+ − λ−)/(2 + λ+ + λ−), which
provides a measure of the maximal quadrupolar contrast in the
absence of a dipole. Hence, any quadrupolar pattern can be
fully described by two amplitudes (β, λ+) and three angles:
(δ+,α+), which define the orientation of q+, and (α−), which
defines the direction of q− in the orthogonal plane to q+. The
third eigenvector q0 is orthogonal to q+ and q−. The estimated
amplitudes λ+ and β are shown in Figure 4 as functions of
the energy. In the same way as for dipole amplitudes, the 99%
CL upper bounds on the quadrupole amplitude that could result
from fluctuations of an isotropic distribution are indicated by the
dashed lines. Throughout the energy range, there is no evidence
for anisotropy.

There are small uncertainties in correcting the estimator of the
energy for weather and geomagnetic effects, and these propa-
gate into systematic uncertainties in the measured anisotropy

parameters. As well, anisotropy parameters may be altered
in a systematic way by energy dependence of the attenuation
curve. All these systematic effects have been quantified (Pierre
Auger Collaboration 2012). They do not change significantly the
results presented here.

From these analyses, upper limits on dipole and quadrupole
amplitudes can be derived at 99% CL. They are shown in
Figure 5 for the dipole amplitudes, accounting for the systematic
uncertainties. We illustrate now their astrophysical interest by
calculating the amplitudes of anisotropy expected in a toy
scenario in which sources of EeV-cosmic rays are stationary,
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 here a recent parame-
terization of the regular component obtained by fitting model
field geometries to Faraday rotation measures of extragalactic
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Fig. 3.— Directional exposure above 1019 eV as obtained by summing the nominal individual ones of the
Telescope Array and the Pierre Auger Observatory, as a function of the declination. The overlapping sky
region is indicated by the yellow band.

dependence on declination can then be obtained in an analytical way (Sommers 2001) as

ωi(n) = Ai(cos λi cos δ sinαm + αm sinλi sin δ), (1)

where λi is the latitude of the considered experiment, the parameter αm is given by

αm =

⎧

⎪

⎪

⎨

⎪

⎪

⎩

0 ; ξ > 1,

π ; ξ < −1,

arccos ξ ; otherwise,

(2)

with ξ ≡ (cos θmax − sinλi sin δ)/ cos λi cos δ, and the normalization factors Ai chosen such that the
integration of each ωi function over 4π matches the (total) exposure of the corresponding experiment. The
directional exposure functions ωi(δ) of each experiment are shown in figure 3. Given the respective latitudes
of both observatories and with the maximum zenith angle used here, overall, it is clearly seen that full-sky
coverage is indeed achieved when summing both functions. Also, and it will be important in the following,
it is interesting to note that a common band of declination, namely −15◦ ≤ δ ≤ 25◦, is covered by both
experiments.

In principle, the combined directional exposure of the two experiments should be simply the sum of
the individual ones. However, individual exposures have here to be re-weighted by some empirical factor b
due to the unavoidable uncertainty in the relative exposures of the experiments:

ω(n; b) = ωTA(n) + bωAuger(n). (3)

Directional 
exposure 
above 1019 
eV

overlap region used 
to match E-scale

Combined Auger and TA analysis (E>10 EeV)!
(accepted for publication in ApJ)
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Fig. 13.— Left: 99% confidence level upper limits on the dipole amplitude as a function of the latitude
and longitude, in Equatorial coordinates and Mollweide projection. Right: Same for the amplitude of a
symmetric quadrupole.

have been obtained by searching for the smallest values of dipole amplitude oriented in each direction d

and quadrupole amplitude oriented in each direction q+ guaranteeing that the reconstructed amplitudes in
simulated data sets are larger or equal to the ones obtained for real data in 99% of the simulations. The
different sensitivities for each direction are caused by the different resolutions for each reconstructed multi-
polar coefficient. Note that the upper limits on the quadrupole amplitude pertain to a symmetric quadrupole
only (that is, a quadrupole with amplitudes such that λ− = λ0 = −λ+/2) to keep the number of studied
variables manageable.

For the first time, the upper limits on the dipole amplitude reported in figure 13 do not rely on any
assumption on the underlying flux of cosmic rays thanks to the full-sky coverage achieved in this joint
study. With partial-sky coverage, similar sensitivity could be obtained in this energy range but assuming
a pure dipolar flux (The Pierre Auger Collaboration 2012). In addition, the sensitivity on the quadrupole
amplitude (and to higher order multipoles as well) is the best ever obtained thanks, also, to the full-sky
coverage.

The cross-calibration procedure designed in this study pertains to any combined data sets from different
observatories showing an overlap in their respective directional exposure functions and covering the whole
sky once combined. It is conceivable to apply it in an energy range where the detection efficiency is not
saturated. Then, future joint studies between the Telescope Array and the Pierre Auger collaborations will
allow further characterisation of the arrival direction distributions down to ≃1018 eV.

Appendix

We provide in this appendix the transformation rules between the multipole coefficients and the param-
eters of the dipole vector and the quadrupole tensor. The multipole coefficients are assumed to be calculated

dipole upper limits @ 99% C.L. symmetric quadrupole upper limit 
@ 99% C.L.
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  expecta$on
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Let’s have a closer look…

‣ E	
  >	
  5.7	
  x	
  1019	
  eV	
  (72	
  events)	
  
‣ 19/72	
  events	
  fall	
  in	
  hotspot	
  (RA=146.7,	
  DEC	
  =	
  43.2°)	
  
‣ 4.5	
  events	
  expected	
  
‣ LiMa	
  significance	
  =	
  5.2	
  sigma	
  
‣ Es[mate	
  3.4	
  sigma	
  chance	
  probability	
  (4.6	
  sigma	
  for	
  6	
  years	
  TA	
  data)
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Connection to Ursa 
Mayor Supercluster?

‣ Angular	
  distance	
  between	
  hotspot	
  and	
  super	
  galac[c	
  plane	
  19°	
  
‣ Ursa	
  supercluster	
  is	
  extended	
  by	
  more	
  than	
  10°	
  from	
  super	
  galac[c	
  plane	
  
‣ TA	
  can	
  not	
  rule	
  out	
  some	
  rela[onship	
  between	
  hotspot	
  and	
  this	
  supercluster

Mrk421?    Filament  to local cluster ? 

RA [deg]

D
EC

 [d
eg

]

Krause et al. A&A, 551, 143 (2013)

supergalactic 
plane

Points: galaxy group
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Based on JF12 model

central 68% quantile

‣ Mean	
  deflec[on	
  assuming	
  that	
  par[cles	
  
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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TA hotspot

Mean deflection of protons 
arriving at the edge of the galaxy

Mean deflection of protons as 
seem from Earth

energy [log(E/eV)] energy [log(E/eV)]

galactic coordinates galactic coordinates
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TA hotspot

Mean deflection of protons 
arriving at the edge of the galaxy

Mean deflection of protons as 
seem from Earth

energy [log(E/eV)] energy [log(E/eV)]

galactic coordinates galactic coordinates
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‣ Spectral	
  index	
  seems	
  to	
  be	
  
rather	
  constant.	
  

‣ Need	
  beYer	
  resolu[on:	
  
Mul[ply	
  flux	
  by	
  E3
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TA, Astropart. Phys. 48 (2013) 16

‣ Both	
  experiments	
  see	
  
spectral	
  structure:	
  
‣ The	
  „ankle“	
  at	
  
about	
  5	
  x	
  1018	
  eV	
  

‣ Flux	
  suppression	
  at	
  
highest	
  energies	
  

‣ Origin	
  s[ll	
  unclear

„ankle“

„ankle“
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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

Xmax
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Figure 2. Top: Evolution of hX
max

i and �(X
max

) with energy in data from the Pierre Auger Observatory [15]. Bottom left: hX
max

i
as a function of energy from TA [30]. Bottom right: Average logarithmic mass of CRs as a function of energy derived from X

max

measurements with optical detectors for the EPOS 1.99 interaction model. Lines are estimates of the experimental systematics, i.e.
upper and lower boundaries of the data presented [26].

The interpretation of the all-particle energy spectrum in terms of the exhaustion of sources rather than in terms
of the GZK-e↵ect, discussed in the previous section (see histograms in Fig. 1), provides also a good description
of the evolution of hX

max

i and RMS(X
max

) with energy, as seen by Auger. This is demonstrated exemplarily in
Fig. 3 for the archetypal model from Ref. [22]. Similar results are reported e.g. in Refs. [35,16].

The mixture of light and intermediate/heavy primaries at the highest energies predicted by the maximum-
energy models may also explain the low level of directional correlations to nearby AGN. Enhancements, presently
foreseen by the Pierre Auger Collaboration will address this issue (see below). Moreover, improving the composition
measurement in the ankle region will be the key also to discriminate between di↵erent models proposed to explain
the transition from galactic to EG CRs. This has been a prime motivation for the HEAT and TALE extensions of
the Pierre Auger and TA Observatories, respectively [36,37]. Clearly, the importance of measuring the composition
up to the highest energy cannot be overstated as it will be the key to answering the question about the origin of
the GZK-like flux suppression and the transition from galactic- to extra-galactic cosmic rays discussed above.
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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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Only a neutrino can induce a young horizontal shower!
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Limits constrain models with proton primaries & strong source evolution
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Photon induced air 
showers: 

Two main characteristics:	


1.Delayed shower development 

(larger Xmax)	


2.Lack of muons due to smaller 

photo-nuclear cross-section

Chapter 2
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Figure 2.5: Average depth of shower maximum Xmax as a function of primary energy
E0 modified from [4]. Experimental results from Auger [35], BLANCA [36], CACTI [37],
DICE [38], Fly’s Eye [39], Haverah Park [40], HEGRA [41], HiRes/MIA [42], HiRes [43],
Mt. Lian Wang [44], SPASE/VOLCAN [45], Tunka-25 [46] and Yakutsk [47]. The results
are compared to predictions of the average depth of shower maximum for primary pho-
tons (green), protons (blue) and iron (red). Di�erent interaction models were used namely
QGSJET 01 [48], EPOS 1.6 [49], QGSJET II-3 [50] and SIBYLL 2.1 [51] as well as modi-
fications in the magnetic field (MF) and conversion processes for primary photons (cf. Sec.
5.4).

The decreasing cosmic ray flux at energies above 1014 eV makes it inevitable to mea-
sure properties of primary cosmic rays via secondary particles produced when interacting
with the atmosphere of the Earth. The physics and detection techniques of so-called
Extensive Air Showers (EAS) is described in more detail in Chapter 3. As a result of
large fluctuations in the shower development an often-used quantity to characterize the
composition is the mean logarithmic mass, defined as

�lnA⇥ =
�

ri lnAi ,

where ri is the relative fraction of nuclei i with atomic mass number Ai. In an air shower
experiment �lnA⇥ is obtained applying two methods:

1. The quantity is proportional to the ratio of the number of electrons and muons

8

Combine in 
multivariate 

analysis

Identification:
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No GZK photons and neutrinos, yet
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induced shower simulations (+9%, -33%) and of the neu-
trino cross-section (± 7%) [11]. For the ES analysis, the
systematic uncertainties are dominated by the energy losses
of the tau (+25%, -10%), the shower simulations (+20%,
-5%), and the topography (+18%, 0%).

4 Results and conclusions
Using the combined exposure and assuming a F(E

n

) = k ·
E�2

n

differential neutrino flux and a 1:1:1 flavour ratio, an
upper limit on the value of k can be obtained as:

k =
Nup

R Emax
Emin

E�2
n

Etot(En

) dE
n

(1)

The actual value of the upper limit on the signal events
(Nup) depends on the number of observed and expected
background events as well as on the confidence level re-
quired. Using a semi-Bayesian extension [9] of the Feldman-
Cousins approach [10] to include the uncertainties in the
exposure, Nup is different from the nominal value for zero
candidates and no expected background (Nup = 2.44 at 90%
C.L.), and is different for each channel depending on the
type of systematic uncertainties, and the reference exposure
chosen [6, 7].

The updated single-flavour 90% C.L. limit is:

k90 < 1.3⇥10�8 GeV cm�2 s�1 sr�1 (2)

and applies in the energy interval ⇠ 1.0⇥1017 eV�1.0⇥
1020 eV where ⇠ 90% of the event rate is expected. The
result is shown in Fig. 5 along with the limit in different
bins of width 0.5 in log10 E

n

(differential limit) to show at
which energies the sensitivity of the SD of the Pierre Auger
Observatory peaks. The search period corresponds to an
equivalent of almost 6 years of a complete Auger SD array
working continuously. The inclusion of the latest data from
1 June 10 until 31 December 12 in the search represents
an increase of a factor ⇠ 1.7 in event number with respect
to previous searches [6, 7]. The relative contributions of
the ES:DGH:DGL channels to the total expected event rate
assuming a flux behaving with neutrino energy as E�2

n

, are
0.73:0.23:0.04 respectively.

The current Auger limit is below the Waxman-Bahcall
bound on neutrino production in optically thin sources
[14]. With data unblinded up to 31 December 12, we are
starting to constrain models of cosmogenic n fluxes that
assume a pure primary proton composition injected at
the sources. As an example we expect ⇠ 1.4 cosmogenic
neutrino events from a model normalised to Fermi-LAT
observations (solid line, bottom right panel in Fig. 4 of [15],
also shown in Fig. 5 in this work). The gray shaded area in
Fig. 5 brackets the cosmogenic neutrinos fluxes predicted
under a wide range of assumptions for the cosmological
evolution of the sources, for the transition between the
galactic and extragalactic component of cosmic rays, and for
the UHECR composition [17]. The corresponding expected
number of cosmogenic neutrino events ranges between
⇠ 0.2 and ⇠ 0.6.

The two events in the PeV energy range recently reported
by the IceCube collaboration are compatible with a power-
law flux which follows E�2

n

with normalisation E2
n

F
n

=
1.2 10�8 GeV cm�2 s�1 sr�1 for each flavour (see Fig. 5 in
[18]). Extending this upper limit to the flux with the same
power-law up to 1020 eV we would expect ⇠ 2.2 events
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Figure 5: Differential and integrated upper limits (at 90%
C.L.) from the Pierre Auger Observatory for a diffuse flux
of UHE neutrinos. The search period corresponds to ⇠ 6
yr of a complete SD. We also show the integrated limits
from ANITAII [12] and RICE [13] experiments, along with
expected fluxes for several cosmogenic neutrino models
[15, 16, 17] as well as for astrophysical sources [1, 14].

in Auger while none is observed. The possibility that such
a neutrino flux also represents the flux at UHE energies is
excluded at close to 90% C.L.
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Idea: Directional search for photon point sources
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Measure extensive air showers 	


• Arrival direction	


• Shower characteristics
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Measure extensive air showers 	


• Arrival direction	


• Shower characteristics

Any point sources visible?
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Measure extensive air showers 	


• Arrival direction	


• Shower characteristics

Any point sources visible?

Try to reduce background by 
selecting only photon-like events

No!?

Idea: Directional search for photon point sources
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Fig. 10.— Celestial map of photon flux upper limits in
h
photons
km2·yr

i
illustrated in Galactic

coordinates.

The energy flux in TeV gamma rays exceeds 1 eV cm�2 s�1 for some Galactic sources with581

a di↵erential spectral index of E�2 (Hinton & Hofmann 2009; H.E.S.S. 2011). A source582

with a di↵erential spectral index of E�2 puts out equal energy in each decade, resulting in583

an expected energy flux of 1 eV cm�2 s�1 in the EeV decade. No energy flux that strong584

in EeV photons is observed from any target direction, including directions of TeV sources585

such as Centaurus A or the Galactic center region. This flux would have been detected with586

> 5� significance, even after penalizing for the large number of trials (using Eqn. 6 and587

Eqn. 7). Furthermore, an energy flux of 0.25 eV cm�2 s�1 would yield an excess of at least588

5� for median exposure targets. If we make the conservative assumption that all detected589

photons are at the upper energy bound, a flux of 1.44 eV cm�2 s�1 would be detectable.590

This result for median exposure targets is independent of the assumed photon spectral591

index, and implies that we can exclude a photon flux greater than 1.44 eV cm�2 s�1 with592

5� significance.593
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A. Abramowski et al.: VHE γ-rays from PSR B1706−44 and SNR G 343.1−2.3

Fig. 1. Left: image of the VHE γ-ray excess (in units of γ-rays arcmin−2) from H.E.S.S. J1708−443, smoothed with a 2D Gaussian with a width
σ = 0.10◦. The blue-to-red color transition is chosen to reduce the appearance of features which are not statistically significant. The white cross
is located at the best-fit position of the center-of-gravity of the emission and its size represents the statistical error of the fit. The small and large
dotted white circles, labeled A and C, respectively, denote the regions used for spectral analysis. The a priori defined Region B, from which the
detection significance was calculated, is represented by a dotted green circle. The three regions are summarized in Table 2. The position of
the pulsar PSR B1706−44, at the center of region A, is marked by a square. The inset (bottom-left corner) shows the point-spread function of the
H.E.S.S. telescope array for this particular dataset, smoothed in the same manner as the excess image. Radio contours of constant intensity, as
seen at 330 MHz with the Very Large Array (VLA), are shown in green. The radio data were smoothed with a Gaussian of width σ = 0.03◦. The
local maximum in the radio contours at the center of the image is largely due to PMN J1708−4419, an extragalactic object seen in projection (see
Sect. 4.3). Right: gamma-ray excess in quadratic bins of 0.175◦ width. The upper number in each bin is the excess summed within this bin, and the
lower number is the corresponding statistical error. The blue contours correspond to a smoothed excess of 0.14, 0.17, and 0.21 γ-rays arcmin−2,
taken from the image on the left. The red-rimmed bin is centered on the pulsar position. Note the different field-of-view used in the two figures.

Nebula (Aharonian et al. 2006a). This upper limit corresponds
to ∼1% of the flux of the Crab Nebula in the same energy range.

The energy spectrum of the entire source is extracted from
Region C. Within the large integration circle, 615 excess γ-ray
events were found, corresponding to a statistical significance
of 6.8σ (pre-trials). The differential spectrum (Fig. 2) is well-
described by a power law φ = φ0 (E/1 TeV)−Γ with a spectral
photon index Γ = 2.0±0.1stat±0.2sys and a flux normalization at
1 TeV of φ0 = (4.2±0.8stat±1.0sys)×10−12 cm−2 s−1 TeV−1. The
integral flux F(1–10 TeV) = 3.8 × 10−12 ph cm−2 s−1 is ∼17%
of the Crab Nebula flux in the same energy range. The extracted
flux points from the extended emission and the fitted power law
are shown in Fig. 2. The results presented above have been cross-
checked, using an independent calibration of the raw data and an
alternative analysis chain. The cross-checks included a spectral
analysis using the reflected region background method (Berge
et al. 2007), which requires observations to be centered outside
of the emissive region and thus used only half of the available
dataset. All cross-checks confirmed the primary results within
the stated statistical uncertainties.

The most recent observations and analysis by CANGAROO-
III also give an indication of extended emission in the vicinity
of PSR B1706−44 (Enomoto et al. 2009). However, their results
differ significantly from those given in this paper. For example,
the morphology of the VHE γ-ray excess reported by Enomoto
et al. (2009), using an ON-OFF background technique, is that
of a source centered roughly at the pulsar position, as opposed
to H.E.S.S. J1708−443, whose centroid is clearly offset from the
pulsar. Furthermore, CANGAROO-III measures a Crab Nebula-
level integral flux (above 1 TeV) within 1.0◦ of the pulsar, which
is inconsistent with the ∼18% Crab flux measured by H.E.S.S.

Fig. 2. Differential energy spectrum of H.E.S.S. J1708−443, extracted
from Region C (see Table 2). The solid line shows the result of a power-
law fit. The error bars denote 1-σ statistical errors. The bottom panel
shows the residuals of the power-law fit. Events with energies between
0.6 and 28 TeV were used in the determination of the spectrum, and the
minimum significance per bin is 1σ.

in the same energy range. The difference is possibly due to the
exact methods used for background subtraction; in the H.E.S.S.
analysis, the OFF data are normalized to source-free regions of
the ON data, because the background can vary significantly de-
pending on the observing conditions.
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Figure 4. Celestial maps of the flux upper limit (particles/km2yr) in Galactic coordinates.
(A color version of this figure is available in the online journal.)

total number of targets of equal or greater significance. The other
focuses on the tail of low significances by plotting the total num-
ber of targets that had equal or lower Li–Ma significance. The
shaded bands are 95% containment bands for simulation data
sets. For any number of targets (plotted vertically), the shaded
band extends horizontally over 95% of the simulation data sets;
2.5% of the simulation integral curves were to the left of the
band at that vertical level, and 2.5% of the simulation integral
curves were to the right of the band.

The fact that the red curve does not lie to the right of the right-
hand shaded region means that this search has not identified
obviously significant hot spots. The deviation from the Gaussian
curve for negative significances in the case E ! 3 EeV is caused
by the very low statistics in many targets.

5.2. Upper Limits

Flux upper limits (95% CL) for each target direction are
displayed in the color sky plots of Figure 4. Each limit is
calculated according to the method explained in Sections 3.5
and 3.6, and it is the upper limit on the time-averaged neutron
flux from that celestial direction.

The mean flux upper limit is shown as a function of dec-
lination in Figure 5 for each of the energy ranges. The upper
limits tend to be greater (weaker) for the northern declinations
where the directional exposure (shown in Figure 2) is reduced.
The limits are lowest (strongest) near the South Pole (−90◦

declination) where the directional exposure is maximum, but
the mean value is less accurately determined in that region be-
cause there are relatively few targets in a declination band.

6. SUMMARY AND DISCUSSION

The blind search for a flux of neutral particles using the Auger
SD data set finds no candidate point on the sky that stands out
among the large number of trial targets. Upper limits have been
calculated for all parts of the sky using four different energy
ranges. Three of those ranges are independent data sets and the
fourth is the combination of the other three. These upper limits
pertain to neutrons, with systematic uncertainties as discussed
in Section 4. (The methods used in this paper are less sensitive
to photons.)

The upper limits are generally more stringent where the di-
rectional exposure is relatively high, but they are strong enough
to be of considerable astrophysical interest in all parts of the
exposed sky. Above 1 EeV, the typical (median) flux upper limit
is 0.0114 neutron km−2 yr−1. That corresponds to an energy flux
limit of 0.083 eV cm−2 s−1 (or 0.026 EeV km−2 yr−1) in the
EeV energy decade if the differential neutron spectrum is pro-
portional to 1/E2. Even for the regions of minimum sensitivity,
the flux upper limit does not exceed 0.046 particles km−2 yr−1,
corresponding to 0.34 eV cm−2 s−1 (or 0.106 EeV km−2 yr−1)
for a 1/E2 spectrum.

As noted in the introduction, this energy flux limit is well
below what is observed from some Galactic TeV gamma-ray
sources, and hadronic production of photons by protons with a
1/E2 spectrum should have equal power in each energy decade.
The luminosity emitted in neutrons should be at least as great
as the luminosity emitted in hadronically produced photons.
The upper limits on neutron fluxes at EeV energies indicate
that TeV gamma-ray emission from those sources might be of

9

Similar to directional photon search but using no photon cut 
and surface detector information

No neutrons found!

Absence of neutrons suggests that sources are extragalactic 
(or transient, or emitting in jets, or optically thin to escaping protons) 

Constrain models in which EeV protons are produced  by a 
low density of strong sources in the galaxy

Auger 2012

The Astrophysical Journal Letters, 789:L34 (7pp), 2014 July 10 Aab et al.

Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0

N−1∑

j=0

(− log Π0)j

j !
= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a

5
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Table 1
Results of the Combined Analysis for each Target Set and Each Energy Range

Class No. Weighted P-value Pw Unweighted P-value P

!1 EeV 1–2 EeV 2–3 EeV !3 EeV !1 EeV 1–2 EeV 2–3 EeV !3 EeV

msec PSRs 68 0.48 0.40 0.22 0.61 0.86 0.53 0.64 0.65
γ -ray PSRs 77 0.23 0.13 0.71 0.24 0.82 0.96 0.38 0.64
LMXB 87 0.37 0.43 0.81 0.40 0.041 0.12 0.13 0.54
HMXB 48 0.014 0.011 0.061 0.27 0.095 0.090 0.22 0.66
H.E.S.S. PWN 17 0.083 0.021 0.98 0.21 0.88 0.87 0.75 0.042
H.E.S.S. other 16 0.91 0.93 0.94 0.35 0.42 0.83 0.66 0.028
H.E.S.S. UNID 15 0.82 0.78 0.98 0.94 0.48 0.69 0.88 0.86
Microquasars 13 0.28 0.16 0.85 0.96 0.031 0.26 0.23 0.56
Magnetars 16 0.69 0.52 0.60 0.46 0.73 0.85 0.83 0.41
Gal. center 1 . . . . . . . . . . . . 0.24 0.48 0.22 0.17
Gal. plane 1 . . . . . . . . . . . . 0.96 0.91 0.70 0.25

Table 2
Results for the Most Significant Target from Each Target Set

Class R.A. [◦] Decl. [◦] Obs Exp Flux U.L. E-Flux U.L. p-value p-value
(km−2 yr−1) (eV cm−2 s−1) (penalized)

msec PSRs 260.27 −24.95 237 214 0.019 0.14 0.058 0.98
γ -ray PSRs 8.59 −5.58 176 149 0.024 0.18 0.016 0.70
LMXB 264.57 −26.99 265 219 0.028 0.20 0.0012 0.10
HMXB 152.45 −58.29 283 248 0.019 0.14 0.014 0.49
H.E.S.S. PWN 128.75 −45.60 275 248 0.018 0.13 0.043 0.53
H.E.S.S. other 269.72 −24.05 235 211 0.019 0.14 0.054 0.59
H.E.S.S. UNID 266.26 −30.37 251 227 0.018 0.13 0.055 0.57
Microquasars 262.75 −26.00 247 216 0.022 0.16 0.020 0.23
Magnetars 81.50 −66.08 268 241 0.016 0.11 0.040 0.48
Gal. center 266.42 −29.01 234 223 0.014 0.10 0.24 . . .

Gal. plane |Gal. lat.| < 1.◦17 16965 17197 0.077 0.56 0.96 . . .

Note. The upper limits are computed at 95% confidence level.

The expected number of events in a given target circle is taken to
be the average number found in 10,000 simulated data sets, each
having the same number of events as in the actual data set. As in
Abreu et al. (2012a), the arrival directions in a simulation event
set are produced by sampling independently from the measured
distributions for zenith angle, azimuth angle, and sidereal time.
The average of many simulation data sets has no structure on
small angular scales, providing a robust measure of the expected
cosmic-ray background in each target.

The result for any target i is summarized by a p-value pi.
This p-value is here defined by pi ≡ 1/2[Poisson(n, b) +
Poisson(n+ 1, b)], where Poisson(n, b) is the probability of get-
ting n or more arrival directions in the target when the observed
value is n, and the expected number from the background is b,
as determined using simulated data sets. Averaging the values
for n and n + 1 avoids the bias toward high p-values that occurs
with Poisson(n, b) and the bias toward low p-values that occurs
with Poisson(n + 1, b) for pure background fluctuations. When
combining probabilities from a large target set with the Fisher
formula (Fisher 1925), it is important that the individual p-values
pi have uniform expected distributions in the absence of any sig-
nal. Then for N targets with probabilities pi, i = 1, 2, ..., N , the
chance probability for their product (Π) not to be greater than
their actual product (Π0) is:

P(Π ! Π0) = Π0
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(− log Π0)j
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= 1−Poisson(N,− log Π0).

For a weighted set of N targets with weights wi , the combined
p-value Pw is given by Good’s formula (Good 1955). It is
the chance probability for the weighted product of p-values
(but sampled from uniform distributions) not to be greater
than the actual weighted product Πw. The weighted product
is the product of factors p

wi

i . Each p-value pi is raised to the
power wi in the product of p-values, so the weight wi can be
regarded as the “number of times” the result for target i is
counted relative to other targets of the set. In practice, the Good
combined Pw is evaluated numerically using an ensemble of sets
pi (i = 1, 2, ..., N) with every pi sampled randomly between 0
and 1.

5. RESULTS FOR THE TARGET SETS

Results are shown in Tables 1 and 2. The first table gives the
unweighted combined p-value P for each of the 11 target sets
and for each of the four energy ranges. The weighted combined
p-value Pw is also given for each of the nine target sets that have
multiple targets.

The second table presents specific information for each target
set about the candidate source that had the smallest individual
p-value pi for the full energy range E " 1 EeV. The direction
of the source is given together with the observed number of
events in the target, the expected number, the neutron flux upper
limit, energy flux upper limit (assuming a 1/E2 spectrum),
and the p-value. The final column gives the penalized p-value
p∗ = 1 − (1 − p)N . This is the chance probability that one or
more of the N candidate sources in the target set would have a
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p-Air Cross-Section from Xmax distribution

Data: 1018 eV < E < 1018.5 eV

In practice: σp-Air  by tuning models 
to describe Λ seen in data

X1: point of 1st interactionΔX1

ΔXmax ≈ X1

Difficulties:
• mass composition can alter Λ
• fluctuations in Xmax

• experimental resolution ~ 20 g/cm2

Λint

top of atmosphere p-Air cross section
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Inelastic Proton-Proton Cross-Section

Standard Glauber conversion + propagation of modeling uncertainties
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The 1.5mb do not reflect the total theoretical uncertainty, since there are other

models available for the conversion.

Ralf Ulrich (ralf.ulrich@kit.edu) Measurement of the Proton-Air Cross-Section with the Pierre Auger Observatory 12 / 19
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Auger
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UHECR - HEP connection
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UHECR today:
multiparameter challenge
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  Many	
  unknown/uncertain	
  parameters	
  

Sources Propaga)on Observa)on

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

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Now you come into play

64CASPAR2014

mailto:kuempel@physik.rwth-aachen.de


Daniel Kuempel

Simulations

65CASPAR2014

Using	
  high	
  sta[s[c	
  experimental	
  data	
  in	
  combina[on	
  with	
  
sophis[cated	
  propaga[on	
  tools	
  and	
  powerful	
  compu[ng	
  

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.	
  Ba[sta	
  et	
  al.	
  ICRC	
  2013	
  
hYps://crpropa.desy.de	
  
SimProp 
R.	
  Aloisio	
  et	
  al.	
  JCAP	
  10	
  007	
  (2012)	
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1. Physics Motivation: 
Simulate a realistic astrophysical scenario and 
calibrate it to recent observations including:	


➡ 3D simulation	


➡ Nuclei implementation	


➡ Galactic and extragalactic propagation	


➡ Sources according to large-scale structure	


➡ Extragalactic and galactic magnetic fields 

2. Also community Motivation: 
Provide a common scenario for collaborators	


➡ Test observables (e.g. anisotropy sensitive 

parameters)	


➡ Benchmark observables for an easy (and 

standardized) comparison

Motivation can be divided into two parts:
Motivation 3D benchmark scenario
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Sources:

➡ Randomly	
  distributed	
  according	
  to	
  large	
  scale	
  structure	
  
➡Minimum	
  distance	
  of	
  3	
  Mpc	
  
➡ Isotropic	
  emission	
  
➡ Composi[on	
  according	
  to	
  (galac[c	
  composi[on,	
  DuVernois	
  et	
  al.	
  1996)	
  

"
"
"
"

➡ Abundances	
  for	
  Z	
  >	
  2	
  scaled	
  by	
  factor	
  kc=10	
  
➡Maximum	
  energy	
  of	
  each	
  element	
  is	
   

rigidity	
  dependent: 
Emax	
  =	
  Zi	
  Rmax,	
  	
  	
  	
  	
  	
  	
  with	
  Rmax	
  =	
  150	
  EeV	
  	
  

➡ Source	
  density:	
  10-­‐4	
  Mpc-­‐3

xi : rela[ve	
  abundance	


Ai : mass	
  number	


   : spectral	
  index	
  =	
  2.0↵

Simulation details 5

Figure 1: Illustration of boundary conditions in cosmic ray propagation. A cosmic ray
(blue circles) is propagated starting from its source (red star). Upon exiting the simulation
volume (shaded area) it is translated or reflected back inside the volume for periodic
respectively reflective boundary conditions. The source position is moved accordingly.

the initial simulation cube are reflectively repeated. The maximum source distance then
corresponds to the cosmic rays’ maximum propagation distance. Thus, the contribution
of all sources up to 2 Gpc distance is taken into account. The sources are assumed to
isotropically emit cosmic rays. Similar to [16] the cosmic ray composition at the source is
modeled to match the abundances of the Galactic cosmic rays (at the source) determined
at lower energies as described in [19]. The di↵erential number of nuclei of species i is
given by

dNi

dE
/ xiA

↵�1

i E�↵ , (1)

where xi is the relative abundance at constant energy per nucleon, Ai the mass number
and ↵ the spectral index. The abundances in [19] were determined per element, not per
species. Thus for each element the most abundant species on earth is selected. When
available, the upper limit of the abundance was used for elements without best-fit values.
The source is assumed to emit no elements heavier than iron. The complete list of species
and abundances is given in 6. To improve the matching of the simulated spectrum with
the measured spectrum, the abundances of all elements with Z > 2 are scaled up by a
factor k = 10.

The spectrum for each species extends to a maximum energy E
max,i = ZiRmax

, where
Zi is the species charge number and R

max

= Eproton

max

the maximum rigidity. For simplicity,
the flux is modeled to drop to 0 without transition above E

max,i.
To summarize, the parameters of the source model used in this analysis are a source

density of ⇢ = 10�4 Mpc�3, a spectral index ↵ = 2, a maximum rigidity of R
max

= 150EeV
and a scaling factor of the galactic abundances for elements Z > 2 of k = 10.

Simulation details
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Figure 2: Distribution of matter density and field strength in the Miniati structure sim-
ulation [16]. The mean is shown red, the extrapolation as a black dashed line.

Figure 3: On the left: Slice of the described magnetic field in the x� y plane. The high
field strength regions trace the clusters and filaments. On the right: Comparison of the
cumulative filling factors with the magnetic fields in [13] and [16]
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Extragalac)c	
  magne)c	
  field:

Magne)c	
  field	
  direc)on	
  given	
  by	
  mul)plying	
  
turbulent	
  field	
  grid	
  and	
  large	
  scale	
  structure

•Periodically	
  repeated	
  
turbulent	
  field	
  grid	
  

•Small	
  grid	
  size	
  
•High	
  resolu[on	
  (50	
  kpc)

•Large	
  scale	
  structure	
  
•Large	
  grid	
  size	
  
•Low	
  resolu[on	
  (500	
  kpc)
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Figure 4: Comparison of simulated and measured energy spectrum as reported in [11]. The
simulated spectrum is matched to the measured spectrum at 1018.75 eV (green circle). The
errorbars show the statistical uncertainty. On the right the simulated spectrum (brown
line) is split into four groups of observed mass: A = 1 (blue), 2-8 (gray), 9-26 (green) and
> 27 (red).

Figure 5: From left to right: Initial and final frequency of elements (Z), initial and
final frequency of isobars (A) each as function of initial respectively final energy. Due to
propagation e↵ects and multiple contributions the initial frequencies are not equivalent
to the emitted composition.
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Arrival	
  direc)ons:

REFERENCES 11

Figure 5: Comparison of the simulated mass composition (red squares) with interpre-
tations of X

max

measurements (black circles), assuming di↵erent hadronic interaction
models (from [17]). Statistical uncertainties are shown as errorbars, systematical uncer-
tainties as shaded areas. Note that negative values for the variance in the right hand side
figures are unphysical.

Figure 6: Distribution of events in galactic coordinates. On the left 40000 events at
the edge of the galaxy. On the right 20000 events after transformation by the galactic
magnetic field and application of the detector acceptance.

Summary 12

Figure 8: Angular two-point autocorrelation for events with E > 60EeV. The grey band
shows the symmetric ±1� range for the isotropic expectation
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Figure 6: Comparison of the simulated mass composition (red squares) with interpreta-
tions of X

max

measurements (black circles), assuming di↵erent hadronic interaction mod-
els (from [19]). The left and right figure show the mean and variance respectively of the
ln(A) distributions for each energy bin. Statistical uncertainties are shown as errorbars,
systematical uncertainties as shaded areas. The statistical uncertainty for the simulated
variance is not calculated. Note that negative values for the variance in the right hand
side figures are unphysical.

Figure 7: Distribution of events in galactic coordinates. On the left 40000 events at
the edge of the galaxy. On the right 20000 events after transformation by the galactic
magnetic field and application of the detector acceptance.
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Figure 6: Comparison of the simulated mass composition (red squares) with interpreta-
tions of X

max

measurements (black circles), assuming di↵erent hadronic interaction mod-
els (from [19]). The left and right figure show the mean and variance respectively of the
ln(A) distributions for each energy bin. Statistical uncertainties are shown as errorbars,
systematical uncertainties as shaded areas. The statistical uncertainty for the simulated
variance is not calculated. Note that negative values for the variance in the right hand
side figures are unphysical.

Figure 7: Distribution of events in galactic coordinates. On the left 40000 events at
the edge of the galaxy. On the right 20000 events after transformation by the galactic
magnetic field and application of the detector acceptance.
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Many other papers on this subject
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BoPom	
  line:	
  
‣ Typically	
  these	
  papers	
  only	
  use	
  spectrum	
  and	
  composi)on	
  observables	
  

‣ Hard	
  source	
  spectral	
  index	
  needed,	
  unless	
  nearby	
  source	
    
(addi[onal	
  component)	
  is	
  assumed	
  

‣ Too	
  early	
  to	
  draw	
  decisive	
  conclusions	
  (large	
  parameter	
  space	
  and	
  big	
  uncertain[es)
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Multi-messenger approach
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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	
  injec[on	
  
‣ source	
  spectral	
  index	
  2.2	
  
‣ Emax	
  =	
  200	
  EeV	
  
‣ Rela[vely	
  strong	
  source	
  

evolu[on	
  model
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Conclusion I

‣ Even more than 100 years after the discovery of cosmic rays many 
questions at ultra-high energies are still unanswered. 

‣ Current large-scale observatories offer a unique opportunity to 
tackle these questions 

‣ Major achievements in recent years: 
‣ Clear observation of flux suppression	


‣ Strongest bounds on EeV neutrinos and photons	


‣ Strongest bounds on large-scale anisotropies	


‣ First hints on correlations with nearby matter	


‣ Increasing heavier composition (Auger) or continuously light (TA)?	


‣ Proton-proton cross section at very high energy



Conclusion II
"
"
"

‣ 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

Now it’s up to you!


