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1 particle per m2-second

Knee
(1 per m2-year)

γ≈ 2.7 - 3.0

        Ankle
(1 per km2-year)

All-Particle CR energy spectrum
how much would LHC need to grow 
to accelerate protons to 1020 eV ??

Sun

Earth

150 Mio km➥ non-thermal origin
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Figure 1. Primary cosmic ray flux scaled with E2.5. Shown is a selection of recent measurements
as discussed at this meeting together with some older data for reference (AGASA [6], Akeno [7,8,9],
HiRes [10,11,12], HiRes-MIA [13], KASCADE [14,15], MSU [16], RUNJOB [17,18], ATIC [19]). For the
sake of clarity, the all-particle fluxes from EAS-TOP [20,21] and Tibet [22,23] are not shown. They
cannot be distinguished from the others in this representation.

for interpreting the data they find a transition
to a light composition [13] that remains proton
dominated (80% protons) between 1017 eV and
1019.3 eV [10,32]. Preliminary results of the re-
analysis of the AGASA muon density data mea-
sured with the Akeno muon detectors show also
a transition to a proton dominated composition.
In contrast to the HiRes results, the transition
is found to occur gradually over a large energy
range. From about 50% iron fraction at 1017.5 eV
the iron contribution drops below 20% at 1019 eV
[7,33]. Similar to the HiRes analysis, the Yakutsk
composition measurement [34] is related to the
primary mass sensitivity of the shower depth of
maximum. The Yakutsk group find a light com-
position of about 70-80% proton and helium in
the energy range 5 × 1017 − 5 × 1018 eV [34].

The most natural interpretation of the chang-

ing composition would be the transition from
Galactic to extragalactic cosmic rays. The tran-
sition energy would be somewhere between 1017

and 1019 eV. Whereas HiRes data are consistent
with the interpretation that the “ankle” in the
cosmic ray spectrum is already a signature of
the GZK cutoff (e+e−-pair production of protons
with photons of the CMB) [35,36], AGASA data
favour an interpretation of the ankle as transition
region between Galactic and extragalactic cosmic
rays.

It is clear, however, that these composition
measurements are strongly model dependent as
there is a large theoretical uncertainty in pre-
dicting electron and muon shower sizes as well as
the depth of shower maximum for hadron-induced
showers [37,38,39]. An interpretation based on
SIBYLL [40,41] or neXus [42] gives a heavier com-

SNR?

Galactic CRs?
‘knee’

(1 per m2-year)

Diffusion losses
from Galaxis ?

AGN ?

Extragalactic CRs ?

dj/dE ∝ E−2.7

dj/dE ∝ E−3.1

‘ankle’
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Lamor radii at 1020 eV compared to Milky-Way 

E18 ≤ Z·BµG·Rkpc

Conjecture:
Extragalactic

origin

Size × B-Field needs
to be very large …

Interesting new feature:
Can do astronomy with cosmic rays !

1020 eV CRs in our Galaxy ?
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Hillas Diagramm

AGN

LHC

GRB

AGN-Jets

SNR

Colliding Galaxies
Milky-Way

? Possible Candidates ?
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AGN Jets and Radio-Lobes

Cygnus A
(z=0.056, d≈210 Mpc

5 GHz image, ø ≈ 20 kpc)

3C 219 (FR II)

z=0.1745, d≈800 Mpc

100 Mpc = 326 Mio. Lightyears
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Problem: CMBR

WMAP

Universe is filled with 3K photons: 412/cm3

1978

2006

Discovered 1965 by Penzias and Wilson
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The GZK-Effect

threshold: EpEγ > (mΔ
2 - mp

2)
⇒ EGZK≈6·1019 eV

γCMB

p
Δ+

p‘
n

π0

π+

X-section is known,
nγ=412/cm3 is known

➠ λfree =
1

nγ · σpγ
≈ 8 Mpc

Greisen-Zatsepin-Kuz‘min 1966

UHECR

UHECR
UHECR

p + γCMB → ∆ → p + π0

→ n + π+
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Expected Modulation of CR E-Spectrum

Expected deformation of 
energy distribution

p + γCMB → p + π

p + γCMB → p + e+e−

➠ Shape carries information
   about cosmological
   distribution of sources
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E-spectrum before Auger

AGASA

HiRes-2 Monocular

HiRes-1 Monocular

+ AGASA (SD array)

homogeneous distr.

+ HiRes-1 Mono (FD: 0° - 15°) 

Expected E-distribution
+ HiRes-2 Mono (FD: 0° - 30°) 

?
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CRs with energies >1020eV exist
Standard astrophysical models cannot
account for such energies

If GZK is observed:

Science Objectives @ 1020 eV

Fundamental Problem

If GZK is not observed:

➙ distance distribution of sources
    obtained from GZK shape

➙ location of sources from direction
    (New astronomy window to Universe!)

    • or Propagation effects
      e.g. violation of Lorentz invariance,
             Z-Bursts, …

➙ new physics to be invoked
    • nearby sources 
      e.g. GUT fossils (TD, DM, ...)

10

Fig. 7. Contour plots of the UHECR sky for (a) cusped, (b) isothermal, (c) triaxial
and (d) tilted models of the dark matter halo of our Galaxy [44].

Another signature of this hypothesis is the expected UHE neutrino flux,
which was indeed the first to be studied [32]. Recent detailed calculations
[46] indicate that the expected flux should yield ∼ 10 − 40 events/yr with
E > 105 GeV in IceCube [49] and a similar number of events in RICE [50].
Of course other proposed models for UHECRs also predict associated fluxes
of UHE neutrinos. However an unique test is the expected flux of neutralinos
if these are the lightest stable supersymmetric particles [47]. In principle
EUSO [51] can discriminate such events from neutrino-induced ones [48].

5. Conclusions

After a long hiatus, high energy cosmic rays have again become very
interesting for particle physicists looking for evidence of physics beyond the
Standard Model. The source of the highest energy particles in Nature is an
equally interesting enigma for astrophysicists. As Lemâıtre first suggested,
the origin of such particles may even be linked to the early universe, al-
though not quite as he imagined! Presently the data are tantalising but not
sufficient in either quantity or quality to distinguish definitively between
proposed models. The good news that this will soon be remedied by the
Pierre Auger Observatory [6]. About 100 water Cerenkov detectors and
2 fluoresence detectors are now operational, covering an area twice that
of AGASA, and the full array should be operational by the end of 2005.
Moreover the ambitious space-based experiment EUSO [51], scheduled for a
3-year engineering flight on the International Space Station ‘Columbus’ in
2007, will provide another substantial increase in collecting power. This is
an exciting time for cosmic ray physics and we look forward to the surprises
that Nature has in store for us.
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Stereo Fly's Eye
Haverah Park
Yakutsk

MRelic=5·1021 eV

gravitational radiation from CRs
(Koch, Drescher, Bleicher)
exotic neutrino physics
(Anchordoqui, Sakar, ...)
High density QCD
(Drescher, Dumitru...)
...

New Particle physics:
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radio signals

Measuring high energy CRs
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SANTIAGO

A R G E N T I N A

Pampa Amarilla
Province of Mendoza
1400 m a.s.l.
35° South, 69° West
3000 km2
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Pierre Auger Collaboration

 OBSERVATORY 

 

369 collaboration members in 63 Institutes from:

Argentina Mexico

Australia Netherlands

Bolivia*  Poland

Brasil  Slovenia  

Czech Spain

France  UK 

Germany USA 

Italy  Vietnam*

      *Associated

U- & FZ-Karlsruhe
U-Wuppertal
U-Siegen
RWTH-Aachen
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Pierre Auger Experiment in Argentina

www.auger.de

Hybrid-Concept…

1600 Water Ch-Detect.
on 1.5 km triangular grid
 3000 km2 area
(optimized to E>1019 eV)

simultaneously
measured with
fluorescence light

southern exp. nearly finished
northern exp. planned

http://www.auger.org
http://www.auger.org
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Pierre Auger Status

 Status Sept. 1, 2007  

Nov. 05, 2007
1501  tanks deployed 
1455 with water
1411 with electronics

All 4 fluorescence 
buildings complete,
each with 6 telescopes

Final: 1600 tanks

Hybrid Detector
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Auger Hybrid Observatory
Auger Hybrid Observatory

17
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The Auger Hybrid Observatory

24 fluorescence telescopes...

...1600 Water Cherenkov tanks
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µ

Throughgoing Muons Diffuse Lightsource

Ground-Array Fluorescence Telescopes

VEM
Peak

Mirror

Camera Calibrated
light source

Detector Calibration
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15 km

 “footprint” of a
 large (~1020 eV)
 air shower

Simulations: particle density
at 1000 m (S1000) provides good

estimate of primary energy

SD Event & Reconstruction

different models: ~20 syst. errors

lateral particle density

 time profile of a tank

3 µs

8 km
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FD-Energy Reconstruction

21

‣ isotropic
fluorescence
emission

‣ forward beamed
direct Cherenkov
light

‣Rayleight- and
Mie-scattered
Cherenkov light

Nagano et al.
FY used

correction for invisible energy ~ (10±3)%

This is a calorimetric 
measurement, i.e.

almost free from model 
assumptions !

dE
dX

dX∫ ~ E Auger Energy Scale Uncertainties
– Fluorescence Yield 14 %
– p, T, & humidity effects on yield 7 %
– Photometric Calibration 9.5 %
– Atmospheric Conditions 4%
– Reconstruction 10%
– Invisible Energy 4 %

• Total 21 %
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lg(E/eV)~19.3
(θ,φ)=(63.7, 148.3) deg

lg(E/eV)~19.2
(θ,φ)=(63.7, 148.4) deg

SD array: lg(E/eV)~19.1
 (θ,φ)=(63.3, 148.9) deg

Stereo Hybrid Observations

Advantage of Hybrid:
Shower axis reconstr. improved
by footprint (timing) of SD



I saw the first quadriple! GAP-2007-066

Figure 1: Three–dimensional view of the first quadriple event. The array is viewed
from the North-East corner; ie. the bottom right FD is Loma Amarilla (in red for
those with color printers).

Pierre Auger Collaboration 3 University of Utah
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1st Quadruple Event   (21.5.2007)

23

E ≈ 1019 eV
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The Power of Hybrid

 Hybrid SD-Only FD-only

Angular

Resolution ~ 0.2° ~ 1 - 2° ~ 3 - 5°

Aperture Flat Flat growing
 model ind. model ind. model depend.

Energy model ind. model dep. model ind.

24

The combination is 
more than

the sum of the ind
ividuals !
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Energy Spectrum



Karl-Heinz Kampert – University Wuppertal DESY, 6.11.2007

Idea:
1. Energy equivalent S(1000) 

is calibrated by hybrid-FD 
data

2. Additional correction 
applied to dependence on 
zenith angle, based on
real data

⇒ That calibration is then
used for all SD data

Calibration of SD by FD
30TH INTERNATIONAL COSMIC RAY CONFERENCE
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Figure 3: Correlation between lg EFD and lg S38◦

for the 387 hybrid events used in the fit. The full

line is the best fit to the data. Events below the

dashed line were not included in the fit.

measured S(1000) by using the constant intensity
method described above. For each event the uncer-

tainty in S38◦ is estimated by summing in quadra-

ture three contributions: the uncertainty in the con-

stant intensity parametrization, σS38◦
(CIC) , the

angular accuracy of the event, σcosθ , and the uncer-

tainty in the measured S(1000), σS(1000). The flu-

orescence yield used to estimate the energyEFD is

taken from [14]. An uncertainty in the FD energy,

σEF D
, was also assigned to each event. Several

sources were considered. The uncertainty in the

hybrid shower geometry, the statistical uncertainty

in the Gaisser-Hillas fit to the profile of the en-

ergy deposits and the statistical uncertainty in the

invisible energy correction were fully propageted.

The uncertainty in the VAOD measurement was

also propagated to the FD energy on an event-

by-event basis, by evaluating the FD energy shift

obtained when changing the VAOD profile by its

uncertainty. These individual contributions were

considered to be uncorrelated, and were thus com-

bined in quadrature to obtain σEF D
. The data

appear to be well described by a linear relation

lg EFD = A + B · lg S38◦ (see Figure 3). A lin-

ear least square fit of the data was performed. To

avoid possible biases, low energy events, below the

dashed line, which is orthogonal to the best fit line

and intersects it at lg(S38◦ = 15VEM), were not
included in the fit.
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Figure 4: Fractional difference between the FD and

SD energy for the 387 selected hybrid events.

An iterative procedure was used to determine the

dashed line, and it was checked that the results

of the fit were stable. The best fit yields A =
17.08± 0.03 and B = 1.13± 0.02 with a reduced
χ2 of 1.3 for lg ESD = A+B ·lg S38◦ in [eV]. The
relative statistical uncertainty in the derived SD en-

ergy, σESD/ESD, is rather small, e.g. of the order

of 5% at 1020 eV. The energy spectrum J is dis-

played in Figure 5 together with its statistical un-

certainty. The individual systematic uncertainties

in determining ESD coming from the FD sum up

to 22%. For illustrative purposes we show in Fig-

ure 6 the difference of the flux with respect to an

assumed flux ∝ E−2.6. The largest uncertainties

are given by the absolute fluorescence yield (14%),

the absolute calibration of the FD (9.5%) and the

reconstruction method (10%). The uncertainty due

to the dependence of the fluorescence spectrum

on pressure (1%), humidity (5%) and temperature

(5%) are take into account as well as the wave-

length dependent response of the FD, the aerosol

phase function, invisible energy and others, which

are well below 4% (see [4] for details).

Discussion and outlook

When inferring the energy spectrum from SD data

we utilise the constant intensity method to cali-

brate the SD data. The systematic uncertainties

Final version May 30, 2007
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19%

387 hybrid events with
zenith angle θ < 60°

Pierre Auger Collab. @ ICRC 2007
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                   Exp         Obs
>1019.6     132 ± 9         51 
> 1020        30 ± 2.5        2

Slope = -2.62 ± 0.03

Auger E-Spectrum (Θ< 60°)

significance = 6σ

only statistical errors are shown
system: 6 % stat. + 22% syst.

Exposures
Auger: 5165 km2 yr sr
AGASA: 1619 km2 yr sr
HiRes:  ~ 5000 km2 yr sr

Pierre Auger Collab. @ ICRC 2007
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 Test of Berezinsky’s e+e- dip model 

GZK effect is modified by
 • E-distribution of source
 • source local overdensity/deficit
 • different values of Emax

Auger 2007

Models differ strongly in their
• chemical composition
• transition galactic - extragalactic
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Composition
Photons
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UHE Photons ? Expected by Top-Down models

31

e.g.: Super Heavy Dark Matter fit to AGASA

Gelmini, et al, astro-ph/0506128

AGASA Data

Bottom
up Protons
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Position of shower maximum
⇔ primary mass

Most stringent limits; tests of
• Z-Burst model
• Superheavy dark matter
• Topological defects
• Limited by statistics only

Upper Limit on Primary Photon Fraction

0

1

2

3

4

5

6

7

200 400 600 800 1000 1200 1400 1600 1800

DPMJET 2.55
QGSJET 01c
QGSJET II
SIBYLL 2.1

atmospheric depth (g/cm2)

nu
m

be
r 

of
 c

ha
rg

ed
 p

ar
tic

le
s ×

 1
09

Fe p !

E0 = 1019eV
vertical

! -induced

0

0.002

0.004

0.006

0.008

0.01

700 800 900 1000 1100 1200 1300

X
max

 (g cm-2)

Xd/
Nd 

N/1
xa

m

photon simulation

data distribution

SHDM-Model

γ-fraction as a fct of energy

0

10

20

30

40

50

60

70

80

90

100

E
0
 (eV)

E r
of )

%( 
n

oitca rf 
n

ot
o

h
p

E
0

1019 3!1019 1020

limits at 95% c.l.

A1

A1

HP HP

A2

Auger

SHDM

ZB

TD

SHDM’

Astropart. Phys. 27 (2007) 155

<13%



Karl-Heinz Kampert – University Wuppertal DESY, 6.11.2007

SD-Data: rise-time & shower-front 
curvature ⇔ µ # ⇔ primary mass

γ-simulation

(median)

exp. data Auger

SHDM & TD models 
largely ruled out

UHE-Photon Limits from Ground Array
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GZK-effect: Yes
UHE Photons: No

Top is Down
Bottom is Up
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Test of Lorentz Invariance Violation

35

Galaverni & Sigl
arXiv:0708.1737

cascading of UHE
photons suppressed

LIV ➙ may modify photon dispersion relation

ω2 = k2 + m2 + ξnk2(k/MPl)n

➙ affect the threshold for e+e– pair production

➙ p + γCMB → ∆→ n + π0

↳ γγ → e+e−

expect significant photon
fraction above ~ 1019 eV

γ-fraction
if LIV

no LIV ξ1 ≤ 2.4× 10−15

7 orders of magnitudes
be"er than previous limits!

ξ2 ≥ −2.4× 10−7
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Arrival Directions
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Anisotropy Searches

1 Galactic Center

37

3 Correlation to BL Lacs

2 Large Scale Anisotropy

seen by AGASA & Sugar

seen by HiRes

E 1  <  E 2  <  E 3

Pierre Auger Obs.
(would see 20-30 σ)

Pierre Auger Obs.
(no confirmed with 6 
times be"er exposure)

4 Correlation to
 nearby AGNs

No significance yet

✔
Pierre Auger Obs.
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Anisotropy Search Method

38

Take CR source candidates from some catalog, e.g. Veron-Cetty

Probability to find a single event of an isotropic distr. within a certain 
opening angle from a source.

Probability that k or more of N isotropic events correlate by chance:

Véron-Cetty
catalog of quasars
and AGNs

Total:
85221 quasars
1122 BL Lacs
21737 AGNs

z<0.024
     (100 Mpc)
694 objects

p = p(ψ, nsources) = p(ψ, zmax)

P =
N∑

j=k

(
N

j

)
pj(1− p)N−j
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Exploratory Search (1.1.04 - 27.05.06)

39

P =
N∑

j=k

(
N

j

)
pj(1− p)N−jScan

for 3 free parameters:
zmax ➙ no. of sources
Ψ ➙ allowed angular separation
Eth ➙ threshold Energy } Minimum of P, i.e. largest deviation 

from isotropy found for
zmax = 0.018 (dmax=75 Mpc)
Ψ = 3.1°
Eth =56 EeV

Result: 12 among 15 measured events correlate with at least one 
source; 3.2 expected if flux was isotropic (p=0.21) and exposure was 
accounted for
Verify a posterio result by applying these correlation parameters to new 
data instead of using penalty factors to account for # of searches
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Running Prescription (27.5.06 - ...)

Goal:
confirm results from exploratory scan by new data set
(a priory search)

Base Hypothesis: Isotropic Flux

Predefined stopping rule:
a) incorrectly reject isotropy hypothesis < 1% (i.e. p<1%)
b) incorrectly accept isotropy hypothesis < 5%

40

prescription fulfilled
on May, 25th 2007

N 4 6 8 10 12 ... 30 31 33 34

kmin 4 5 6 7 8 ... 14 14 15 15

Cumul. p (%) 0.19 0.32 0.40 0.44 0.47 ... 0.83 0.87 0.89 0.92
Table 1
Criteria for our running prescription where N corresponds to the number of to-
tal events observed at any point during the sequential analysis of up to 34 events
arriving with energy E > 56 EeV, kmin corresponds to the minimum number of
events within the angular window (ψ = 3.1◦), and maximum AGN redshift distance
(zmax = 0.018) required to achieve an a priori probability against the null hypothe-
sis of an isotropic distribution less than very nearly 1% overall. Note that for some
values of N (e.g., 5, 7, 11, etc.) there exists no value of kmin that can satisfy the
threshold probability without also having earlier satisfied the threshold at a lower
value of N . Note that this prescription applied to data from 28 May 2006 and was
satisfied with N = 8 and k = 6 on 25 May 2007.

power of 53%. In Table 1 we list, for a given number of detected events passing178

our selection criteria N , the minimum number of events in correlation kmin179

to satisfy the prescription at that stage, along with the cumulative threshold180

probability at each step.181

The prescribed test was applied to data collected after 27 May 2006, with182

exactly the same reconstruction algorithms, energy calibration and quality183

cuts for event selection as in the exploratory scan. On 25 May 2007, there184

were 6 out of 8 events correlating, thus satisfying the prescription. In the185

independent data set collected until 31 August 2007 there are 13 events with186

energy above 56 EeV, of which 8 have arrival directions closer than 3.1◦ from187

the positions of AGN less than 75 Mpc away, with 2.7 expected on average. The188

probability for this configuration to happen by chance if the flux were isotropic189

is 1.7×10−3. Following our search protocol and based on the independent data190

set alone, we reject the hypothesis of isotropy in the distribution of the arrival191

directions of cosmic rays with the highest energies with at least 99% confidence192

level.193

2.4 An alternative method for sequential analysis194

The calculation used in the prescribed test is commonly applied in sequential195

analysis, but is such that the test stops once it is fulfilled, regardless of the196

implications of subsequent data. A standard technique that can incorporate197

new data after the test is fulfilled and allows to monitor the evolution of the198

signal is the sequential likelihood ratio test [24,25].199

For the sequential test of AGN correlations, the likelihood ratio R is given200

by the relative binomial probabilities of the isotropic (binomial parameter201

6

N (E>56 EeV)

k (corr. events)

PIsotropy   (%)
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Fig. 3. Aitoff projection of the celestial sphere in galactic coordinates with circles of
radius 3.1◦ centered at the arrival directions of 27 cosmic rays detected by the Pierre
Auger Observatory with reconstructed energies E > 57 EeV. The positions of the
472 AGN (318 within the field of view of the Observatory) with redshift z ≤ 0.018
(D < 75 Mpc) from the 12th edition of the catalog of quasars and active nuclei [9]
are indicated by asterisks. The solid line draws the border of the field of view for the
southern site of the Observatory (with zenith angles smaller than 60◦). The dashed
line is, for reference, the supergalactic plane. Darker color indicates larger relative
exposure. Each colored band has equal integrated exposure. Centaurus A, one of
our closest AGN, is marked in white.

of the 472 AGN with redshift z ≤ 0.018 in the V-C catalog. The angular scale269

and the maximum AGN redshift are those specified for the prescribed test of270

the previous section. The energy and arrival directions of the events are listed271

in Appendix A.272

3.2 Properties of the correlation signal273

On Figure 4 we show one-dimensional plots of the probability P as a function274

of each of the scan parameters when the other two are held fixed at the values275

which lead to the absolute minimum probability.276

We note that the energy threshold at which the correlation with nearby AGN277

is maximized, i.e. Eth = 57 EeV, matches the energy range at which the278

spectrum measured by the Pierre Auger Observatory gets reduced by ∼ 50%279

with respect to a power law extrapolation of the spectrum measured at lower280

energies [28], as shown in Figure 5. This feature adds support to the interpre-281

tation that the correlation with relatively nearby sources is evidence for the282

GZK effect [2], as will be discussed in Section 4.4.283

10

AGN Correlation Plot

41

Aitoff projection
galactic cordinates supergalactic plane

In total 27 events at E > 57 EeV
20 of which correlate
5.6 expected (p=0.21)
Net chance for isotropic distr. P < 10-5

Darker colors indicate larger exposure

Cen A

472 AGNs
z≤0.018
318 in fov

19.11.2007
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Interpretation of Correlation Parameters

42

MEASUREMENT OF THE ENERGY SPECTRUM USING DATA FROM THE PIERRE AUGER OBSERVATORY

Figure 5: Auger spectrum J
as a function of energy. Ver-

tical error bars represent the

statistical uncertainty only.

The statistical and system-

atic uncertainties in the en-

ergy scale are of the order of

≈ 6% and ≈ 22%, respec-
tively. lg(E/eV)
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have been scrutinised and the resulting spectrum

is given. Several activities are on-going to reduce

the systematic uncertainties of the energy estimate,

e.g. the detector calibration uncertainty and the un-

certainty of the fluorescence yield. Reducing these

lg(E/eV)
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Figure 6: Fractional difference between the de-

rived spectrum and an assumed flux ∝ E−2.6 as

a function of energy.

uncertainties will make it desirable to deconvolve

the energy spectrum using the estimate of the en-

ergy resolution. The presented spectrum is com-

pared with a spectrum derived on basis of hybrid

data only in T. Yamamoto et al. [15]. Astrophysi-

cal implications are also discussed there.
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Fig. 3. Aitoff projection of the celestial sphere in galactic coordinates with circles of
radius 3.1◦ centered at the arrival directions of 27 cosmic rays detected by the Pierre
Auger Observatory with reconstructed energies E > 57 EeV. The positions of the
472 AGN (318 within the field of view of the Observatory) with redshift z ≤ 0.018
(D < 75 Mpc) from the 12th edition of the catalog of quasars and active nuclei [9]
are indicated by asterisks. The solid line draws the border of the field of view for the
southern site of the Observatory (with zenith angles smaller than 60◦). The dashed
line is, for reference, the supergalactic plane. Darker color indicates larger relative
exposure. Each colored band has equal integrated exposure. Centaurus A, one of
our closest AGN, is marked in white.

of the 472 AGN with redshift z ≤ 0.018 in the V-C catalog. The angular scale269

and the maximum AGN redshift are those specified for the prescribed test of270

the previous section. The energy and arrival directions of the events are listed271

in Appendix A.272

3.2 Properties of the correlation signal273

On Figure 4 we show one-dimensional plots of the probability P as a function274

of each of the scan parameters when the other two are held fixed at the values275

which lead to the absolute minimum probability.276

We note that the energy threshold at which the correlation with nearby AGN277

is maximized, i.e. Eth = 57 EeV, matches the energy range at which the278

spectrum measured by the Pierre Auger Observatory gets reduced by ∼ 50%279

with respect to a power law extrapolation of the spectrum measured at lower280

energies [28], as shown in Figure 5. This feature adds support to the interpre-281

tation that the correlation with relatively nearby sources is evidence for the282

GZK effect [2], as will be discussed in Section 4.4.283

10

Effect of Galactic Plane

43

Aitoff projection
galactic cordinates

supergalactic plane

In total 27 events at E > 57 EeV, 20 of which correlate

Cen A

472 AGNs
z≤0.018
318 in fov

5 of the 7 non-correlating events from nearby the galactic plane

likely to happen because of incomplete catalogue and large 
deflections in magnetic fields
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Some Remarks on Correlations

• AGNs may just act as tracer to true CR sources
in case the AGNs correlate with them

• Correlations provide independent evidence for GZK-effect

• Spatial correlations surprisingly strong
may indicate proton primaries and small intergalactic 
magnetic fields (but does not agree to Xmax)

• Autocorrelation of event directions provide confirmation

• Likelihood Method worked out for discriminating different 
source scenarios also at large source densities

• energy - opening-angle correlation analysis ...

44
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AGN ≈ Large Scale Structure 

7 to 21 Mpc     Kravtsov data

GC

Not seen
by

Southern
Site 
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Auger is Marching North



Karl-Heinz Kampert TAUP, Sept. 2007, Sendai (Japan)

Auger North
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• Auger South will be completed by end of this year

• Highly relevant results obtained already at this stage:
‣ Ankle & GZK-effect observed

‣ Top Down & SHDM models largely ruled out by E-spec & photon fraction

‣ (Best upper limits on EHE neutrinos)

‣ No CR excess from galactic centre

‣ Correlations with AGNs established

➽ Astronomy of charged particles becomes feasible

➽ Multi-Messenger with γ‘s and ν‘s next natural step

➽ Need for full sky-coverage 

Just opening the window to the high energy Universe!

Summary & Outlook

see www.auger.org for list of authors, auger.uni-wuppertal.de for public event display
Contributions by many collaboration members are gratefully acknowledged

http://www.auger.org
http://www.auger.org

