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element abundances: 
15 My in galaxy & halo
energy density ~like 
light, magnetic field, 
CMB; equiv. to 3 SN/
century at 10% eff.
powerlaw spectrum 
      dN/dE ~ E–3

10 decades in energy; 
flux range very large
stochastic acceleration 
in shocked plasma, 
confined by mag. fields
knee: p drop out first; 
end of SN acceleration?
isotropic directions
ankle: harder 
component, extraglactic
GZK: flux suppression 
above 60 EeV
composition?
sources?
propagation?
particle physics?
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acceleration to 100 EeV using LHC technology would require Mercury’s orbit; 
acceleration time:>800 years...







 Cherenkov telescopes
 particle detector arrays
 Fluorescence telescopes 
 Radio antenna

HYBRID detection: more than one 
method!




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distance from 
source (Mpc)

Sokolsky 1989

ε=meV, 400 cm–3

Greisen Zatsepin-Kuzmin (GZK) effect:
protons scatter with the CMB: 
threshold effect above 6×1019 eV:
p+γ3K → Δ(1232) → pπ0 → p γγ  or  nπ+ → pe+ν
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100 TeV

100 EeV

Hillas condition 
and diagram:
Emax ~ ß Z B L
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1. Argentina
2. Australia 
3. Bolivia*
4. Brazil
5. Croatia*
6. Czech Republic
7. France
8. Germany
9. Italy

10. Mexico
11. Netherlands
12. Poland
13. Portugal
14. Slovenia
15. Spain
16. UK
17. USA
18. Vietnam*

* associated countries



4 x 6 
fluorescence 
telescopes

1660 water 
Cherenkov 
detectors 
covering 
3000 km2
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solar panel

GPS+data

electronics

1 of 3 PMTs

battery 12 m3 pure water 
in Tyvek liner
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Fig. 6. Correlation between lg S38 and lg EFD for the 795 hybrid
events used in the fit. The line represents the best fit.

described in [19]. Additionally, the wavelength depen-

dent response of the fluorescence telescopes (3%), the

uncertainties on measurements of the molecular optical

depth (1%), on the measurements of the aerosol optical

depth (7%) and on multiple scattering models (1%)

are included in the overall systematic uncertainty. The

invisible energy correction contributes 4% to the total

systematic uncertainty of 22% [20].

V. OUTLOOK

The energy calibration of the surface detector array

was obtained with measurements of the fluorescence

telescopes and a detailed study of the uncertainties

was given. Several activities are on-going to reduce the

systematic uncertainties of the energy estimate, e.g. the

longitudinal profile reconstruction method and the un-

certainty of the fluorescence yield. The spectrum derived

from data of the surface detector array is calibrated using

the method presented in this paper and compared with

a spectrum based on measured hybrid data in [21].
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The surface 
detectors are 

self-calibrating 
by single muons

VEM = Vertical 
Equivalent Muon

correct for 
attenuation of 
the shower as 

function of zenith 
angle!

the fluorescence telescopes are calibrated 
piece by piece on an absolute scale
it is an optical calorimeter!

RMS = 17 %

absolute fluorescence yield is 
the currently biggest source 

of uncertainties on energy
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Energy spectrum

SD ▶◀FD
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the depth of the shower maximum, Xmax, is the 
best estimator for the primary mass

22



) -
1 

2.6
0

 E×
J/(

A
-1

-0.5

0

0.5

1

1.5

Auger 09

]2
> [

g/c
m

ma
x

<X

650

700

750

800

850 proton

iron

QGSJET01
QGSJETII
Sibyll2.1
EPOSv1.99

E [eV]
1810 1910 2010

]2
) [

g/c
m

ma
x

RM
S(

X

0
10
20
30
40
50
60
70 proton

iron

E [eV]1810 1910 2010

50-60 EeV

relative 
intensity

energy spectrum: 
convoluted information 
about sources, propagation, 
particle id

shower profiles: best 
estimator for the mass of 
the primary particleX

de/dX

Xmax

models assume no 
change in particle 
physics...

?

?

?

very small fluctuations... all 
showers develop alike???

fluctuations 
of Xmax



threshold energy  [eV]

19
10

20
10

p
h

o
to

n
 f

ra
c

ti
o

n
 

-410

-310

-210

-110

1

Auger S
outh

 20 years

threshold energy  [eV]

19
10

20
10

p
h

o
to

n
 f

ra
c

ti
o

n
 

-410

-310

-210

-110

1

SHDM

SHDM�’

TD

Z Burst

GZK

HP HP

A1

A1 A2

AY

Y

Y

Auger SD

Auger SD

Auger SD

Auger Hybrid

 energy (eV)
16

10 1710
18

10
19

10
20

10 2110 2210

]
-1

 s
r

-1
 s

-2
(E

) 
[G

e
V

 c
m

�ƒ 
2

E

-8
10

-710

-6
10

-5
10

-410

Single flavour neutrino limits (90% CL)

AMANDA 08

RICE06

HiRes 

HiRes e

ANITA 08

Auger 2.0 yr

Upgoing 

(central value)

Auger 0.8 yr

Downgoing

sGZK 

24

photon and neutrino limits

photon showers have a distinct shape 
and can be ‘readily’ identified

only neutrino induced showers can have 
large zenith angles (~ 90°) and still 
interact close to the detector

this limits the ‘exotic models’...



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

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
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Cen A

472 AGNs
z≤0.018
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Auger Coll.; Science 318 (2007) 938

Darker colors 
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Correlation of the 
Highest-Energy
Cosmic Rays with 
Nearby
Extragalactic Objects

Auger:
... We have demonstrated the anisotropy of the arrival directions of the 
highest-energy cosmic rays and their extragalactic origin. Our 
observations are consistent with the hypothesis that the rapid 
decrease of flux measured by the Pierre Auger Observatory above 60 
EeV is due to the GZK effect and that most of the cosmic rays reaching 
Earth in that energy range are protons from nearby astrophysical 
sources, either AGN or other objects with a similar spatial 
distribution....

Journalists:
”cosmic rays come from black holes”.
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Auger events
E > 55 EeV

AGN

equal exposure polar 
projection: 2007 same 
data as Science paper

Auger events 
E > 3 EeV

[Beatty & Westerhoff 2008]
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27 events 
as of 2007

[Jim Cronin, Blois 2009]
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cumulative number 
of events with E ≥ 
55 EeV as a 
function of angular 
distance [°] from 
Cen A
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[Auger ICRC 2009]



Preliminary conclusions

First precise energy spectrum from 1 EeV to above 100 EeV
Fluorescence detection of showers sets the energy scale to ± 22%, 

biggest contribution from absolute fl. yield
Ankle at 2-3 EeV: transition from galactic to extragalactic cosmic particles
Flux suppression at 50-60 EeV: GZK effect or maximum accelerator 
energy?
With increasing energy air showers develop higher up in the atmosphere 
and show less fluctuations – astrophysics and/or particle physics? E.g. 
heavier particles or higher cross section?
arrival directions of cosmic rays become abruptly anisotropic above 50-60 
EeV, in coincidence with the flux suppression.
cosmic ray arrival directions correlate with the distribution of nearby (<75 
Mpc) extragalactic objects; several reference maps are being tested. The 
correlating fraction is (38 ± 6)% [was (69+11-13)% initially].
The reference-free anisotropy is a robust feature.
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“This could be the discovery of  the century. Depending, of 
course, on far down it goes.”



Lamar

Malargue

34

Auger had always been designed 
as a two-instrument, full-sky 
coverage cosmic ray 
observatory



Auger-South

Auger-North

Telescope Array

AGASA



1 mile

1 mile

4400 tanks on 
20.000 km2

39 telescopes
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Auger North
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Final conclusions

First precise energy spectrum from 1 EeV to above 100 EeV
Optical fluorescence detection of showers set the energy scale to ± 22%, 

biggest contribution from absolute fl. yield
Ankle at 2-3 EeV: transition from galactic to extragalactic cosmic particles
Flux suppression at 50-60 EeV: GZK effect or maximum accelerator energy?
With increasing energy air showers develop higher up in the atmosphere and 
show less fluctuations – astrophysics and/or particle physics? E.g. heavier 
particles or higher cross section?
arrival directions of cosmic rays become abruptly anisotropic above 50-60 EeV, 
in coincidence with the flux suppression
cosmic ray arrival directions correlate with the distribution of nearby (<75 
Mpc) extragalactic objects; several reference maps are being tested. The 
correlating fraction is (38 ± 6)% [was (69+11-13)% initially] -- need more 
data
Many open important questions remain to be answered – Auger North is 
needed with a much larger (x7) aperture. A complementary approach (detection 
from space, ~less precise, even larger statistics) is JEM-EUSO.
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... and because the Universe is expanding ever 
further, we just need a bigger telescope!


