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Motivation



Cosmic Rays
All the time you are being hit by a 

beam of high energy particles 
from above!



Ultra-High Energies



Ultra-High Energies

~1 TeV = 1012 eV 



Ultra-High Energies

1019 eV 
UHECRs

1 EeV ≝ 1018 eV 



Scientific Motivation
They should not be there!

Cosmic Microwave Background

γ + p→ ∆+ → p + π0

γ + p→ ∆+ → n + π+



Scientific Motivation
They should not be there!

γ + p→ ∆+ → p + π0 γ + p→ ∆+ → n + π+

To GZK or not to GZK...

1 pc = 3.26 ly

326 Mly ≣



Motivation

 Sources of UHECR
Anisotropy ⇒ Correlations ⇒ Source classes

Study individual sources with spectra and 
composition over the whole sky



Motivation

Acceleration Mechanism
Composition evolution
Proton beam? Emax?

Propagation and Cosmic Structure
Map Galactic magnetic fields
Matter within 100 Mpc



Motivation

Particle Physics @ 350 TeV
Mass and Xmax

Hadronic interactions, cross sections
New Particle Physics?



Motivation

Multi-Messenger Astrophysics
Combine data from photons, 
neutrinos, and charged particles
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The Pierre Auger 
Observatory



Detection Techniques
Extensive Air Showers



Detection Techniques
Using Extensive Air Showers

Array of Particle Detectors 
on the  ground



Detection Techniques
Using Extensive Air Showers

Fluorescence Telescopes



the hybrid concept



the hybrid concept



the hybrid concept



the hybrid concept



the hybrid concept



Auger South size & status



Auger South size & status

Pierre Auger Observatory
Public Event Explorer

Page hosted by the Auger group at
Colorado State University



Hybrid Events
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special hybrid events (01.01.2004 - 18.07.2007)

Stereo
582
30 / month

Triple
58
5 / month

Event 200716104390 (11.6.2007)

SD: statistics in 24/7 mode 
FD: calorimeter w/shower details for particle id + calibration, duty cycle 14%
energy resolution 20% between SD and FD
efficiency 100% at 3 EeV (1 EeV) for SD (hybrid)
angular resolution 1°- 2° (0.4°) for SD (hybrid)

Prototypes: NIM A523 (2004) 50
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Auger South
Science Results



Summary of AS Results



Energy measurement

/eV)
FD

lg(E
18.5 19 19.5

/V
E
M
)

3
8

lg
(S

1

1.5

2

2.5

!
"#

!$%&
"#

%&'!'&
!( !)*+ !)*, !)*- !)*. ) )*. )*- )*, )*+ (

/
0
1
2
3
4'
5
6'
&
7
3
8
9:

)

.)

-)

,)

+)

())

(.)

(-)

(,)

(+)

Mean      0.01± 0.02 

RMS       0.01± 0.17 

Calorimetric measurement

Si
gn

al
 in

 t
he

 s
ur

fa
ce

 d
et

ec
to

rs

The absolute energy scale is determined from data.

energy 
resolution



CR energy spectrum
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Physics Letters B 685 (2010) 239



CR energy spectrum

Energy [eV]
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stats @ the highest E
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AS Results - Flux suppression
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Possible interpretations
• GZK effect
• Maximum injection energy
• Superposition of both

Implications of the cosmic ray spectrum for the mass composition at the highest energies6

of the UHE spectrum and what constraints could be brought by higher statistics and

lower systematics measurements in the future. To limit the number of free parameters,

we will consider only source distributions with a constant comoving luminosity but

will discuss the effect of a potential stronger luminosity evolution whenever needed.

The source distribution is assumed to be continuous down to a minimum distance

Dmin which is set to 4 Mpc unless otherwise specified. The injection spectral index β
and the maximum energy at the source Emax (i.e., the energy above which the source

spectra are exponentially attenuated) are left as free parameters to fit experimental

spectra.

Figure 3. Propagated spectra obtained assuming a mixed source composition

compared to HiRes (left) and Auger (right) spectra, the different components are

displayed .

We start our series of calculations by using our usual proton dominated mixed

composition hypothesis (assuming the same composition as low energy galactic cosmic-

rays, see [6, 7, 13, 17] for more detais). The results are displayed in Fig. 3. Good

fits can be found of both experimental spectra, with spectral index of 2.3 in the

case of HiRes [17] (β=2.4 is also compatible with data [19]) and 2.2 with the harder

Auger spectrum (with a lower maximum energy at the source). The difference of

spectral index does not have any relevant impact on the evolution of the composition

or the implications on the transition from galactic to extragalactic cosmic-rays [6, 7].

Between the energy of the ankle and ∼ 10
19

eV the relative contribution of light

(proton and He), intermediate and heavy nuclei is more or less steady. Above 10
19

eV, intermediate and then heavy components drop (at energies proportional to the

mass) due to interactions with far-IR photons (see Fig. 1) resulting in a composition

that gets lighter. At the highest energies, above 5 10
19

eV, only protons and heavy

nuclei are significantly present in the composition as light and intermediate nuclei are

already suppressed by the interactions with CMB photons. Due to our composition

hypothesis for which the relative abundance at the sources of heavy nuclei is only

∼ 10%, the composition is then very dominated by proton (∼ 90% of the composition

at the Earth) and the expected decrease of the flux at the highest energies is in all

respect similar to the standard GZK feature. Note that, as we pointed out in [7, 19],

between 5 10
19

and 2 10
20

eV, the relative abundance of the heavy component increases

because of the photopion interaction of protons before disappearing completely above

Model-independent measurement

Allard et al. JCAP 2008



AS Results - Flux suppression
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Implications of the cosmic ray spectrum for the mass composition at the highest energies6

of the UHE spectrum and what constraints could be brought by higher statistics and

lower systematics measurements in the future. To limit the number of free parameters,

we will consider only source distributions with a constant comoving luminosity but

will discuss the effect of a potential stronger luminosity evolution whenever needed.

The source distribution is assumed to be continuous down to a minimum distance

Dmin which is set to 4 Mpc unless otherwise specified. The injection spectral index β
and the maximum energy at the source Emax (i.e., the energy above which the source

spectra are exponentially attenuated) are left as free parameters to fit experimental

spectra.

Figure 3. Propagated spectra obtained assuming a mixed source composition

compared to HiRes (left) and Auger (right) spectra, the different components are

displayed .

We start our series of calculations by using our usual proton dominated mixed

composition hypothesis (assuming the same composition as low energy galactic cosmic-

rays, see [6, 7, 13, 17] for more detais). The results are displayed in Fig. 3. Good

fits can be found of both experimental spectra, with spectral index of 2.3 in the

case of HiRes [17] (β=2.4 is also compatible with data [19]) and 2.2 with the harder

Auger spectrum (with a lower maximum energy at the source). The difference of

spectral index does not have any relevant impact on the evolution of the composition

or the implications on the transition from galactic to extragalactic cosmic-rays [6, 7].

Between the energy of the ankle and ∼ 10
19

eV the relative contribution of light

(proton and He), intermediate and heavy nuclei is more or less steady. Above 10
19

eV, intermediate and then heavy components drop (at energies proportional to the

mass) due to interactions with far-IR photons (see Fig. 1) resulting in a composition

that gets lighter. At the highest energies, above 5 10
19

eV, only protons and heavy

nuclei are significantly present in the composition as light and intermediate nuclei are

already suppressed by the interactions with CMB photons. Due to our composition

hypothesis for which the relative abundance at the sources of heavy nuclei is only

∼ 10%, the composition is then very dominated by proton (∼ 90% of the composition

at the Earth) and the expected decrease of the flux at the highest energies is in all

respect similar to the standard GZK feature. Note that, as we pointed out in [7, 19],

between 5 10
19

and 2 10
20

eV, the relative abundance of the heavy component increases

because of the photopion interaction of protons before disappearing completely above

Implications of the cosmic ray spectrum for the mass composition at the highest energies14

Both arguments can however be countered if one assumes that the composition
at the source is actually proton dominated but that the proton maximum energy is
lower than energy of the GZK feature leading to a heavy dominated composition at
the highest energies (this kind of scenario is proposed for instance in [24]).

As we discussed in [6], low Emax proton solutions do not work very well with
our usual mixed composition hypothesis. Indeed, at the sources the composition is
assumed to be dominated by protons, with a large abundance of He nuclei and CNO
and a lower abundance of heavy nuclei. In this case, the early cut-off of the He
and CNO components (which are not masked by secondary protons for low Emax

hypotheses) that closely follow the cut-off of protons (due to the maximum energy
at the source) result in a sharp cut-off that is incompatible with data if protons
are not acceleration above the GZK effect energy threshold. Some tuning of the
composition is then necessary for this type of scenario to be compatible with the
data. However, acceptable fits of the data can be obtained by assuming that the
heavy nuclei are more abundant than He and CNO at the source. This is illustrated
in Fig. 7 where expected spectra are displayed and compared with data assuming a
mixed composition, Emax = Z×4 1019 eV and ∼ 30% of Fe nuclei at the sources. One
can see that the agreement with data is reasonable (especially with Auger spectrum)
and that the composition, proton dominated at low energy, becomes gradually heavier
and very dominated by iron above 5 1019 eV. The implication for the flux above 3 1020

eV are basically the same as in the pure iron source composition seen before (the main
difference being that in the Emax case, one does not expect any secondary protons after
the heavy component final drop). Cosmogenic neutrino fluxes at high energy (above
1017 eV) would as well be hopelessly low in this case. Indeed, pion production from the
interactions of either nucleons or nuclei with CMB photons would be highly suppressed
for the low Lorentz factors implied by the low values of Emax [13].

Figure 7. Propagated spectra obtained assuming a mixed source composition

and a low proton maximum energy at the accelaration compared to HiRes (left)

and Auger (right) spectra.

Allard et al. JCAP 2008

Max. injection energy high

Max. injection energy low



take home message
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Science result

Pierre Auger Collaboration, Science 318 (2007) 939



AGN Correlation (Status Aug 2007)

37

Figure 2: Aitoff projection of the celestial sphere in galactic coordinates with circles of radius

3.1◦ centered at the arrival directions of the 27 cosmic rays with highest energy detected by

the Pierre Auger Observatory. The positions of the 472 AGN (318 in 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 (12) are indicated by red asterisks. The solid line draws the border

of the field of view (zenith angles smaller than 60◦). Darker color indicates larger relative

exposure. Each colored band has equal integrated exposure. The dashed line is, for reference,

the super-galactic plane. Centaurus A, one of our closest AGN, is marked in white.

15

Centaurus A

Supergalactic planeVeron-Cetty: 472 AGN (z< 0.018, ~75 Mpc)
                         318 in field of view of Auger

Galactic coordinates

Auger: 27 events above 5.7 1019 eV,
             20 correlated within 3.1°

Science 318 (2007) 939

AS Results - Anisotropy
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a priori analysis
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correlation 
conclusions

 UHECR are not Galactic
 Likely astrophysical sources
 AGN are plausible 
acceleration sites
 Over 200 citations!
 More data needed to identify 
& characterize the sources



Correlation Update

 Data up to February 1, 2010

 More than double the data;

 i.e. 69 events above 55 EeV



monitoring the signal
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Fig. 1. Monitoring the correlation signal. Left: The sequential analysis of cosmic rays with energy greater than 55 EeV arriving after 27 May,
2006. The likelihood ratio log10 R (see Eqn (2)) for the data is plotted in black circles. Events that arrive within ψmax = 3.1◦ of an AGN with
maximum redshift zmax = 0.018 result in an up-tick of this line. Values above the area shaded in blue have less than 1% chance probability
to arise from an isotropic distribution (piso = 0.21). Right: The most likely value of the binomial parameter pdata = k/N is plotted with black
circles as a function of time. The 1σ and 2σ uncertainties in the observed value are shaded. The horizontal dashed line shows the isotropic
value piso = 0.21. The current estimate of the signal is 0.38± 0.07. In both plots events to the left of the dashed vertical line correspond to
period II of Table I and those to the right, collected after [1], correspond to period III.

TABLE I
A NUMERICAL SUMMARY OF RESULTS FOR EVENTS WITH E ≥ 55 EEV. SEE THE TEXT FOR A DESCRIPTION OF THE ENTRIES.

Period Exposure GP N k kiso P

I 4390 unmasked 14 9 2.9
masked 10 8 2.5

II 4500 unmasked 13 9 2.7 2× 10−4

masked 11 9 2.8 1× 10−4

III 8150 unmasked 31 8 6.5 0.33
masked 24 8 6.0 0.22

II+III 12650 unmasked 44 17 9.2 6× 10−3

masked 35 17 8.8 2× 10−3

I+II 8890 unmasked 27 18 5.7
masked 21 17 5.3

I+II+III 17040 unmasked 58 26 12.2
masked 45 25 11.3

flux were isotropic. This degree of correlation provided
a 99% significance level for rejecting the hypothesis that
the distribution of arrival directions is isotropic.

The left panel of Fig. 1 displays the likelihood ratio
of correlation as a function of the total number of
time-ordered events observed since 27 May, 2006, i.e.
excluding the data used in the exploratory scan that lead
to the choice of parameters. The likelihood ratio R is
defined as (see [9] and [10])

R =

� 1
piso

pk(1− p)N−k dp

pisok(1− piso)N−k+1
. (2)

This quantity is the ratio between the binomial prob-
ability of correlation – marginalized over its range of
possible values and assuming a flat prior – and the
binomial probability in the isotropic case (piso = 0.21).
A sequential test rejects the isotropic hypothesis at the
99% significance level (and with less than 5% chance
of incorrectly accepting the null hypothesis) if R > 95.
The likelihood ratio test indicated a 99% significance
level for the anisotropy of the arrival directions using
the independent data reported in [1]. Subsequent data
neither strengthen the case for anisotropy, nor do they
contradict the earlier result. The departure from isotropy
remains at the 1% level as measured by the cumulative

binomial probability (P = 0.006), with 17 out of 44
events in correlation.

In the right panel of Fig. 1 we plot the degree of
correlation (pdata) with objects in the VCV catalog as
a function of the total number of time-ordered events
observed since 27 May, 2006. For each new event the
best estimate of pdata is k/N . The 1σ and 2σ uncer-
tainties in this value are determined such that the area
under the posterior distribution function is equal to 68%
and 95%, respectively. The current estimate, with 17 out
of 44 events that correlate in the independent data, is
pdata = 0.38, or more than two standard deviations from
the value expected from a purely isotropic distribution
of events. More data are needed to accurately constrain
this parameter.

The correlations between events with E ≥ 55 EeV
and AGN in the VCV catalog during the pre- and post-
exploratory periods of data collection are summarized in
Table I. The left most column shows the period in which
the data was collected. Period I is the exploratory period
from 1 January, 2004 through 26 May, 2006. The data
collected during this period was scanned to establish the
parameters which maximize the correlation. Period II is
from 27 May, 2006 through 31 August, 2007 and period
III includes data collected after [1], from 1 September,

May 2006
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AGN Correlation Update
AS Results - Anisotropy

SWIFT- BAT AGN HIPASS  GALAXIES 2MASS GALAXIES 



AN - Anisotropy

SWIFT- BAT AGN HIPASS  GALAXIES 2MASS GALAXIES 





2MASS nearby galaxies

Plot by Jim Cronin



Updated conclusions
 UHECR are extragalactic
 We still reject isotropy at the 99% level
 VCV & parameters are not unbiased
 GZK suppression 
 ⇒ we can see local sources ☺

 ⇒ we see only 2 events/month above 55 EeV ☹

 Additional data needed to identify potential 
sources of UHECR



Latest Results
Composition - Inferring the identity of the primary CR



Latest Results
Composition - Inferring the identity of the primary CR



Latest Results
Composition - Inferring the identity of the primary CR



Air shower properties



Air shower properties
Longitudinal Shower Profiles with the Pierre Auger

Fluorescence Telescopes
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Air shower properties
Longitudinal Shower Profiles with the Pierre Auger

Fluorescence Telescopes
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AS Results - Composition

Depth of shower maximum ⇒ UHE hadronic interactions

 Physical Review Letters 104 (2010) 091101
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Energy threshold
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AN - Composition
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Summary &
Conclusions



Auger South has shown

• There is a flux suppression

• The sky is anisotropic above 
60 EeV

• There are nearby UHE sources, 
and they follow the matter 
distribution

• Exotic models are disfavored
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discover the sources of UHECRs

study UHE interactions

detect UHE neutrinos & photons
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Find those sources!



Local matter

Our 69 events compared to X-ray AGN detected by 
SWIFT-BAT, using a smoothing angle 4 degrees.



Enhancing the South
AMIGA infill tanks and muon counters

 3

 

 

Figure 1: Our attempt to present a single view of the ‘unitary-7’, ‘750-infill’ and ‘433-

infill’ stages of the AMIGA proposal. Blue dots are exisiting SD counters, green are 

additional units for the 750-infill, red for the 433-infill.  Muon counters (boxes) are only 

shown for the unitary-7. 

 

 

 

 

 

  

 

Figure 2: Graphical representation of the schedule 
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• 20,000 km2 with 4,400 surface 
stations

• 39 fluorescence telescopes 
(~85% coverage)

AN design
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The Northern Pierre 
Auger Observatory

Johannes Blümer

This  document describes briefly the scientific context and 
the first results  of the Pierre Auger Observatory for ultra-
high energy cosmic rays. On this  basis we argue for a 
second Auger Observatory in the Northern hemisphere in 
Colorado/USA, and present a conceptual design. It is pro-
posed that the Karlsruhe Institute of Technology makes a 
significant  contribution to this multi-national effort through 
Forschungszentrum Karlsruhe, member of the Helmholtz 
Association. The funds should originate from the invest-
ment funding line of the Helmholtz Association.
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AN - Anisotropy



AN - Anisotropy

Sky map with 10 years of AN



AN -Take home message

Auger-North

Auger-South

TA

AGASA

7 times bigger for 
twice the money

full sky coverage
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