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The first extremely high energy event
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Ultra-high energy: 1020 eV
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Need accelerator of size of Mecury´s orbit 
to reach 1020 eV with current technology

Large Hadron Collider (LHC), 
27 km circumference, 
superconducting magnets

Ultra High Energy Cosmic Rays - Accelerators

! need ILC (35 MV/m)

L= diameter of Saturn orbit

! alternatively built LHC around

Mercury orbit

! astrophysical shock

acceleration less efficient...

(M. Unger, 2006)

Acceleration time for LHC: 815 years 



Source: diffuse shock acceleration?
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Sources: exotic scenarios
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(MX ~ 1023 - 1024 eV)

Fragmentation function

dNh

dx
∼ x−3/2(1− x)2

QCD: ~ E-1.5 energy spectrum

QCD+SUSY: ~ E-1.9 spectrum 

X particles from:
• topological defects
• monopoles
• cosmic strings
• cosmic necklaces
• .....

X particle

Injected particles: Gamma-ray/nucleon ~ 1.5 - 3



Fact sheet of some source scenarios
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AGNs, GRBs, ...
( ☆ )

Young pulsars
( ☆☆ )

X particles
( ☆☆☆ )

Z-bursts
( ☆☆☆☆ )

Process

Diffuse shock 
acceleration

EM acceleration

Decay & particle 
cascade

Z0 decay & 
particle cascade

Distribution

Cosmological

Galaxy & halo

(a) Halo (SHDM)
(b) Cosmological

Cosmological &
clusters

Injection flux

p ... Fe

mainly Fe

ν, γ-rays and p

ν, γ-rays and p



Greisen-Zatsepin-Kuzmin (GZK) suppression
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(Cronin, TAUP 2003)

protons
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Gamma-rays even more suppressed

Energy loss distance E ds/dE

p γ → p π0

p γ → n π+

A γ → (A−1) n
A γ → (A−2) (pn)



GZK suppression and magnetic field deflection
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Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating
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Redshift   Lum.Distance

0.004       16 Mpc
0.01         40 Mpc
0.05         200 Mpc
0.1           415 Mpc (Bergmann et al.,  PLB 2006)

injection 
spectrum ~E-2.5



Expected anisotropy based on matter distribution
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UHECR to test large-scale structures...

Full sky coverage: 
northern observatory

(Armengaud et al., 2006)

GZK suppression



Exotic propagation scenarios
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Violation of Lorentz invariance (space time fluctuations)

Light supersymmetric baryons

Threshold for GZK process increased
But: extensive air showers different 
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statistics. Then

p(ε) =
1

σ
√

2 π
e−

(ε−ε̄)2

2 σ2 . (13)

The stochastic ε’s are then generated numerically via

ε = σ
√

2 erf−1(r) + ε̄ , (14)

where r is a random number in the interval [−1, 1], σ is the variance of a distribution, and ε̄

is the average value of ε. We set σ = a to avoid introducing a new parameter. Alternatively,

one could for example choose a constant variance, say σ = 1, or any other value. This does

not change the general behavior of our results, as we show in the next section. We choose

ε̄ = 0 based on a preference for symmetry, and to maintain the smallness of fluctuations. The

same choice was made in [4]. A model with nonzero ε̄ was proposed in [5]. Obviously, this

expresses a preference for negative ε (lowered threshold) over positive ε (raised threshold) or

vice versa. While this asymmetrical choice may turn out to merit Nature’s attention, it has

not yet attracted our attention.

With the symmetrical choice for ε, half of the fluctuations present negative ε, and half

present positive. For the negative half, each ε generates one solution for Eth, with Eth <

Eclass. For the positive half, each ε generates no solution when a < acrit, and two solutions

above Eclass when a > acrit. The lower of these two solutions, E−
th, is relevant, while the

higher solution is probably not.

IV. MODIFIED THRESHOLDS IN DETAIL

For gamma-rays incident on the IRB, Eq. (11) becomes

EIRBEth = m2
e + ε

E2+a
th

Ma
P

2a − 1

22+a
, (15)

where me is the electron mass, and for definiteness we take EIRB = 0.025 eV. For CR

nucleons interacting on the CMB, Eq. (11) becomes

4ECMBEth = (mp + mπ)2 − m2
p + ε

E2+a
th

Ma
P

[

1 −
m1+a

p + m1+a
π

(mp + mπ)1+a

]

, (16)

(Coleman & Glashow PRD59 1999, 
 Jankiewicz et al., 2004)

(Farrar et al., 1998 )



Observations ?
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Situation before Auger Observatory: flux
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Situation unclear
• Flux suppression,

GZK effect?
• Energy of ankle
• Flux normalization

Events above 1020 eV: 11 (AGASA), 4 (HiRes)

Energy
reconstruction
uncertainty:

    AGASA   ~18%
   HiRes      ~17%



Situation before Auger Observatory: composition
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(Anchordoqui et al., 2004)

Fly‘s Eye
AGASA A100
AGASA A1

Haverah Park
AGASA
HiRes

SIBYLL 1.6

QGSJET 98/01

HiRes: 80% p and 20% Fe



Situation before Auger Observatory: composition
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(Anchordoqui et al., 2004)

Fly‘s Eye
AGASA A100
AGASA A1

Haverah Park
AGASA
HiRes

SIBYLL 1.6

QGSJET 98/01

HiRes: 80% p and 20% Fe
Caveats: 

• low statistics
• interaction model dependence
• muon and Xmax information consistent?



Situation before Auger Observatory: anisotropy
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Fig. 1. The geometry of reconstruction for a monocular air fluorescence detector

Fig. 2. The arrival directions of the HiRes-I monocular with reconstructed energies
above 1019.5 eV events and their 1σ angular resolution

cessfully reconstructed in both HiRes-I monocular mode and HiRes stereo
mode. Because of the dearth of events with estimated energies above 1019.5 eV
that reconstructed satisfactorily in both stereo and mono mode, we consider
all mono/stereo candidate events with estimated energies above 1018.5 eV. In
stereo mode, the shower detector planes of the two detectors are intersected,
thus the geometry is much more precisely known and the total angular reso-
lution is of order 0.6◦, a number that is largely correlated to σplane and thus is

4

E > 1018 eV,  dipole anisotropy, excess from GC region

E > 4x1019 eV,  5 doublets, 1 triplet

AGASA HiRes

E > 1020 eV

Monocular: 52 evts, stereo: 27 evts
no small scale clustering found

Correlation with Bl Lacs?
Medium range ~25° correlation?

(Excess in similar region also found in SUGAR)



Different measurement techniques

15

Fluorescence telescopes:
• Calorimetric energy measurement
• Aperture energy-dependent
• Duty cycle ~15%

Surface detector array:
• Shower size at ground 
• Aperture energy-independent
• Duty cycle ~100%
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The Pierre Auger Project

Northern Observatory
4000 detectors 20,000 km2 

16

High statistics
Hybrid detection
Full sky coverage

Southern Observatory
1600 detectors 3,000 km2 

1992 Paris workshop
1996 Design report
1999 Ground breaking
2001 Engineering array
2003 Construction phase
2008 Completion



Southern Pierre Auger Observatory 
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1600 surface 
detectors: water-
Cherenkov tanks 
(triang. grid of 1.5 km)

4 fluorescence detectors 
(24 telescopes in total)



Auger South on a cloudy day ...
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six telescopes each viewing 30° by 30°



six telescopes each viewing 30° by 30°



One of 24 fluorescence telescopes
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PMT camera with 440 pixels, 
1.5° FoV per pixel, 10 MHz 

3.4 m segmented mirror 
(aluminum alloy, glass)

UV transmitting 
filter, corrector 
lens, safety 
curtain



Southern Pierre Auger Observatory 
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1600 surface detectors: 
water-Cherenkov tanks 
(triang. grid of 1.5 km)

4 fluorescence detectors 
(24 telescopes in total)

Laser facilities

Balloon station



Central data acquisition building 

24















































































































































































































  
  

Integrated aperture used for data analysis
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13 June 2008:
Array completed!
1660 tanks deployed
1603 with electronics
24 telescopes 

Data presented in talk: 
5165 km2 sr yr ~ 0.8 full Auger year
9000 km2 sr yr  anisotropy studies

Fluorescence
telescopes

Tanks with
electronics

Tanks deployed

1 Jan 2004 28 Feb 2007

AGASA:  1600 km2 sr yr HiRes I (mono) ~ 5000 km2 sr yr @ 1020 eV

31 Aug 2007



Status
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Surface detector events
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Golden hybrid events
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Other types of Auger events
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special hybrid events (01.01.2004 - 18.07.2007)

Stereo

• 582

• 30 / month

Event 200718905882 (9.7.2007)



Other types of Auger events
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special hybrid events (01.01.2004 - 18.07.2007)
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Other types of Auger events
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Other types of Auger events
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Golden hybrid events: many cross checks possible
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special hybrid events (01.01.2004 - 18.07.2007)

Stereo

• 582

• 30 / month

Triple

• 58

• 5 / month
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Cosmic Ray Flux
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Energy calibration of 
surface detector
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Systematic uncertainties of energy assignment
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Etot (log10(eV))
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(T. Pierog et al., ICRC 2007)
 Model dependence of 
energy correction small

fluorescence yield 14%

telescope 
calibration

10%

reconstruction 10%

aerosols 5%

humidity 5%

overall 22%
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Update: spectrum published in PRL 2008
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FIG. 1: Correlation between lg S38◦ and lg EFD for the 661 hybrid events used in the fit. The full line is the best fit to the data. The fractional

differences between the two energy estimators are inset.

the time at the SD with the highest signal, if it is within 750m from the shower axis [25, 26]. It is also required that a reduced

χ2 is less than 2.5 for the fit of the longitudinal profile and that the depth of shower maximum be within the field of view of the
telescopes. The fraction of the signal attributed to Cherenkov light must be less than 50%. Statistical uncertainties in S38◦ and

EFD were assigned to each event: averaged over the sample these were 16% and 8%, respectively.

The correlation of S38◦ with EFD is shown in Fig. 1, together with the least-squares fit of the data to a power-law, EFD =
a·Sb

38◦ . The best fit yields a = (1.49 ± 0.06 (stat)± 0.12 (syst)) × 1017 eV and b = 1.08±0.01 (stat)±0.04 (syst) with a reduced
χ2 of 1.1. S38◦ grows approximately linearly with energy. The energy resolution, estimated from the fractional difference

between EFD and the derived SD energy, E = a · Sb
38◦ , is shown inset. The root-mean-square deviation of the distribution is

19%, in good agreement with the quadratic sum of the S38◦ and EFD statistical uncertainties of 18%. The calibration accuracy

at the highest energies is limited by the number of events: the most energetic is ∼ 6 × 1019 eV. The calibration at low energies

extends below the range of interest.

The energy spectrum based on ∼20, 000 events is shown in Fig. 2. Statistical uncertainties and 84% confidence-level limits
are calculated according to [27]. Systematic uncertainties on the energy scale due to the calibration procedure are 7% at 1019 eV

and 15% at 1020 eV, while a 22% systematic uncertainty in the absolute energy scale comes from the FD energy measurement.

The possibility of a change in hadronic interactions or in the mean primary mass above 6 × 1019 eV will be addressed with more

data. In photon-initiated showers the value of S(1000) is 2-3 times smaller than for nuclear primaries, so that a large photon flux
would change the spectrum. However, a limit to the photon-flux of 2% above 1019 eV exists [29].

The spectrum is fitted by a smooth transition function with the suppression energy of 4 × 1019 eV defined as that at which the

flux falls below an extrapolated power law by 50%. To examine the spectral shape at the highest energies, we fit a power-law

function between 4 × 1018 eV and 4 × 1019 eV, J ∝ E−γ , using a binned likelihood method [30]. A power-law is a good

parameterization: the spectral index obtained is 2.69 ± 0.02 (stat)± 0.06 (syst) (reduced χ2 = 1.2), the systematic uncertainty
coming from the calibration curve. The numbers expected if this power-lawwere to hold above 4 × 1019 eV or 1020eV, would be

167±3 and 35±1while 69 events and 1 event are observed. The spectral index above 4 × 1019 eV is 4.2±0.4 (stat)±0.06 (syst).
A method which is independent of the slope of the energy spectrum is used to reject a single power-law hypothesis above

4 × 1018 eV with a significance of more than 6 standard deviations [30], a conclusion independent of the systematic uncertainties

currently associated with the energy scale.

In Fig. 2 the fractional differences with respect to an assumed flux ∝ E−2.69 are shown. HiRes I data [3] show a softer

spectrum where our index is 2.69 while the position of suppression agrees within the quoted systematic uncertainties. The

AGASA data are not displayed as they are being revised [31]. The change of spectral index indicated below 4 × 1018 eV will be

discussed elsewhere.

To summarize, we reject the hypothesis that the cosmic-ray spectrum continues with a constant slope above 4 × 1019 eV, with

a significance of 6 standard deviations. In a previous paper [32], we reported that sources of cosmic rays above 5.7 × 1019 eV

are extragalactic and lie within 75 Mpc. Taken together, the results suggest that the GZK prediction of spectral steepening may

have been verified. A full identification of the reasons for the suppression will come from knowledge of the mass spectrum in
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FIG. 2: Upper panel: The differential flux J as a function of energy, with statistical uncertainties. Data are listed at [28]. Lower Panel: The
fractional differences between Auger and HiRes I data [3] compared with a spectrum with an index of 2.69.

the highest-energy region and from reductions of the systematic uncertainties in the energy scale which will allow the derivation

of a deconvolved spectrum.
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Composition: measurement of longitudinal profile
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Composition: mean depth of shower maximum
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OBSERVATORY

Study of the cosmic ray composition above 0.4 EeV

using the longitudinal profiles of showers

observed at the Pierre Auger Observatory

M. Unger, R. Engel, F. Schüssler and R. Ulrich for the Pierre Auger Collaboration

Forschungszentrum Karlsruhe

Shower maximum and primary mass

Longitudinal development of extensive air showers:

• primary protons:

〈Xmax〉 = D10 lg(E) + const

with elongation rate D10 depending on hadronic interactions.

• superposition model:

〈Xmax〉 = D10 lg(E/A) + const

• elongation rate theorem:

D10 ≤ Dγ = X0 ln(10)
lg(total energy [eV])
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Results

• significant break of the elongation rate at around 1018.3 eV
→ change of composition at around the ankle
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• comparison to hadronic interaction models:

→ mixed composition at all energies
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OBSERVATORY

Study of the cosmic ray composition above 0.4 EeV

using the longitudinal profiles of showers

observed at the Pierre Auger Observatory

M. Unger, R. Engel, F. Schüssler and R. Ulrich for the Pierre Auger Collaboration

Forschungszentrum Karlsruhe

Shower maximum and primary mass

Longitudinal development of extensive air showers:

• primary protons:

〈Xmax〉 = D10 lg(E) + const

with elongation rate D10 depending on hadronic interactions.

• superposition model:

〈Xmax〉 = D10 lg(E/A) + const

• elongation rate theorem:

D10 ≤ Dγ = X0 ln(10)
lg(total energy [eV])
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→ mixed composition at all energies
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Study of the cosmic ray composition above 0.4 EeV

using the longitudinal profiles of showers

observed at the Pierre Auger Observatory
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Shower maximum and primary mass

Longitudinal development of extensive air showers:

• primary protons:

〈Xmax〉 = D10 lg(E) + const

with elongation rate D10 depending on hadronic interactions.

• superposition model:

〈Xmax〉 = D10 lg(E/A) + const

• elongation rate theorem:

D10 ≤ Dγ = X0 ln(10)
lg(total energy [eV])
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• significant break of the elongation rate at around 1018.3 eV
→ change of composition at around the ankle
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• comparison to hadronic interaction models:

→ mixed composition at all energies

E [eV]

18
10

19
10

20
10

-2
.6

re
lv

a
ti

v
e
 f

lu
x
 r

e
s
id

u
a
l 
to

 E

-1

-0.5

0

0.5

1

1.5

2

n
u

c
le

a
r 

m
a
s
s
 A

 (
Q

G
S

J
E

T
II
)

1

10

Sys. uncertainty: ±15 g/cm2

D10 = 71±5 g/cm2

D10 = 40±4 g/cm2

(Note: not consistent with muon data and current interaction models)



Limit on fraction of photons in UHECR flux
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Neutrino-induced shower sensitivity
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Neutrino flux limit at ultra-high energy
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Arrival direction distribution
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Galactic center point source search
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Significance Maps

1 < E < 10 EeV

E < 1 EeV

E.M. Santos, the Pierre Auger Collaboration ( 1Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro - Brazil 2Observatorio Pierre Auger, Malargüe - Argentina)A search for possible anisotropies... July 2007 9 / 10

Significance Maps
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E.M. Santos, the Pierre Auger Collaboration ( 1Centro Brasileiro de Pesquisas F́ısicas (CBPF), Rio de Janeiro - Brazil 2Observatorio Pierre Auger, Malargüe - Argentina)A search for possible anisotropies... July 2007 9 / 10

No confirmation of previous indications 
for excess from GC region

Dark red: more events than expected
Light red: fewer events than expected

Auger, ICRC 2007

Significance plots

1018 < E < 1019 eV

1017 < E < 1018 eV
AGASA: would have 16σ
SUGAR: would have 30σ in Auger



Possible correlation with nearby objects ?
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• 12th Veron-Cetty & Veron catalogue of AGN
• Data set: Jan1st, 2004 to May 27th, 2006, well-contained events
• Scan over angular distance, maximum redshift, energy threshold

Minimum: 12 out of 15 correlated with nearby AGNs (3.2 expected)
               Δα = 3.1°, Emin = 5.6 x 1019 eV, zmax = 0.018 (75 Mpc)

Uncorrected chance probability:  P ~ 2 x 10-6 

Correction for trials needed!



Auger analysis: running prescription 
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N 4 6 8 10 12 ... 30 31 33 34

kmin 4 5 6 7 8 ... 14 14 15 15
Table 1
Criteria for our running prescription where N corresponds to the total number
of events observed at any point during the sequential analysis of up to 34 events
arriving with energy E > 56 EeV. kmin is the minimum number of events within the
angular window (ψ = 3.1◦), and a maximum AGN redshift (zmax = 0.018) required
to reject isotropy with at least a 99% confidence level. This prescription applied to
data collected after 27 May 2006 was satisfied with N = 8 and k = 6 on 25 May
2007.

number of events N
1 2 3 4 5 6 7 8 9 10 11 12 13
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e
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-210

-110
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210

3
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410
Isotropy rejection threshold

Data

68% region, p=0.21

95% region, p=0.21

Fig. 1. Likelihood ratio R as a function of the number of events observed in the
prescribed test. The null hypothesis (isotropy) was rejected at the 99% likelihood
threshold with 10 events. Shaded regions indicate expectations from isotropy at the
68% and 95% confidence limit.

and finite length of the test. 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 already satisfied the threshold at a lower value of N .

The prescribed test was applied to data collected after 27 May 2006, with ex-
actly the same reconstruction algorithms, energy calibration and quality cuts
for event selection as in the exploratory scan. On 25 May 2007, 6 out of 8
events correlated, thus satisfying the prescription. In the independent data
set collected up to 31 August 2007 there are 13 events with energy above
56 EeV, of which 8 have arrival directions closer than 3.1◦ from the positions
of AGN less than 75 Mpc away, with 2.7 expected on average if the arrival di-
rections were isotropic. The probability for this single configuration to happen
by chance if the flux were isotropic (Eq. 1) is P = 1.7× 10−3.

12

Standard prescription: pre-define 
• number of events or period of time
• data selection criteria and correlation parameters
• nominal chance probability threshold for publishing a claim
• perform test once if event number reached

Running prescription: test prescription for each new event 
    (penalty factor for many tests has to be included)

1% chance
probability

May 27, 2006 May 25, 2007 (6 out of 8 new events)



47

Anisotropy of utra-high energy cosmic rays

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)
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Anisotropy of utra-high energy cosmic rays

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.
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Comparison with GZK suppression models
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Particle physics with air showers
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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 ∼ 1019 eV the relative contribution of light
(proton and He), intermediate and heavy nuclei is more or less steady. Above 1019

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 1019 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 1019 and 2 1020 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.

(a) Correlation with sources allow identification of particles

(b) Propagation leads to either light or heavy composition

Allard et al., arXiv:0805.4779 [astro-ph]



Comparison of composition and flux features

52

-2
.6

 )
/E

-2
.6

(E
)-

E
!

re
s

id
u

a
l 

(

-1

-0.5

0

0.5

1

1.5

2

E [eV]

18
10

19
10

20
10p

ri
m

a
ry

 m
a

s
s

 (
Q

G
S

J
E

T
II

)

1

10

Deviation 
from E-2.6 flux

Mean mass 
number



Comparison of composition and flux features

52

-2
.6

 )
/E

-2
.6

(E
)-

E
!

re
s

id
u

a
l 

(

-1

-0.5

0

0.5

1

1.5

2

E [eV]

18
10

19
10

20
10p

ri
m

a
ry

 m
a

s
s

 (
Q

G
S

J
E

T
II

)

1

10

Deviation 
from E-2.6 flux

Mean mass 
number

Ankle



Comparison of composition and flux features

52

-2
.6

 )
/E

-2
.6

(E
)-

E
!

re
s

id
u

a
l 

(

-1

-0.5

0

0.5

1

1.5

2

E [eV]

18
10

19
10

20
10p

ri
m

a
ry

 m
a

s
s

 (
Q

G
S

J
E

T
II

)

1

10

Deviation 
from E-2.6 flux

Mean mass 
number

Ankle GZK



Comparison of composition and flux features

52

-2
.6

 )
/E

-2
.6

(E
)-

E
!

re
s

id
u

a
l 

(

-1

-0.5

0

0.5

1

1.5

2

E [eV]

18
10

19
10

20
10p

ri
m

a
ry

 m
a

s
s

 (
Q

G
S

J
E

T
II

)

1

10

Deviation 
from E-2.6 flux

Mean mass 
number

Ankle GZK

Anisotropy



GZK suppression and anisotropy
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Figure 7: Projected view of 20 trajectories of proton primaries emanating from a
point source for several energies. Trajectories are plotted until they reach a physical
distance from the source of 40Mpc. See text for details.

scaled for other magnetic conditions. For example, if the magnetic field were 100
nanogauss, propagation at 100 EeV would be completely diffusive, as shown in the
upper left panel of Figure 7. Propagation at 1000 EeV however would be quite distinct
from the lower left panel as energy loss by the GZK effect would be significant. Less
than 1% of the particles would escape interaction with the CMB and propagate
rectilinearly. The remainder would quickly pass to diffusive propagation, drop below
100 EeV, and travel much more slowly from the source. For iron primaries, the panel
on the upper right of Figure 7 would correspond to 80 EeV. This regime is not fully
diffusive and the primaries would have some memory of their source which would be
revealed by a broad anisotropy. These examples reveal the complexity introduced in
propagation of cosmic rays due to magnetic fields. In some cases the galactic magnetic
field will also be important.

In Figure 8 I have plotted the distribution of observed directions of the cosmic
rays with respect to the source direction. For 1 EeV proton primaries the directions
are completely isotropic; no memory of the source direction remains. In Figure 9 I
plot the dispersion of angles for 100 EeV and 30 EeV proton primaries. Here the
angular spread is 1.5◦ and 5◦ respectively.

If the sources of cosmic rays with energy ≥10 EeV are extragalactic and are
associated with the distribution of nearby matter, then one would expect that the
flux and energy spectrum of the cosmic rays will depend on the hemisphere in which
the observations are made. Most of the nearby matter is found in the Virgo cluster
at a distance of ∼ 18 Mpc. In Figure 10 I plot the column density of gravitating

8

1018 eV 3x1018 eV

1019 eV 1020 eV

Extragalactic magnetic field deflection

Redshift   Lum.Distance

0.004       16 Mpc
0.01         40 Mpc
0.05         200 Mpc
0.1           415 Mpc

z=4

z=1

z=0.1

z=0.01

z=0.004

-3

-2.5

-2

-1.5

-1

-0.5

0

0.5

1018 1019 10211017 1020

lo
g(

 E
3  x

 F
lu

x 
)  

   
(a

rb
. u

ni
ts

)

Energy   (eV)

GZK horizon: energy-source relation

(Bergmann et al.,  PLB 2006)

injection 
spectrum ~E-2.5
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Could it be that AGNs are indeed the sources?

55

Assumption: all AGNs of the VC catalogue have same injection power

Expectation:  ~6 events from Virgo cluster, none observed
                        (excluded at 99% level for complete distribution)

Possible interpretations: 

• AGNs have different injection power (predicted by Biermann, Falcke et al.)

• Sub-class of AGNs are sources

• AGNs are not sources, sources are distributed similar to AGNs

• Anisotropy of distribution independent of source catalogue

• AGNs correlated with UHECRs are standard Seyfert galaxies, not very 
powerful

(Gorbunov et al., arXiv:0711.4060 [astro-ph])

See discussion in Auger Collab., arXiv0712.2843 [astro-ph] and forthcoming paper



Why does HiRes not see a signal? 
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Fig. 3. Sky map in Galactic coordinates. The black dots are the locations of the
457 AGN and 14 QSOs with redshift z < 0.018. The green circle and triangle mark
the locations of Centaurus A and M87, respectively. The red circles (with radii of
3.1◦) mark the 2 correlated events. The blue squares mark the locations of the 11
uncorrelated events. The blue shaded regions delineate areas of even exposure in
HiRes (lighter shades of blue indicate a greater exposure).

cosmic-ray events with AGN in our field of view at (3.1◦, 56.0 EeV, 0.018).
The HiRes data are therefore consistent with random correlations.

3.2 Search in two independent data sets

Next, we randomly divide the HiRes stereo data into two equal sets, first
examining only one half and setting the other aside. We scan the first half
simultaneously in θmax from 0.1 to 4.0◦ in bins of 0.1◦, in Emin from 1019.05 to
1019.80 eV in bins of 0.05 decade, and with an AGN zmax from 0.010 to 0.030
in bins of 0.001. For each grid point in the scan, the total number of cosmic
rays correlated with at least one AGN is accumulated. We then conduct the
same scan in each of 5000 simulated sets with identical statistics to the first
half, adding up the total number of correlations in each set for each grid point.
At each point, the number of correlated events in each of the 5000 simulated
sets is compared with the result in the first half of the data. The criteria for
the most significant correlation were found to be (1.7◦, 15.8 EeV, 0.020) with
20 correlated events from a total of 97. Only 25 of 5000 simulated sets had 20
or more correlations.

7

HiRes stereo data:
13 events (2 correlated)

(HiRes Collab., astro-ph/0804.0382)
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Fig. 5. Normalized number of pairs as a function of θmax. The 13 events above 56
EeV in the HiRes data are shown in closed circles. The open circles are the average
of 2000 simulated sets. The gray shaded region represents the 1σ uncertainty in the
distribution of simulated sets.

for a chance probability of 23%. Applying the same process to the 1000 sim-
ulated sets, we find 971 sets for which the critical point occurs with a chance
probability less than 23%. The probability of measuring the observed degree
of correlation in an isotropic data set is 97%.

5 Conclusions

We have searched for correlations between the pointing directions of HiRes
stereo events with AGN from the the Véron-Cetty Véron catalog using three
different methods. As search parameters for our analysis, we used the max-
imum difference in angle between the cosmic-ray pointing direction and an
AGN θmax, the minimum cosmic-ray energy Emin, and the maximum AGN
redshift zmax.

Our first analysis, using the criteria prescribed by the Pierre Auger Obser-
vatory for their most significant correlation, (3.1◦, 56.0 EeV, 0.018), finds 2
correlated of 13 total events with an expectation of 3.2 chance correlations.
The corresponding chance probability was found to be 82%.

10

Author's personal copy

the correlation. Catalogue incompleteness would weaken
the measured strength of a true correlation.

In Fig. 4 we plot the distribution of angular separations
between the arrival directions of the 27 highest-energy
events and the position of the closest AGN with redshift
z 6 0:017. On this graph the 6 events with galactic latitudes
jbj < 12! have been shaded in grey. The two distributions
are clearly distinct, a likely consequence of the incomplete-
ness of the V-C catalogue at low galactic latitudes. The
dashed line is, for comparison, the distribution expected,
on average, from an isotropic flux modulated by the rela-
tive exposure of the Observatory.

We have performed a scan limited to events with galac-
tic latitudes jbj > 12!. The minimum probability for the
hypothesis of isotropic arrival directions occurs for the
same parameters as without the cut in the galactic plane
(w ¼ 3:2!; zmax ¼ 0:017;Eth ¼ 57 EeV). The cut increases
the strength of the correlation (Pmin ¼ 1:7# 10$10). Nine-
teen out of 21 arrival directions correlate with AGN posi-
tions while 5.0 are expected to do so by chance if the flux
were isotropic. In other words, 5 of the 7 events which
do not correlate with AGN positions arrive with galactic
latitudes jbj < 12!.

A distribution of arrival directions of cosmic rays that
shows evidence of anisotropy by correlation with a set of
astrophysical objects is also expected to show evidence
for anisotropy by auto-correlation. The degree of auto-cor-
relation in the set of the 27 events with E > 57 EeV is
shown in Fig. 5, where we plotted the number of event
pairs with angular separation smaller than a given value.
Points represent the number of pairs in the data. Also
shown are the mean number of pairs expected in simulated
isotropic sets of 27 directions, distributed in proportion to
the exposure of the Observatory. The error bars represent
the dispersion of 90% of the simulations. Significant depar-
tures from isotropy are seen to occur at intermediate
angular scales, between 9! and 22!. This may be the conse-
quence of a combination of clustering of events from indi-
vidual sources in addition to effects of the non-uniform
distribution of the sources themselves [26].

To compare the auto-correlation function of the data to
that expected from the AGN distribution in the V-C cata-
logue we must restrict ourselves to the regions where the
catalogue is reasonably complete, e.g. outside of the galac-
tic plane. In Fig. 6 we plot the number of pairs in the data
as a function of the separation angle restricted to the 21
events with E > 57 EeV and galactic latitudes jbj > 12!.
Also shown is the average distribution expected in sets of
21 directions chosen at random (in proportion to the rela-
tive exposure of the Observatory) from the positions of
AGN in the V-C catalogue with redshift z 6 0:017 and
jbj > 12!. The error bars in the plots indicate the results
in 90% of the simulated sets. The distribution of pairs in
the data are in all cases within those results.
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Fig. 4. Distribution of angular separations to the closest AGN within
71 Mpc. The 6 events with jbj 6 12! have been shaded in grey. The average
expectation for an isotropic flux is shown as the dashed line histogram.
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Fig. 5. Number of pairs as a function of maximum separation angle a for
the 27 events with E > 57 EeV (points) and average expectation for an
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represent the 90% confidence limit dispersion.
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Does the correlation imply protons as UHECRs?

57

Deflection of protons if only regular field of spiral is used

1000 events with isotropic 
arrival distribution Directions of 27 Auger events

Auger, arXiv:0712.2843 [astro-ph]

Author's personal copy

mass is due to the corresponding decrease in the threshold
required to excite the giant-dipole resonance for photo-
disintegration.

4.5. Effect of the magnetic fields

A cosmic ray with charge Ze that travels a distance D in
a regular magnetic field B is deflected by an angle d given
by

d ’ 2:7!
60 EeV

E=Z

Z D

0

dx

kpc
" B

3 lG

! "####

#### ð6Þ

If the regular galactic magnetic field has a strength of a
few lG with a coherence scale of order %1 kpc, as in some
models [45], the deflection is expected to be a few degrees
for protons with E > 60 EeV. In such models, the angular
scale of the correlation we observed is consistent with the
size of the deflections expected to be imprinted upon pro-
tons by the galactic magnetic field.

The precise amount of the deflection is very dependent
on each specific arrival direction. We have evaluated
numerically the deflections imparted in a conventional reg-
ular galactic magnetic field model [45] for sets of arrival
directions uniformly distributed according to the Pierre
Auger Observatory relative exposure. Anti-particles were
backtracked in the galactic regular magnetic field to a dis-
tance of 20 kpc away from the Galactic Centre (where the
field strength is already very small). At this point the angle
between the initial (as measured on the earth) and final
velocity vectors was calculated. The result is shown in the
left panel of Fig. 8 in the special case of the BSS-S model2

(without Bz component) for E ¼ 60 EeV protons. The
deflections scale approximately as Z " ð60 EeV=EÞ for

other energies and electric charges (the scaling is rigorous
only for very small deflections and a uniform field). In
the right panel of the figure we show the distribution of
deflections for protons in the case of the 27 arrival direc-
tions of the events with E > 57 EeV, as computed for each
using its reconstructed energy.

Models of the regular component of the galactic mag-
netic field [47] outline its basic features, but cannot be
expected to provide a complete picture nor a realistic value
for every direction. It is, for example, possible to do the
exercise of ‘‘correcting” the observed arrival directions to
undo the deviation imparted by the galactic magnetic field,
but current models are not expected to be accurate enough
to allow us to draw reliable conclusions from such analy-
ses. Nonetheless, the results shown in Fig. 8 provide a rea-
sonable estimate of the typical deflections to be expected.
They are consistent with the angular scale of the observed
correlation with AGN. Therefore, if the BSS-S model is a
fair representation of the general features of the regular
galactic magnetic field, then the correlation observed in
the data would be unlikely if the primary composition of
the cosmic rays reaching us were much heavier than pro-
tons. Note that this does not preclude the possibility that
the source emits heavy nuclei, which could disintegrate
along their journey, so that the lighter fragments are those
deflected by the galactic magnetic field.

It will be possible in the future to compare various mod-
els for the galactic magnetic field with the pattern of orien-
tation and size of the deviation between the observed
arrival directions of the events and potential AGN sources.
However, our present data set is not large enough to per-
form such an analysis reliably.

The angular scale of the observed correlation also
implies that intergalactic magnetic fields along the line of
sight to the sources do not in general deviate cosmic ray
trajectories by much more than a few degrees. The root-
mean-square deflection imprinted upon the trajectories of
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Fig. 8. Distribution of the deflections for protons in the BSS-S model of the galactic magnetic field. Left panel: 1000 directions drawn from an isotropic
flux in proportion to the exposure of the Observatory, for E ¼ 60 EeV. Right panel: deflections of the 27 arrival directions of the observed events with
E > 57 EeV.

2 In fact, we have smoothed the original BSS-S model of [45] as
described in [46] in order to avoid the discontinuities present in the original
model.
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Latest (preliminary) HiRes stereo data
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OBSERVATORY

Study of the cosmic ray composition above 0.4 EeV

using the longitudinal profiles of showers

observed at the Pierre Auger Observatory

M. Unger, R. Engel, F. Schüssler and R. Ulrich for the Pierre Auger Collaboration

Forschungszentrum Karlsruhe

Shower maximum and primary mass

Longitudinal development of extensive air showers:

• primary protons:

〈Xmax〉 = D10 lg(E) + const

with elongation rate D10 depending on hadronic interactions.

• superposition model:

〈Xmax〉 = D10 lg(E/A) + const

• elongation rate theorem:

D10 ≤ Dγ = X0 ln(10)
lg(total energy [eV])
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Data Analysis

• longitudinal shower development from

fluorescence detector

• geometry constraint from surface detector

(’hybrid’)

• energy ∝ integral over longitudinal profile

• high quality showers with observed Xmax

• fiducial volume cuts to ensure an unbiased
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Results

• significant break of the elongation rate at around 1018.3 eV
→ change of composition at around the ankle
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• comparison to hadronic interaction models:

→ mixed composition at all energies
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Only three sources and mid-mass primaries?
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Heavy Cosmic Ray Nuclei from Extragalactic Sources above ”The Ankle” 2

1. Introduction

Figure 1. AUGER source map showing possible ’sources’ A, B and C [1]. The energy
threshold is 57 EeV.

It has long been suggested that the particles above the ankle are extragalactic (e.g.
[2, 3]); indeed, some believe that the transition starts at an even lower energy than 2

EeV (e.g. [4]). There have been many claims for EG ’signals’ from specific sources (e.g.

[5]) but, apart for rather strong evidence for particles from the VIRGO cluster (the

centre of the supercluster in which we are situated) the results have been conflicting.

There were thus high expectations for the results from the very large Auger Observatory

and such result, based on an exposure (area times time) exceeding the sum total of the
world’s data have recently appeared [1]. Figure 1 shows the results and it is evident that

there is ’clumpiness’ in the arrival directions. The authors draw attention to a number

of features, principally

1 The presence of a cluster of events round the CEN–A radio source.

2 Coincidences, above the chance level, with known Active Galactic Nuclei (AGN)

out to 75 Mpc.

Their conclusion that the primaries are protons is based on the contention that

the deflections in the intergalactic medium (IGM) and the Galaxy would nullify the
coincidences.

Although not stated, the need for a change in the Nuclear Physics follows from

examination of the world’s data (and their own e.g. [6, 7]) on the depth of shower

maximum, which indicate 〈lnA〉 ∼ 1.4 at 10 EeV and ∼ 2.5 at 40 EeV, the highest

energy point plotted in the Auger results. With the conventional Nuclear Physics model,

protons (〈lnA〉 = 0 ) are certainly ruled out for the particles above 56 EeV. If true,

Wibig & Wolfendale, 
astro-ph/0712.3403

Heavy Cosmic Ray Nuclei from Extragalactic Sources above ”The Ankle” 9

Table 1. Median expected displacements (in degrees) for protons from the sources
indicated, and their ’total’, i.e. addition in quadrature. Comparison with observed
displacements gives an order of magnitude estimate of the particle charge, Z.

Source Distance (Mpc) Galaxy IGM Total Median displacement observed Z

CEN–A 5 0.7 1.1 1.3 10 7.7

Source B 20 0.46 2.2 2.2 6 2.7

Source C 33 0.48 2.8 2.8 10 3.6

indicated on Figure 4.

The value for CEN-A, the best identified source, is seen to be 〈Z〉 = 7.7 and 〈lnA〉
follows as ∼ 2.7. Taking the mean of all three gives 〈Z〉 = 4.7 and 〈lnA〉 = 2.2. It seems

to us unlikely that the true value is outside then limits; certainly, 〈ln A〉 = 0 appears

not to be needed.

7. Conclusions

We conclude that it is probably not necessary to change the Nuclear Physics of high
energy interactions at energy above 60 EeV, or so.

The way forward in the analysis of the Auger results is to endeavour to check the

hypothesis that ’nearby’ (within some 10s of Mpc) flat spectrum radio galaxies are

responsible. Identification will clearly rely on examination of the allotted energies to

events within clusters as a function of radial distance from the possible source. Individual

Xmax values need treating in the same manner.
A complication, affecting all searches, is the fact that the distant source may not

be seen optically to be ’still on’ when the particles arrive, [20].
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But: no detailed simulation yet available
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Energy scale rel. to fluorescence detector
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Constant 
intensity method

Fluorescence detector 
energy scale uncertainty 

Energy scale relative to fluorescence detector

QGSJET II (p) = 1.0
               (Fe) = 1.39

SIBYLL 2.1(p) = 0.87
              (Fe) = 1.27

E = 1019eV

Auger ICRC 2007

(Method: Schmidt et al., astro-ph/0712.3750)
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Conclusions and outlook
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First physics results

• Primary cosmic ray flux: suppression, most likely GZK effect
• Composition: 

- hadronic mixed (<Aeff> ~ 4 ... 10), correlated with flux
- low limits on photon fraction (~2% @ 95% c.l.)

• Ultra-high energy cosmic rays are not isotropically distributed

• Not yet consistent picture

Outlook:

• More statistics to come
• Enhancements of Southern Observatory to extend range to lower energy
• Design studies and R&D for Northern Observatory

Excellent performance Southern Pierre Auger Observatory



Detector location and layout
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Surface detectors and trigger thresholds
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infill array
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• Water-Cherenkov tanks with one PMT only
• Use of existing 1 mi grid of roads
• Tank-to-tank commuication



Infill array of water Cherenkov detectors

Simulated acceptance
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AMIGA: Auger Muons and Infill for the Ground Array

Existing tank array 1500m

Infill array 750m
42 additional detectors 
Area ~ 23.5 km2

em. + μ 

μ 

Infill array 433m
24 additional detectors
Area ~ 5.9 km2
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Nancy Rodrigo
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Romelia

Each of the 85 detectors: 
pair of Cherenkov tank 
and muon counter

~3m



HEAT: High Elevation Auger Telescopes

• 3 ``standard´´ Auger telescopes tilted to cover 30 - 60° elevation
• Custom-made metal enclosures
• Also prototype study for northern Auger Observatory 68
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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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http://www.auger.org
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