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UHE Detectors
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With time, gain not only in detection surface...

1960 1970 1980

Early 60s: 
Volcano Ranch

USA, New 
Mexico, 1800 m 

a.s.l.
19 scintillators 
+ 1 shielded

Spacing ≈ 450 m

Area: 
2 (8) km2 

Late 60s-80s:
Haverah Park

UK, Leeds, 220 m 
a.s.l.

62 water Cherenkov
Spacing ≈ 500/2000 

m 

Late 60s-70s:
SUGAR

Australia, 250 m a.s.l.
54 buried scintillators

Spacing ≈ 1600 m 

Area: 55 km2

Early 70s - now
Yakutsk

Russia, 100 m a.s.l.
58 scintillators + 6 
muon detectors + 

45 Cherenkov PMTs
Spacing ≈ 

150/500/1000 m

Area: 17 km2 

Late 70s- 2004
AGASA

Japan, Akeno, 100 m a.s.l.
111 scintillator detectors 

+ 27 muon detectors
Spacing ≈ 1000 m

Area: 100 km2

Early 80s-1995
Fly’s Eye

USA, Utah, 100 m 
a.s.l.

2 fluorescence 
telescopes (67 

mirrors & 880 PMTs 
+ 36 mirrors & 464 

PMTs)
Spacing ≈ 3.4 km

1990

Volcano Ranch Haverah Park Yakutsk AGASA

Fly’s EyE
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...but also in quality/precision

1960 1970 1980

Early 60s: 
Volcano Ranch

Pulse 
amplitude, 

arrival times

LDF -> Ne -> 
rough 

estimation of 
energy 

Late 60s-80s:

Haverah Park

Measurement of EAS 
photons/electrons/

muons

Late 60s-70s:

SUGAR

Largest array at the 
time, muon sensitive

Unique in Southern 
emisphere

Early 70s - now

Yakutsk

First “complex” 
detector (multi-

component).

3 nested subarrays, 
with different 

spacing.

First calorimetric 
approach 

(Cherenkov)

Late 70s- 2004

AGASA

Largest array in the past

Multi-component 
measurement 

(e.m. and muonic)

Early 80s-1995

Fly’s Eye

First succesful 
employ of 

fluorescence

First “stereo” 

1990

Volcano Ranch Haverah Park Yakutsk AGASA

Fly’s EyE
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Since 2004: the   
Pierre Auger 
Observatory

- Argentina, Malargue, 1500 m a.s.l.

- «hybrid» detector: 1600 water tanks  
(Cherenkov) + 4x6 fluorescence 
detectors

- High precision hybrid measurements

- Grid spacing ≈ 1500 m

- Surface: 3000 km^2 

- Saturation threshold: ~3 EeV
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1990 2000 2005 2010

Exposures at UHE

HiRes

Auger

Telescope Array
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Energy Spectrum

Reference papers: 
The Pierre Auger Coll.,

Phys. Letters B 685 (2010) 239-246,  
PRL 101 061101 (2008)
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Energy measurement

«hybrid picture» of the same shower, 
allowing the calibration of the shower size 

PROGRESS:
Calibration of SD energy 

estimator through FD
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From S(1000) to the shower size :
the Constant Intensity Cut method

Empirical derivation of the attenuation curve -
No dependence on mass composition a/o hadronic models

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

Figure 1: Integral number of events vs cos2 θ for
the indicated minimum value of S(1000).

zenith angle is less than 60° and the reconstructed
energy is above 3EeV. For this analysis, the array

is fully efficient for detecting such showers, so the

acceptance at any time is solely determined by the

geometric aperture of the array [8]. The integrated

exposure mounts up to about 5165 km2 sr yr,

which is a factor of more than 3 larger than the

exposure obtained by the largest forerunner ex-

periment AGASA [9]. Moreover the present ac-

ceptance exceeds the one given in [10] by a fac-

tor of about 3. For a given energy the value of

S(1000) decreases with zenith angle, θ, due to at-
tenuation of the shower particles and geometrical

effects. Assuming an isotropic flux for the whole

energy range considered, i.e. the intensity distribu-

tion is uniform when binned in cos2 θ, we extract
the shape of the attenuation curve from the data. In

Figure 1 several intensities, Ii = I(> Si(1000)),
above a given value of lg Si(1000) are shown as
a function of cos2 θ. The choice of the threshold
lg S(1000) is not critical since the shape is nearly
the same within the statistical limit. The fitted at-

tenuation curve, CIC(θ) = 1 + a x + b x2, is a

quadratic function of x = cos2 θ− cos2 38◦ as dis-
played in Figure 2 for a particular constant inten-

sity cut, I0 = 128 events, with a = 0.94 ± 0.06
and b = −1.21 ± 0.27. The cut corresponds

to a shower size of about S38◦ = 47VEM and

equivalently to an energy of about 9 EeV. Since

the average angle is 〈θ〉 $ 38◦ we take this an-
gle as reference and convert S(1000) into S38◦ by

S38◦ ≡ S(1000)/CIC(θ). It may be regarded
as the signal S(1000) the shower would have pro-

Figure 2: Derived attenuation curve, CIC(θ), fit-
ted with a quadratic function.

duced had it arrived at θ = 38◦. The reconstruc-
tion accuracy of the parameter S(1000), σS(1000),

comprises 3 contributions and these are taken into

account in inferringS38◦ and its uncertainty σS38◦
:

a statistical uncertainty due to the finite size of the

detector and the limited dynamic range of the sig-

nal detection, a systematic uncertainty due to the

assumptions of the shape of the lateral distribu-

tion and finally due to the shower-to-shower fluc-

tuations [11]. To infer the energy we have to es-

tablish the relation between S38◦ and the calori-

metric energy measurement,EFD. A set of hybrid

events of high quality is selected based on the crite-

ria reported in [6] without applying the cut on the

field of view, which appears to have a negligible

effect for the topic addressed here. A small correc-

tion to account for the energy carried away by high

energy muons and neutrinos, the so-called invisi-

ble energy, depends slightly on mass and hadronic

model. The applied correction is based on the av-

erage for proton and iron showers simulated with

the QGSJet model and sums up to about 10% and

its systematic uncertainty contributes 4% to the to-

tal uncertainty in FD energy [3]. Moreover the SD

quality cuts described above are applied. The cri-

teria include a measurement of the vertical aerosol

optical depth profile (VAOD(h)) [12] using laser

shots generated by the central laser facility (CLF)

[13] and observed by the FD in the same hour of

each selected hybrid event. The selected hybrid

events were used to calibrate the SD energy. The

following procedure was adopted. For each hy-

brid event, with measured FD energy EFD, the

SD energy estimator S38◦ was determined from the

Final version June 15, 2007

At a fixed energy, S(1000) 
decreases with zenith 

angle (attenuation curve)

Taking profit of the 
isotropic distribution of 

CRs, intensity must be the 
same in terms of cos^2(th)

intervals. 

Empirical extraction of the 
attenuation curve above 
the saturation energy
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Shower size calibration into energy

Calorimetric measurement of the energy
with the FD.

Calibration of the SD energy through a 
subset of high quality hybrid events.

No dependence on hadronic models

E resolution ≈ 15%

Karl-Heinz Kampert, University WuppertalICHEP 2010, Paris

Ground Array calibrated by Fluorescence Obs.
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Energy spectrum, 10 years ago...

Smooth ankle at a few EeV (10 EeV?) 
Suppression of the flux above ~50 EeV??? (AGASA, HP)

(Nagano & Watson 2000)
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Sharp ankle at ~4 EeV
Suppression of the flux above ~50 EeV (HiRes, Auger)

Energy spectrum, today
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Energy Spectrum

Coherent observations of the ankle and of the flux suppression with HIRES, 
Auger, and TA (modulo systematic uncertainties on the energy scale).

-- 
Future Work will profit from the lower energy threshold thanks to the 

infilled array
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Mass Composition

Reference paper: 
The Pierre Auger Coll., 
PRL 104 091101 (2010)
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From longitudinal profile
to mass composition

Slant depth of shower maximum (<Xmax>);
Elongation rate (d<Xmax>/dlogE);

RMS of Xmax distribution at fixed energy:
observables sensitive to composition

Xmax ~ ln(E0) - ln(A)   (MC Sim.)
15



From longitudinal profile
to mass composition

High precision thanks to hybrid and/or stereo measurements 
(~ 20-25 g/cm2)

Xmax res.: 20 g/cm2 
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Composition: Xmax vs E

increase of the average mass with energy
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Composition: Xmax vs E -
caveat: hadronic interaction models
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Composition: RMS(Xmax) vs E

More evidence of the increase of the average mass with energy

ankle, supporting the hypothesis of a transition from ga-
lactic to extragalactic cosmic rays in this region.

The hXmaxi result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data sets agree well within
the quoted systematic uncertainties. The !2=Ndf of the
HiRes data with respect to the broken-line fit described
above is 20:5=14. This value reduces to 16:8=14 if a
relative energy shift of 15% is applied, such as suggested
by a comparison of the Auger and HiRes energy spec-
tra [2].

The shower-to-shower fluctuations, rmsðXmaxÞ, are ob-
tained by subtracting the detector resolution in quadrature
from the width of the observed Xmax distributions resulting
in a correction of # 6 g=cm2. As can be seen in the right
panel of Fig. 3, we observe a decrease in the fluctuations
with energy from about 55 to 26 g=cm2 as the energy
increases. Assuming again that the hadronic interaction
properties do not change much within the observed energy
range, these decreasing fluctuations are an independent
signature of an increasing average mass of the primary
particles.

For the interpretation of the absolute values of hXmaxi
and rmsðXmaxÞ a comparison to air shower simulations is
needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using differ-
ent hadronic interaction models. These differences are not
necessarily exhaustive, since the hadronic interaction mod-
els do not cover the full range of possible extrapolations of
low energy accelerator data. If, however, these models
provide a realistic description of hadronic interactions at
ultrahigh energies, the comparison of the data and simula-
tions leads to the same conclusions as above, namely, a
gradual increase of the average mass of cosmic rays with
energy up to 59 EeV.

The successful installation and commissioning of the
Pierre Auger Observatory would not have been possible
without the strong commitment and effort from the tech-
nical and administrative staff in Malargüe. We are very
grateful to the following agencies and organizations for

financial support: Comisión Nacional de Energı́a Atómica,
Fundación Antorchas, Gobierno De La Provincia de
Mendoza, Municipalidad de Malargüe, NDM Holdings,
and Valle Las Leñas, in gratitude for their continuing
cooperation over land access, Argentina; the Australian
Research Council; Conselho Nacional de Desenvolvi-
mento Cientı́fico e Tecnológico (CNPq), Financiadora de
Estudos e Projetos (FINEP), Fundação de Amparo à
Pesquisa do Estado de Rio de Janeiro (FAPERJ),
Fundação de Amparo à Pesquisa do Estado de São Paulo
(FAPESP), Ministério de Ciência e Tecnologia (MCT),
Brazil; AVCR AV0Z10100502 and AV0Z10100522,
GAAV KJB300100801 and KJB100100904, MSMT-CR
LA08016, LC527, 1M06002, and MSM0021620859,
Czech Republic; Centre de Calcul IN2P3/CNRS, Centre
National de la Recherche Scientifique (CNRS), Conseil
Régional Ile-de-France, Département Physique Nucléaire
et Corpusculaire (PNC-IN2P3/CNRS), Département
Sciences de l’Univers (SDU-INSU/CNRS), France;
Bundesministerium für Bildung und Forschung (BMBF),
Deutsche Forschungsgemeinschaft (DFG), Finanzmini-
sterium Baden-Württemberg, Helmholtz-Gemeinschaft
Deutscher Forschungszentren (HGF), Ministerium für
Wissenschaft und Forschung, Nordrhein-Westfalen,
Ministerium für Wissenschaft, Forschung und Kunst,
Baden-Württemberg, Germany; Istituto Nazionale di
Fisica Nucleare (INFN), Ministero dell’Istruzione,
dell’Università e della Ricerca (MIUR), Italy; Consejo
Nacional de Ciencia y Tecnologı́a (CONACYT), Mexico;
Ministerie van Onderwijs, Cultuur en Wetenschap,
Nederlandse Organisatie voor Wetenschappelijk
Onderzoek (NWO), Stichting voor Fundamenteel
Onderzoek der Materie (FOM), Netherlands; Ministry of
Science and Higher Education, Grant No. 1 P03 D 014 30,
No. N202 090 31/0623, and No. PAP/218/2006, Poland;
Fundação para a Ciência e a Tecnologia, Portugal; Ministry
for Higher Education, Science, and Technology, Slovenian
Research Agency, Slovenia; Comunidad de Madrid,
Consejerı́a de Educación de la Comunidad de Castilla La
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FIG. 3. hXmaxi and rmsðXmaxÞ compared with air shower simulations [20] using different hadronic interaction models [21].
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Angular distributions

Reference paper: 
The Pierre Auger Coll., 

Astropart. Phys. 34 (2011) 627-639 
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Challenge: estimation of the exposure with high accuracy
1- Monitoring of the number of elementar cells => geometrical exposure 

calculation in each direction
2- Shower size corrections as a function of atmospheric pressure and density

Large scale anisotropies : Search for first 
harmonic modulations

Frequency [cycles/year]
363.5 364 364.5 365 365.5 366 366.5 367
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4
No correction
Energy correction
+ Exposure correction

Figure 2: Amplitude of the Fourier modes as a function of the frequency above 1EeV. Thin blue

curve : before correction of energies and exposure. Thin dotted curve : after correction of energies

but before correction of exposure. Black curve : After correction of energies and exposure. Dotted

vertical lines from left to right : anti-sidereal, solar and sidereal frequencies.

rsolar[%] P(> rsolar)[%] ranti−sid[%] P(> ranti−sid)[%]

no correction 3.7 " 2 10−37 0.36 43

energy corrections 2.9 " 4 10−23 0.15 85

+exposure correction 0.96 0.2 0.49 19

Table 1: Amplitude and corresponding probability to get a larger amplitude from an isotropic distri-

bution at both the solar and the anti-sidereal frequencies for events with energies > 1EeV.

of " 0.2 cycles/year. This allows a large decoupling of the frequencies separated by more228

than this resolution [23]. In particular, as the resolution is less than the difference between229

the solar and the (anti-)sidereal frequencies (which is of 1 cycle/year), this explains why230

the large spurious modulations standing out from the background noise around the solar231

frequency are largely averaged out at both the sidereal and anti-sidereal frequencies even232

without applying any correction.233

The impact of the correction of the energies discussed in Section 4 is evidenced by the234

dotted red curve, which shows a reduction of" 30% of the spurious modulations within the235

resolved solar peak. In addition, when accounting also for the exposure variation at each236

frequency, the solar peak is reduced at a level close to the statistical noise, as evidenced by237

the thick black curve. Results at the solar and the anti-sidereal frequencies are collected in238

Tab. 1.239

5.3. Results at the sidereal frequency in independent energy bins240

To perform first harmonic analyses as a function of energy, the choice of the size of241

the energy bins, although arbitrary, is important in order to avoid the dilution of a genuine242

signal within the statistical background noise. In addition, the inclusion of intervals whose243

8

2 possible sources of spurious 
modulations at the sidereal 

frequency:

1- Pollution by the solar frequency 
(=> canceled by the 
6-yrs exposure time)

2- Sideband mechanism due to any 
annual variation of the daily 

modulation
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Search for first harmonic modulations

no significant amplitudes

=> 

upper limits
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Figure 3: Top: Amplitude of the first harmonic as a function of energy. Bottom: Corresponding

probabilities to get at least the same amplitude from an underlying isotropic distribution

width is below the energy resolution or with too few statistics may most likely weaken the244

sensitivity to the search for an energy-dependent anisotropy [24]. To fulfill both require-245

ments, the size of the energy intervals is chosen to be ∆ log10(E) = 0.3 below 8 EeV, so246

that it is larger than the energy resolution even at low energies, and meanwhile allows an247

almost constant sensitivity between ! 0.3 EeV and ! 3 EeV due to the combination of the248

steep energy spectrum and the non-saturated detection efficiency. On the other hand, to249

guarantee the determination of the amplitude measurement within an uncertainty σ ! 2%,250

all events (! 5, 000) with energies above 8 EeV are gathered together in a single energy251

interval.252

The amplitude r at the sidereal frequency as a function of the energy is shown in Fig. 3,253

together with the corresponding probability P(> r) to get a larger amplitude in each energy254

interval from a statistical fluctuation of isotropy. The continuous line indicates the expected255

mean noise (from the mean of the Rayleigh distribution); while the dotted line indicates the256

9

’4% anisotropy reported by AGASA in the energy range 1 < E/
EeV < 2.

If the galactic/extragalactic transition occurs at the ankle energy
[1], UHECRs at 1 EeV are predominantly of galactic origin and their
escape from the galaxy by diffusion and drift motions are expected
to induce a modulation in this energy range. These predictions de-
pend on the assumed galactic magnetic field model as well as on
the source distribution and the composition of the UHECRs.7 Two
alternative models are displayed in Fig. 11, corresponding to differ-
ent geometries of the halo magnetic fields [9]. The bounds reported
here already exclude the particular model with an antisymmetric
halo magnetic field (A) and are starting to become sensitive to the
predictions of the model with a symmetric field (S). We note that
those models assume a predominantly heavy composition galactic
component at EeV energies, while scenarios in which galactic pro-
tons dominate at those energies would typically predict anisotropies
larger than the bounds obtained in Fig. 11. Maintaining the ampli-
tudes of such anisotropies within our bounds necessarily translates
into constraints upon the description of the halo magnetic fields
and/or the spatial source distribution. This is particularly interesting
in the view of our composition measurements at those energies
compatible with a light composition [35]. Alternatively to a leaky
galaxy model, there is still the possibility that a large scale magnetic
field retains all particles in the galaxy [36,37]. If the structure of the
magnetic fields in the halo is such that the turbulent component pre-
dominates over the regular one, purely diffusion motions may con-
fine light elements of galactic origin up to ’1 EeV and may induce
an ankle feature due to the longer confinement of heavier elements
at higher energies [38]. Typical signatures of such a scenario in terms
of large scale anisotropies are also shown in Fig. 11 (dotted line): the
corresponding amplitudes are challenged by our current sensitivity.

On the other hand, if the transition is taking place at lower ener-
gies around the second knee at ’5 ! 1017 eV [7], UHECRs above
1 EeV are dominantly of extragalactic origin and their large scale
distribution could be influenced by the relative motion of the ob-
server with respect to the frame of the sources. If the frame in
which the UHECRs distribution is isotropic coincides with the

CMB rest frame, a small anisotropy is expected due to the Comp-
ton-Getting effect. Neglecting the effects of the galactic magnetic
field, this anisotropy would be a dipolar pattern pointing in the
direction a ’ 168! with an amplitude of about 0.6% [39]. On the
contrary, when accounting for the galactic magnetic field, this
dipolar anisotropy is expected to also affect higher order multi-
poles [40]. These amplitudes are close to the upper limits set in this
analysis, and the statistics required to detect an amplitude of 0.6%
at 99% C.L. is ’3 times the present one.

Continued scrutiny of the large scale distribution of arrival
directions of UHECRs as a function of energy with the increased
statistics provided by the Pierre Auger Observatory, above a few
times 1017 eV, will help to discriminate between a predominantly
galactic or extragalactic origin of UHECRs as a function of the en-
ergy, and so benefit the search for the galactic/extragalactic transi-
tion. Future work will profit from the lower energy threshold that
is now available at the Pierre Auger Observatory [41].
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energy from this analysis. Results from EAS-TOP, AGASA, KASCADE and KASCADE-
Grande experiments are displayed too. An analysis of the KASCADE-Grande data
with the East/West method delivers an additional limit for 3 ! 1015 eV. Also shown
are the predictions up to 1 EeV from two different galactic magnetic field models
with different symmetries (A and S), the predictions for a purely galactic origin of
UHECRs up to a few tens of 1019 eV (Gal), and the expectations from the Compton-
Getting effect for an extragalactic component isotropic in the CMB rest frame
(C-GXgal).

7 The dependence of the detection efficiency on the primary mass below 3 EeV
could affect the details of a direct comparison with a model based on a mixed
composition.
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Future work will profit from 
the lower energy threshold 
thanks to the infilled array
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What about the phases ?

Phase is ~2.5 more sensitive than 
amplitude to a genuine signal 

diluted within the background noise
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FIG. 3: Power of the tests on amplitudes (in blue) and on phases (in red) as a function of the number of bins Nb entering in
each test, in case of a genuine signal s = 1% and with N = 30, 000 events in each bin.

Without any prior knowledge of the expected amplitudes s, the inputs given to the L1 function are the measurements
performed in each energy interval. By generating bins of N = 30, 000 events drawn from an isotropic distribution
and by calculating the empirical mean phase to build L1, the distribution of the variable −2 ln (λ) - centered on
〈−2 ln (λ)〉 and scaled by σ−2 ln (λ) - is shown in Fig. 2 for different number of bins Nb entering in the likelihood ratio
test. The null and alternative hypotheses belonging to separate families of hypotheses1, the asymptotic behaviour of
−2 ln (λ) is expected to be Gaussian. This is indeed the case as soon as Nb $ 100. Both 〈−2 ln (λ)〉 and σ−2 ln (λ)

may be calculated analytically, but we do not reproduce this calculation as it is irrelevant to deal with the asymptotic
behaviour (large Nb) in realistic cases. In practice, we are thus left to generate by Monte-Carlo, case by case, the
distribution of −2 ln (λ) considering the null hypothesis as true. The probability for accepting or rejecting the null
hypothesis is thus calculated by integrating the distribution of −2 ln (λ) above the value found in the data.

III. COMPARISON OF THE POWER OF THE TESTS

An alignment of phases in different adjacent bins ordered in energies is, from Fig.1, expected to occur earlier than
the detection of a significant amplitude. This was pointed out in past [2, 3], and we reproduce below an argument
given by Linsley [2]:

Linsley has given a useful example of the behaviour of amplitude and phase estimates in different experiments. If
the number of events available in an experiment is such that the RMS value of r is equal to the true value of s, then
in a sequence of experiments r will only be significant (say p<1%) in one experiment out of ten whereas the phase will
be within 50 degrees of the true phase in two experiments out of three.

By taking independent bins of N=30,000 events and by injecting in each of them a genuine signal s = 1%, we plot
in Fig.3 the power of the two different tests as a function of the number of bins analysed (the threshold of the test
is fixed here at 1%). Clearly, the consistency of the phase measurements leads to a better power (by a factor greater
than 2).

1 s being fixed (s > 0), pΦ cannot be reduced to piso by fitting only φ0.

Not random... Suggestive of a 
smooth transition around 1 EeV 
Posterior significance: ~0.002

p1(u;r0,u0) [13], the likelihood functions of any of the hypotheses
may be built as:

L0 ¼
YNbins

i¼1

p0ðuiÞ; L1 ¼
YNbins

i¼1

p1ðui; r0;u0Þ: ð17Þ

Without any knowledge of the expected amplitudes r0(E) in each
bin, the values considered in L1 are the measurements performed
in each energy interval. For the expected phases u0(E) as a function
of energy, we use an arctangent function adjusted on the data as
illustrated by the dashed line in Fig. 6. Since the smooth evolution
of the phase distribution is potentially interesting but observed a
posteriori, we aim at testing the fraction of random samples whose
behaviour in adjacent energy bins would show such a potential
interest but with no reference to the specific values observed in
the data. To do so, we use the method of the likelihood ratio test,
computing the$2ln(k) statistic where k = L0/L1. Using only Nbins = 6,
the asymptotic behaviour of the $2ln(k) statistic is not reached.
Hence, the p.d.f. of $2ln(k) under the hypothesis of isotropy is built
by repeating exactly the same procedure on a large number of iso-
tropic samples: in each sample, the arctangent parameters are left
to be optimised, and the corresponding value of $2ln(k) is calcu-
lated. In that way, any alignments, smooth evolutions or abrupt
transitions of phases in random samples are captured and contrib-
ute to high values of the $2ln(k) distribution. The probability that
the hypothesis of isotropy better reproduces our phase measure-
ments compared to the alternative hypothesis is then calculated
by integrating the normalised distribution of $2ln(k) above the va-
lue measured in the data. It is found to be ’2 % 10$3.

It is important to stress that no confidence level can be built
from this report as we did not perform an a priori search for a
smooth transition in the phase measurements. To confirm the
detection of a real transition using only the measurements of the
phases with an independent data set, we need to collect’1.8 times
the number of events analysed here to reach an efficiency of ’90%
to detect the transition at 99% C.L. (in case the observed effect is
genuine). It is also worth noting that with a real underlying anisot-
ropy, a consistency of the phase measurements in ordered energy
intervals is expected with lower statistics than the detection of
amplitudes significantly standing out of the background noise
[26,28]. This behaviour was pointed out by Linsley, quoted in
[26]: ‘‘if the number of events available in an experiment is such
that the RMS value of r is equal to the true amplitude, then in a se-
quence of experiments r will be significant (say P(>r) < 1%) in one
experiment out of ten whereas the phase will be within 50! of
the true phase in two experiments out of three.’’ We have checked
this result using Monte Carlo simulations.

An apparent constancy of phase, even when the significances of
the amplitudes are relatively small, has been noted previously in
surveys of measurements made in the range 1014 < E < 1017 eV
[29,30]. In [29] Greisen and his colleagues comment that most
experiments have been conducted at northern latitudes and there-
fore the reality of the sidereal waves is not yet established. The
present measurement is made with events coming largely from
the southern hemisphere.

5.4. Additional cross-checks against systematic effects above 1 EeV

It is important to verify that the phase effect is not a manifesta-
tion of systematic effects, the amplitudes of which are at the level
of the background noise. We provide hereafter additional studies
above 1 EeV, where a few tests can cross-check results presented
in Fig. 6.

The first cross-check is provided by applying the Rayleigh anal-
ysis on a reduced data set built in such a way that its correspond-
ing exposure in right ascension is uniform. This can be achieved by
selecting for each sidereal day only events triggering an unitary
cell whose on-time was almost 100% over the whole sidereal
day. To keep a reasonably large data set, we present here the re-
sults obtained for on-times of 98% and 99%. This allows us to use
respectively ’77% and ’63% of the cumulative data set without
applying any correction to account for a non-constant exposure.
The results are shown in Fig. 7 when considering on-time of 98%
(triangles) and 99% (squares). Even if more noisy due to the reduc-
tion of the statistics with respect to the Rayleigh analysis applied
on the cumulative data set, they are consistent with the weighted
Rayleigh analysis and support that results presented in Fig. 6 are
not dominated by any residual systematics induced by the non-
uniform exposure.

From the Fourier analysis presented in Section 5.2, we have
stressed the decoupling between the solar frequency and both
the sidereal and anti-sidereal ones thanks to the frequency resolu-
tion reached after 6 years of data taking. However, as the ampli-
tude of an eventual sideband effect is proportional to the solar
amplitude [21], it remains important to estimate the impact of
an eventual sideband effect persisting even after the energy correc-
tions. To probe the magnitude of this sideband effect, we use
10,000 mock data sets generated from the real data set (with ener-
gies corrected for weather effects) by randomising the arrival times
but meanwhile keeping both the zenith and the azimuth angles of
each original event. This procedure guarantees the production of
isotropic samples drawn from a uniform exposure with the same
detection efficiency conditions than the real data. The results of
the Rayleigh analysis applied to each mock sample between 1
and 2 EeV at the anti-sidereal frequency are shown by the thin his-
tograms in top panels of Fig. 8, displaying Rayleigh distributions for
the amplitude measurements and uniform distributions for the
phase measurements. Then, after introducing into each sample
the temporal variations of the energies induced by the atmospheric
changes according to Eq. (4), it can be seen on the same graph
(thick histograms) that the amplitude measurements are almost
undistinguishable with respect to the reference ones, while the
phase measurements start to show to a small extent a preferential
direction. The same conclusions hold when reversing the energy
corrections (dashed histograms), but resulting in a phase shift of
’180!. Finally, the filled histograms are obtained by amplifying
by 10 the energy variations induced by the atmospheric changes.
In this latter case, the large increase of the solar amplitude induces
a clear signal at the anti-sidereal frequency through the sideband
mechanism, as evidenced by the distributions of both the ampli-
tudes and the phases. The sharp maximum of the phase distribu-
tion points towards the spurious direction, while the amplitude
distribution follows a non-centered Rayleigh distribution with
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Fig. 6. Phase of the first harmonic as a function of energy. The dashed line, resulting
from an empirical fit, is used in the likelihood ratio test (see text).
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Future work will profit from the 
lower energy threshold thanks to 

the infilled array
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Angular distributions
at UHE

Reference papers: 
The Pierre Auger Coll.,
Science 318 938 (2007),

Astropart. Phys. 29 (2008) 188-204,
Astropart. Phys. 34 (2010) 314-326
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Auger: using 27 CR above 56 EeV collected through 31 August 2007 -> 
correlation with the positions of nearby quasars and AGNs (12th VCV)

Correlation parameters: energy (55 EeV), angular separation (3.1˚), distance 
(75 Mpc) fixed with early data

Test with later data, built to reject isotropy with 1% probability of doing it 
incorrectly: test passed (9/13 correlated events) 

--> Isotropy rejected at 99% c.l.

Angular distributions at UHE

Science, 2007
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Since the «SCIENCE» publication

Correlation down: from (69±12)% to (38±7)% 

(21% of random correlation from isotropic expectations)

Corresponding probability P=0.003

Angular distributions at UHE
Fixed parameters: 
ψ=3.1˚, Eth=55 EeV, 
zmax=0.018

A paraître dans Astroparticle Physics
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Isotropic fraction
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Angular distributions at UHE

Search for correlations with other (more complete) 
catalogs of extra-galactic objects

Fitting the 69 events on map densities built from source models based on 
2MRS and Swift-BAT catalogs and including the GZK effect

2 free parameters : deflection angle (magnetic field) and «isotropic 
fraction» (incompleteness, heavier elements, ...)

 2MRS -> (1.5˚, 64%); Swift -> (7.8˚, 56%)
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Angular distributions at UHE

Auger: search for the largest excess (above 57 EeV): 

12 events in a 13˚ cell (1.7 expected): It lies at 4˚ from CEN A

Centering on CEN A: largest excess within 18˚ (13 events vs 3.2 expected)

Distance from CEN A
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Search for auto-correlation :

no significant clustering

Angular distributions at UHE
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Photons/Neutrinos ?

Reference papers: 
The Pierre Auger Coll.,

Astropart. Phys. 27 (2007) 155-168,
Astropart. Phys. 29 (2008) 243-256,

PRL 100 211101 (2008),  
PRD 79 102001 (2009), 

Astropart. Phys. 31 (2009) 399-406

30



Photon limits

cross-section to high energy [30]. Adding in quadrature the dis-
cussed uncertainties in Xmax gives an effective total uncertainty
of ! 16 g cm"2. Increasing (reducing) all reconstructed Xmax values
by this amount changes the number of photon candidates above 2
and 3 EeV by þ3ð%0Þ and by +1 ("1). Accordingly the limits then
become 4.8% (3.8%) above 2 EeV and 3.1% (1.5%) above 3 EeV, while
the limits above 5 and 10 EeV are unchanged.

3. Discussion

The derived upper limits are shown in Fig. 4 along with previous
experimental limits and model predictions (see Ref. [34] for a re-
view and references). These new bounds are the first ones at ener-
gies below 10 EeV and, together with Hybrid-1, the only ones
obtained so far from fluorescence observations (all other limits
coming from ground arrays). The results complement the previous
constraints on top–down models from Auger surface detector data.
It should be noted that due to the steep flux spectrum, even the
previous Auger bound of 2% above 10 EeV only marginally con-
strains the photon contribution above lower threshold energies
(for instance, even above 5 EeV, ! 75% of the events are in the pre-
viously untested energy range of 5–10 EeV).

The photon limits derived in this work also help to reduce cer-
tain systematic uncertainties in other analyses of air shower data
such as (i) energy spectrum: the Auger method of reconstructing
the energy spectrum does not suffer from a large contamination
from photons at EeV energies; (ii) nuclear primary composition:
the interpretation of observables sensitive to the primary particle
(for instance the observed average Xmax) in terms of a nuclear pri-

mary composition can only be marginally biased by contributions
from photons; (iii) proton-air cross-section: the possible contami-
nation from photons was one of the dominant uncertainties for
deriving the proton-air cross-section [13,14], and this uncertainty
is now significantly reduced (to ! 50 mb for data at EeV energies,
which corresponds to a relative uncertainty of !10%).

In future photon searches, the separation power between pho-
tons and nuclear primaries can be enhanced by adding the detailed
information measured with the surface detectors in hybrid events.
For an estimate of the future sensitivity of Auger to photons see
Ref. [34]. The information on event directions can also be used in
future analyses; for instance, an excess flux of photons from the
direction of the galactic center (e.g. Ref. [10]) can be searched for.
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Appendix A. Acceptance correction

The fraction of photons fc in the cosmic-ray flux integrated
above an energy threshold Ethr is given by

Table 2
Summary of the quantities used in the derivation of the integral upper limits on the
photon fraction for Ecthr ¼ 2;3;5, and 10 EeV. Not listed are the efficiencies !clc ¼ 0:51
and !pcc ¼ 0:50 which do not depend on Ecthr.

Ecthr (EeV) nc-cand;obs n95
c-cand;obs n0

total !fvc F95c (%)

2 8 14.44 2063 0.72 3.8
3 1 4.75 1021 0.77 2.4
5 0 3.0 436 0.77 3.5

10 0 3.0 131 0.77 11.7
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Fig. 4. Upper limits on the photon fraction in the integral cosmic-ray flux for
different experiments: AGASA (A1, A2) [3,4], AGASA-Yakutsk (AY) [31], Yakutsk (Y)
[32], Haverah Park (HP) [5,6]. In black the limits from the Auger surface detector
(Auger SD) [2] and in blue the limits above 2, 3, 5, and 10 EeV derived in this work
(Auger HYB). The shaded region shows the expected GZK photon fraction as derived
in [7]. Lines indicate predictions from top–down models, see [8,33] and [34]. (For
interpretation of the references to colour in this figure legend, the reader is referred
to the web version of this article.)
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Neutrino limits
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Figure 11: Integrated upper limits (90% CL) from the Pierre Auger Observatory for a
diffuse flux of down-going ν in the period 1 Nov 2007 - 31 May 2010. For comparison
up-going ντ (1 Jan 2004 - 28 Feb 09)[8] and limits from other experiments [41] are also
plotted.

Before Nexpected can be computed, a functional form for the ν flux Φ(Eν)566

has to be chosen. Assuming a typical Φ(Eν) = k · E−2
ν differential neutrino567

flux and a 1:1:1 flavour ratio we obtain an integrated limit at 90% CL in568

a Feldman-Cousins [62] approach (Nexpected ≥ 2.44) on the single-flavour569

neutrino flux using down-going showers:570

k < 1.5 × 10−7 GeV cm−2 s−1 sr−1 (5)

This result along with other relevant experimental limits is shown in Fig. 11.571

Table 4 gives the contributions from each neutrino flavour and interaction572

channel to the expected event rate and hence to the final upper limit. The573

most relevant channel is νe CC (38% of the total limit). The second one is ντ574

CC due to double-bang interactions and the large average fraction of energy575

going into the shower in the decay of the tau lepton.576

Another usual way of presenting the upper limit is the differential format577

given as 2.44/E(Eν)Eν [64]. In Fig. 12 is shown that we archive maximum578

sensitivity in the 1-10 EeV range.579
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Observation of a sharp ankle and of the flux suppression at UHE

Sharpness of the ankle unnatural with a gal/Xgal transition

Spectral features between 0.1 and 1 EeV ? 

Origin of the suppression still uncertain

Mass composition

Rather unexpected lightening of the composition at EeV energies (iron knee at 0.1 EeV)

Dedicated measurements needed to understand the end (?) of the galactic component

Increase of the average mass above ~1.5 EeV (but quid of the hadronic interaction models ?)

Angular distributions

Correlations at UHE, but large isotropic component (mixing of masses ?, ...)

Suggestion of a dipolar modulation over a large energy range through the phase alignment

If  Xgal, very low anisotropies are expected between ~3 and ~50 EeV. Gal. 

Outlook

UHECRs understanding requires better knowledge of any spectral features, 
mass composition and angular distributions of CRs between ~0.01 and 1 EeV
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Residual plot
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Spectre en énergie, maintenant

«second genou»: genou de fer vers 0.1 EeV
«ménisque» à ~10 PeV ! 
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