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- Determination of Arrival Directions

- Search for Modulations in Right Ascension

-Search for point sources :

 . VCV AGN updates

 . Search with other Catalogs

PLAN



A hybrid detector:

Surface Detector Array of 1600 
water tanks sampling the 

lateral profile of the Extensive 
Air Showers

Air Fluorescence Detector of 4 
Telescopes sampling the 

longitudinal profile of the EAS

-

This allows cross-calibration 
to be performed on set of 

showers detected at the same 
time by both detectors

THE PIERRE AUGER OBSERVATORY



Determination of Arrival directions
Adjust shower front model to start 

of ADC trace in SD tanks

Use a model adjusted to data
for the measurement uncertainty

Correct model produces 
flat  χ2 distribution

and
Normalized pulls



Checks with 2 independent reconstructions

-Twin Tanks and Super hexagon
Hybrids 



Resolution determined on an event by event basis

E > 3 EeVAll Events

Resolution defined as :
Angular distance containing 68% of a neutral point source

Resolution is always 
better than 2.5º

Above 10 EeV 
resolution is always 

better than 0.8º



search for 
right ascension modulations 

at 
eev energies



galactic or extra-galactic origin of eev cosmic rays ?

Measuring the large scale anisotropy pattern as a 
function of energy is one of the main observable 

for discerning between the 2 scenario 

2 possible scenarios

1/ Galactic to extra-galactic 
transition occurring at the 
ankle : 
amplitude of dipolar pattern 
steadily increasing with energy 
up to the ankle (however very 
model dependent on sources 
distribution and galactic 
magnetic field)

2/ transition at lower energy : 
relative motion of the observer 
with respect to the sources 
“rest frame” influences the 
large scale distribution of CRs



first harmonic analysis
       Auger Collaboration, submitted to Astro. Part. Phys.

 Combination of diurnal and yearly modulations may 
generate spurious variation at the sidereal frequency 

We need to take into account the
detector growth and instabilities
as well as the «weather effects».

-

Control Systematics using several techniques :
- standard Rayleigh analysis, 

- East-West differential method,
 - Fourier transform in modified time 

-
Cross-check all results varying corrections 

and data selection

Searching for large scale patterns at the %-level is challenging : 
it requires that the sky exposure be controlled within the 

corresponding accuracy



Atmospheric (weather) effects 
Auger Collaboration, Astropart. Phys., 32 (2009)89

Influence of atmospheric conditions on shower size at ground produces 
a rate modulation above a fixed threshold :

Correct the measured shower to a reference temperature, density and pressure 
(Taken as the annual mean values of those quantities at the Auger site)
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Fig. 1. Left: daily averages of ground P (top), ρ (middle) and rate of events (bottom,black). The prominent effect on the modulation of the
rate of events is due to ρ variations. The red points in the bottom plot show the results of the fit. Right: variation of P (top), ρ (middle) and
the rate of events during the day (UTC). The vertical dashed lines show the local midnight and noon (UTC-3h) and the red line in the bottom
plot show the result of the fit.

for the muonic component. The ρ correlation coefficient74

describing the daily averaged modulation of S is:75

αρ � Fem αem
ρ + (1− Fem)αµ

ρ

with:76

αem
ρ = −4.5− 2s

ρ0

where s = 3/(1 + 2 cos θXm/Xv) is the shower age.77

αµ
ρ is found to be consistent with a zero value in the78

proton EAS simulations. Concerning the modulation on79

short time scale, we adopt βρ = Fem βem
ρ with:80

βem
ρ = exp(−a cos θ)αem

ρ

where a characterises the amplitude of the daily ρ81

variation in the lower atmosphere and is completely82

independent of the EAS development.83

As atmospheric variations correspond to signal vari-84

ations, this implies that the same primary CR will85

induce different signals depending on P and ρ. It follows86

that the rate of events observed in a given range of87

S(1000) will be modulated in time. The effect can be88

quantified starting from the relation between S(1000)89

and the reconstructed energy: Er ∝ [S(1000)]B , where90

B = 1.08±0.01(stat)±0.04(sys) [3]. Following eq. (1),91

the primary energy E0(θ, P, ρ) that would have been92

obtained for the same EAS at the reference atmospheric93

conditions is related to Er as follows:94

E0 = Er [1− αξ∆ξ]B (2)

where αξ∆ξ ≡ αP (P −P0)+αρ(ρd−ρ0)+βρ(ρ−ρd).95

If we focus on a given θ bin, the rate of events per unit96

time in a given signal range, [Sm, SM ] is: 97

R(Sm, SM ) =
� SM

Sm

dS A(S)
dJ

dS

where J is the flux of CRs and A(S) is the instanta- 98

neous acceptance of the experiment. It will be of the 99

form A(S) = κ �(S), where κ is a constant global 100

factor proportional to the area of the SD and the solid 101

angle considered, while �(S) is the trigger probability. 102

Assuming that the CR spectrum is a pure power law, 103

i.e dJ/dE0 ∝ E−γ
0 , and using eq. (2) and neglecting 104

the small energy dependence of the coefficients αξ, we 105

can derive the corresponding dependence of the rate of 106

events: 107

R(Sm, SM ) ∝ (1 + aξ∆ξ)
� SM

Sm

dS �(S)S−Bγ+B−1

(3)
with the coefficients modulating the rate of events being 108

aξ∆ξ = B(γ − 1)αξ∆ξ. This expression implies that 109

for any given values of Sm and SM , the associated rate 110

of events will have the same modulation, regardless of 111

whether the acceptance is saturated (�(S) = 1) or not. 112

III. MODULATION OF THE EXPERIMENTAL RATE OF 113

EVENTS 114

To study the expected modulation of the rate of events, 115

we use data taken by the SD from 1 January 2005 to 31 116

December 2008 with θ < 60◦. The events are selected 117

on the basis of the topology and time compatibility of the 118

triggered detectors. The station with the highest signal 119

must be enclosed within an active hexagon in which 120
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Fig. 1. Left: daily averages of ground P (top), ρ (middle) and rate of events (bottom,black). The prominent effect on the modulation of the
rate of events is due to ρ variations. The red points in the bottom plot show the results of the fit. Right: variation of P (top), ρ (middle) and
the rate of events during the day (UTC). The vertical dashed lines show the local midnight and noon (UTC-3h) and the red line in the bottom
plot show the result of the fit.

for the muonic component. The ρ correlation coefficient74

describing the daily averaged modulation of S is:75

αρ � Fem αem
ρ + (1− Fem)αµ

ρ

with:76

αem
ρ = −4.5− 2s

ρ0

where s = 3/(1 + 2 cos θXm/Xv) is the shower age.77

αµ
ρ is found to be consistent with a zero value in the78

proton EAS simulations. Concerning the modulation on79

short time scale, we adopt βρ = Fem βem
ρ with:80

βem
ρ = exp(−a cos θ)αem

ρ

where a characterises the amplitude of the daily ρ81

variation in the lower atmosphere and is completely82

independent of the EAS development.83

As atmospheric variations correspond to signal vari-84

ations, this implies that the same primary CR will85

induce different signals depending on P and ρ. It follows86

that the rate of events observed in a given range of87

S(1000) will be modulated in time. The effect can be88

quantified starting from the relation between S(1000)89

and the reconstructed energy: Er ∝ [S(1000)]B , where90

B = 1.08±0.01(stat)±0.04(sys) [3]. Following eq. (1),91

the primary energy E0(θ, P, ρ) that would have been92

obtained for the same EAS at the reference atmospheric93

conditions is related to Er as follows:94

E0 = Er [1− αξ∆ξ]B (2)

where αξ∆ξ ≡ αP (P −P0)+αρ(ρd−ρ0)+βρ(ρ−ρd).95

If we focus on a given θ bin, the rate of events per unit96

time in a given signal range, [Sm, SM ] is: 97

R(Sm, SM ) =
� SM

Sm

dS A(S)
dJ

dS

where J is the flux of CRs and A(S) is the instanta- 98

neous acceptance of the experiment. It will be of the 99

form A(S) = κ �(S), where κ is a constant global 100

factor proportional to the area of the SD and the solid 101

angle considered, while �(S) is the trigger probability. 102

Assuming that the CR spectrum is a pure power law, 103

i.e dJ/dE0 ∝ E−γ
0 , and using eq. (2) and neglecting 104

the small energy dependence of the coefficients αξ, we 105

can derive the corresponding dependence of the rate of 106

events: 107

R(Sm, SM ) ∝ (1 + aξ∆ξ)
� SM

Sm

dS �(S)S−Bγ+B−1

(3)
with the coefficients modulating the rate of events being 108

aξ∆ξ = B(γ − 1)αξ∆ξ. This expression implies that 109

for any given values of Sm and SM , the associated rate 110

of events will have the same modulation, regardless of 111

whether the acceptance is saturated (�(S) = 1) or not. 112

III. MODULATION OF THE EXPERIMENTAL RATE OF 113

EVENTS 114

To study the expected modulation of the rate of events, 115

we use data taken by the SD from 1 January 2005 to 31 116

December 2008 with θ < 60◦. The events are selected 117

on the basis of the topology and time compatibility of the 118

triggered detectors. The station with the highest signal 119

must be enclosed within an active hexagon in which 120

Annual modulation Dayly modulation

For ξ = pressure and density measure from data the corresponding α

α is the coefficient of relative variation of the rate
corresponding to the atmospheric parameter ξ

γs is the spectrum index



Detector growth and coverage calculation

We record each second the id of every active detector in the field, we deduce the 
number of active hexagon (and its relative variation) as a function of time : 

relative coverage as a function of Solar (UTC) and local Sidereal time : 
(6 years data set from 01/01/2004 until 31/12/2009)

will be used to weight the events recored at time  αi0



Rayleigh analysis weighted by exposure

East-West method

ζi equals 0 if the event is 
coming from the East or π if 

coming from the West



Allow analysis of solar, anti-sidereal, and random frequencies :

Fourier transform in modified time :



Left : Relative variation of the integrated number of unitary cells as a 
function of t100, corresponding to 100 cycles/year. Right : Rayleigh analysis 
above 1 EeV for 1600 random frequencies ranging from 100 to 500 cycles/year. 

Consistency checks - I
a) Effect of exposure and energy correction at solar and anti-sidereal frequencies

b) Effect of exposure correction at random frequencies between 100 and 500 
cycle/year



Amplitude of the first harmonic as 
a function of energy. The dashed 
line indicates the 99% C.L. upper 

bound on the amplitudes that 
could result from fluctuations of 

an isotropic distribution. 

PRELIM
IN

ARY
Results on modulation amplitudes

Corresponding probabilities to get 
at least the same amplitude from 

an underlying isotropic 
distribution.



PRELIM
IN

ARY

Corresponding upper limits

J. Linsley “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 sequence 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.”



ANISOTROPIES 
AT ULTRA-HIGH ENERGIES



The 69 arrival directions of CRs with energy E > 55 EeV 
 Blue circles of radius 3.1° are centred at the positions of the 318 AGNs in the 
VCV catalog that lie within 75 Mpc and that are within the field of view of the 
Observatory. 

Update of the VCV correlation 
Auger Collaboration Astroparticle Physics 34 (2010) 314

Piso = 0.21 
Pdata= 0.38 -0.06+0.07

note that : 0.38*15 ~ 6



Top : events with E > 55 EeV and positions of 2MRS galaxies (left) and Swift-BAT 
AGN (right) that lie within 200 Mpc. 
Bottom : Cross correlation with swift-bat at lower energy thresholds.

Cross-correlation analyses with 2mass and swift-bat



AGNs of the 58-month Swift-BAT red 
stars proportional to the assigned 
weight. 

Likelihood on density maps

Corresponding density map smoothed at  
5° together with 69 CRs with energy 
E > 55 EeV. 

Same with 2mass catalog and galactic 
latitudes > 10 .

2 parameters adjusted on data 



Confidence intervals for the parameters 

Contours for all data. Parameters are only weakly constrained. 
likelihood distribution : f ~ 2 10-4 (2mass) 4 10-3 (S-B), 

goes to ~ 2 10-2 with period I excluded 



Cumulative autocorrelation function - all data above 55 EeV.
Largest excess @ 11º (51 pairs, 34.8 expected). Chance prob ~10% for similar 
excess at any angle. 

Cumulative number of events with E > 55 EeV 
as a function of angular distance from the 
direction of Cen A. 13 events within 18º, 3.2 
expected. 

Autocorrelation and Cen A excess

CenA

CenA contributions :
- 6 pairs < 4º, 28 pairs < 11º
- 18,8% of flux 

expectations are 
4.7 ISO, 13.3% 2mass, 28,8 % S-B)



CONCLUSIONS

- No significant amplitude measured 

- Stringent limits (1-3%) set between 0.3 and 3 EeV

- Interesting evolution of the phase as a function of energy

1] Right ascension modulations :

2] LSS correlation
- Update of VCV correlation P_data ~ 38% (ISO = 21%) - correlation is 
still there but not as strong as expected from the earlier report

- Excess of events in the 18º CenA region (13 observed 3.2 expected)

- Data above 55 EeV seems also to traces LSS as represented by 2MASS 
or swift-bat catalogs

In addition to larger statistics, substantial progress in 
our understanding of CR nature and origin at and 
above the ankle region will only come form  the 

combination of composition and anisotropy 
measurements 


