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Prologue



The Pierre Auger Southern Observatory is taking data since 2004 in 
Argentina. It is completed since June 2008

With data from 1/1/2004 to 31/8/2007 (8890 km2 sr y), it reported 
evidence of  anisotropy in the arrival directions of  27 CRs above ≈ 60 EeV

Arrival directions were correlated with positions of  nearby (z<0.018) objects  
from Veron-Cetty & Veron 12th catalogue of  quasars and active nuclei

The observed correlation identified neither the CR sources nor a specific 
class: it established anisotropy at 99% c.l., and provided clue to the extra-
galactic origin of  UHECRs

Prologue



The Updated Data-set



Data between 1/1/2004 and 31/3/2009:
Zenithal angle < 60 deg
Fiducial cut: ≥ 5 active stations around the EAS core -> 17040 km2 sr y
New event reconstruction: arrival directions differ by < 0.1˚, E by < 5%
58 events with E>55 EeV (56 EeV in old rec)
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Arrival direction analysis:
Auger earlier result



@ D < 100 Mpc694 AGNs

To demonstrate anisotropy: search for correlation with AGNs in the 
Veron-Cetty & Veron catalogue (quasars and active nuclei)

VCV is not homogenous and it is incomplete

VCV tracer of  nearby matter

Helpful tool to demonstrate anisotropy with small statistics

But it may affect our ability to identify sources unambiguosly 



Exploratory scan: 1 Jan 2004-27 May 2006

Integrated exposure: 4390 km2 sr y

Scan in ψ (angular distance between CR and AGN), Eth ( CR energy), 
zmax (AGN distance)

Scan implemented to find the minimum of  the binomial probability P 
that ≥k out of  N evs correlate by chance

Minimum value of  P found for Eth = 56 EeV   ψ = 3.1º   zmax = 0.018 

12/15 events correlate (3.2 expected by chance, p(z, ψ) = 0.21)

Scan -> proper penalization difficult to calculate -> Prescription adopted

p(z, ψ)= exposure-weighted chance 
probability for a CR to fall within ψ of  the 

sources



Independent data: 27/5/2006-31/8/2008

Integrated exposure: 4500 km2 sr y

A-priori fixed parameters: Eth = 56 EeV   ψ = 3.1º   zmax = 0.018 

8/13 events correlate (2.7 expected by chance)

Probability to happen by chance from an isotropic flux: P≈1.7 10-3

Test built to have 1% probability to incorrectly reject isotropy. 

Test passed: 99% c.l. anisotropy



Arrival direction analysis:
Updated a-priori analysis



Adding new data: 27/5/2006-31/3/2009

After-prescription integrated exposure: 12650 km2 sr y

Updated event reconstruction: 56 EeV -> 55 EeV

31 new events with E>55 EeV: 44 post-prescription events

A-priori fixed parameters: Eth = 55 EeV   ψ = 3.1º   zmax = 0.018 



17/44 events in correlation (P=0.006)
Isotropy still rejected at 99% c.l.
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Fig. 1. Monitoring the correlation signal. Left: The sequential analysis of cosmic rays with energy greater than 55 EeV arriving after 27 May,
2006. The likelihood ratio log10 R (see Eqn (2)) for the data is plotted in black circles. Events that arrive within !max = 3.1! of an AGN with
maximum redshift zmax = 0.018 result in an up-tick of this line. Values above the area shaded in blue have less than 1% chance probability
to arise from an isotropic distribution (piso = 0.21). Right: The most likely value of the binomial parameter pdata = k/N is plotted with black
circles as a function of time. The 1" and 2" uncertainties in the observed value are shaded. The horizontal dashed line shows the isotropic
value piso = 0.21. The current estimate of the signal is 0.38± 0.07. In both plots events to the left of the dashed vertical line correspond to
period II of Table I and those to the right, collected after [1], correspond to period III.

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

Period Exposure GP N k kiso P

I 4390 unmasked 14 9 2.9
masked 10 8 2.5

II 4500 unmasked 13 9 2.7 2" 10"4

masked 11 9 2.8 1" 10"4

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

II+III 12650 unmasked 44 17 9.2 6" 10"3

masked 35 17 8.8 2" 10"3

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

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

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

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

R =

! 1
piso

pk(1! p)N!k dp

pisok(1! piso)N!k+1
. (2)

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

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

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

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

Adding new data: 27/5/2006-31/3/2009
Likelihood ratio: binomial probability of  correlation
over binomial probability in isotropic case (piso=0.21)



Adding new data: 27/5/2006-31/3/2009

pdata=17/44=0.38±0.07
Correlation degree decreased wrt our previous report

but still more than 2 s.d. from isotropy

Degree of correlation (p=k/N) vs total number of time-ordered events



Arrival direction analysis:
A posteriori analysis



1. Centaurus A
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Fig. 2. The distribution of angular separations between the 58 events with E > 55 EeV and the closest AGN in the VCV catalog within
75 Mpc. Left: The cumulative number of events as a function of angular distance. The 68% the confidence intervals for the isotropic expectation
is shaded blue. Right: The histogram of events as a function of angular distance. The 13 events with galactic latitudes |b| < 12! are shown
with hatching. The average isotropic expectation is shaded brown.
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Fig. 3. Left: The cumulative number of events with E ! 55 EeV as a function of angular distance from Cen A. The average isotropic
expectation with approximate 68% confidence intervals is shaded blue. Right: The histogram of events as a function of angular distance from
Cen A. The average isotropic expectation is shaded brown.
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KS test : 2% of isotropic realizations have a maximum departure 
from isotropy ≥ the maximum observed departure

Maximum excess in circular windows around Cen A corresponds to a 
radius of 18˚ : 12 observed events vs 2.7 expected

Integral number of events vs 
angular distance from CEN A

By contrast, 0/58 observed events in a 20˚ circular window around Virgo 
(but low exposure : 1.2 expected from isotropy)



2. Test of alternative source scenarios

Different potential sources:

1. AGNs detected in X-rays in 22-months SWIFT catalogue (261 objects)

2. Galaxies in the HIPASS survey (3058 galaxies, radio, flux-limited)

3. HIPASS-HL: sub-sample of  HIPASS (the 765 most luminous galaxies)

4. Galaxies in the 2MRS compilation (|b|>10˚, 23000 most luminous 
galaxies from 2MASS, full-sky, IR)

Different methods:

I. Cross-correlation

II. Log-likelihood

III.2-fold correlation



I. Cross-correlation

Measures the excess of  pairs within a 
given angular separation wrt isotropy 
(departures are larger if  CRs correlate 
with denser regions of  the catalogues)

No weight by distance or luminosity 
(equal contribution to CR flux from 
each source)

Departures from isotropy against all 4 
classes of  objects

Indication that UHECRs are 
correlated with local matter

e.g.: volume selected galaxies 
(D<200 Mpc) from 2MRS (1940 obj)



Prior to LL and 2-fold tests:
building Catalogues Smoothed Maps

For each catalogue: build smoothed 
probability maps of  arrival 
directions

Weight catalogue sources by flux x 
GZK attenuation

2 free parameters: smoothing angle 
σ and isotropic background 
(catalogue incompleteness)

Fc(n)=density map value in the 
direction n

Use data to find the best values of  
(σ,fiso) by maximizing the LL

2

IV. DATA ANALYSIS94

A. Cross-correlation95

Fig. 1. Cross-correlation between Auger data and 2MRS VS galaxies:
cumulative relative excess of pairs as a function of the separation angle.
Error bars represent the dispersion in 68% of isotropic realizations.

The cross-correlation function with 2MRS VS is96

shown in figure 1. There is a clear excess of pairs for97

separation angles smaller than 30!. The most significant98

departure from isotropy is observed at 3!: the fraction99

of simulated samples that give a higher number of pairs100

than in the data is f ! 1.5 10"3. This simple result is101

an indication that the arrival directions of the UHECRs102

appear to follow the local distribution of matter.103

B. Smoothed density maps104

The aim of the analysis is to test wether a model based105

on a catalogue of candidate sources can reproduce the106

data. We build smoothed maps of expected cosmic ray107

flux from the catalogues, described by a function Fc(n)108

on the sphere. The function is normalized such that its109

value in a given direction n corresponds to the predicted110

probability of detecting a cosmic ray in that direction,111

according to the model.112

We add a fraction of isotropic background fiso in113

the density map as a free parameter to account for the114

missing flux, for it is very likely that the catalogue does115

not contain all the cosmic rays sources.116

We write the function Fc(n) as :

Fc(n) = I"1 !(n)
!

fiso

4"!
+ (1" fiso)#c(n)

"

where ! is the fraction of the sky where the catalogue
has sources (! =1 for full sky coverage, ! =? for
HIPASS), #c(n) is the flux coming from the catalogue
objects and fiso the fraction of isotropic background. The
relative exposure !(n) of the Pierre Auger Observatory
is a purely geometrical function computed analytically.
The normalization constant I ensures that the integral of
the function is equal to unity. The flux coming from the
Ncat sources is given by:

#c(n) =
Ncat#

i=1

w(zi)
2"$2W e"

d(ni,n)2

2!2

where d(ni,n) is the angle between the direction of117

the source ni and the direction of interest n. The118

free parameter $ (smoothing angle) enables us to take119

into account the angular resolution of the Pierre Auger120

Observatory and the deflections experienced by cosmic121

rays, under the simplifying assumption that these deflec-122

tions are purely random and gaussian. A weight w(zi)123

is attributed to the ith source located at redshift zi, with124

the normalization factor W =
$

w(zi). In this study,125

we assume a weight proportional to the flux #i of the126

source, measured in a given range of wavelengths (X-127

rays for SWIFT-BAT, radio for HIPASS and near IR for128

2MRS), multiplied by an attenuation factor due to the129

GZK suppression, that is implemented following [13].130

C. The log-likelihood method131

For each catalogue, we can build a density map
with two free parameters: the smoothing angle and the
fraction of isotropic background. Because of the lack of
strong physical input for these parameters, we use the
data to determine their best values for each catalogue.
We find the values of $ and fiso that maximize the log-
likelihood of the data sample:

LL =
Ndata#

k=1

lnFc(nk)

where nk is the direction of the kth event. The results132

are shown in fig.2 (a). The maximum is reached for133

($ = 4!, fiso = 0.69) for SWIFT-BAT, (2!, 0.46)134

for 2MRS, (5!, 0.74) for HIPASS and (5!, 0.75) for135

HIPASS HL. For all the analysis, we use these param-136

eters, though they are not strongly constrained with the137

present statistics.138

To test the compatibility between data and model,139

we generate 104 simulated data samples, containing the140

same number of events as in the data. The points are141

either drawn from the model density map or isotrop-142

ically, and we compare the distributions of the mean143

log-likelihood (LL/Ndata) with the value obtained for144

the data. The results are illustrated in fig.2 (b).145

For all comparisons the data are significantly different146

from isotropic expectations: the fraction of simulated147

data set that give a higher value than the data is around148

# 10"4. The data are in agreement with all models,149

with a preference for those based on SWIFT-BAT and150

2MRs that give a more discriminant test against isotropy.151

However, this result is not surprising since we used the152

set of parameters that maximize the likelihood of the153

data. Moreover, the likelihood test is, by its intrinsic154

nature, only sensitive to the fact that data points lie or155

not in high density regions of the catalogue, and does not156

test if all regions of the catalogue are fairly represented157

in the data set. We thus apply a complementary test that158

quantifies the overall agreement between data and the159

model.160

Parameters not strongly constrained



II. Likelihood test

Simulate 104 samples with the same 
number of  data as in the real set

Draw events accordingly to 
catalogue density map or 
isotropically

Compare the likelihood 
distributions with the value 
obtained from data

Good agreement with all the models

LL only sensitive to data points 
lying or not in high density 
catalogue regions



III. 2-fold correlation method

Complementary method to test 
overall proportionality between 
models and data

Based on the computation of  two 
coefficients: correlation (test 
match between models and data) 
and concentration (test clustering 
properties of  data)

Data compatible with all the 
models

The map based on SWIFT gives 
the most discriminant test against 
isotropy



Conclusions

Auger exposure grown to ≈ 17000 km2 sr y (twice wrt previous report)

58 detected CRs with E>55 EeV

On their arrival directions:

Update on the correlation with VCV objects (a-priori analysis)

Isotropy still rejected at 99% c.l. (but its evidence not strenghtened)

Degree of  correlation lower than in earlier data

A-posteriori analysis:

Excess of  events close to direction of  radio source CEN A

Distribution of  arrival directions compatible with several models for 
their origin, based on the distribution of  nearby extra-galactic matter

X-rays AGNs (ex-SWIFT) constitute an interesting class of  objects

More statistics needed to discriminate possible source scenarios
BE PATIENT: we “only” collect ≈ 2 UHECR/month, ≈ 500 km2 sr 
y/month. But, we do so for the next 10 y...


