
Large-Scale Distribution of Arrival 
Directions of Cosmic Rays Detected at the 
Pierre Auger Observatory Above 10 PeV

Raffaella Bonino for the Pierre Auger Collaboration
University of Torino and INFN

Vulcano Workshop 2014

1

lunedì 26 maggio 14



Antoine Letessier Selvon (CNRS/UPMC) Auger highlights ICRC 2013 Rio de Janeiro

STATUS & PERFORMANCE
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The world’s largest cosmic ray observatory
In operation since 2004

INFILL/AMIGA

The world’s largest                  
cosmic ray observatory

 Surface Detector (SD):           
1600 water-Cherenkov detectors 
covering 3000 km2 on a triangular grid 
with 1500 m spacing (full efficiency @ 
3·1018 eV)

 Infill detector with 750m spacing 
(23.5 km2 area) enhancing the 
Observatory capabilities down to 1016 
eV (full efficiency @ 3·1017 eV)

 Fluorescence Detector (FD):       
27 fluorescence telescopes at 4 sites 
overlooking the SD array 
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Complementary to energy spectrum & mass composition to understand 
CRs nature and origin

Transition galactic/extragal. origin should induce a significant change in 
their LS angular distribution

if galactic at 1018 eV: %-level modulation (depending on GMF, 
composition, distrib. of sources, ... )

if extra-gal. at 1018 eV: no structure except for a CMB-dipole   
(~ 0.6 %)

➡ dipole expected: escape from the Galaxy or extra-gal. CG

➡ quadrupole expected: sources distributed on galactic or super 
galactic plane or rotation of Galaxy could produce anisotropy by 
virtue of moving magnetic field (i.e. GMF could transform the extra-
gal CG dipole into a quadrupole) 

Large scale anisotropy studies
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Data set: 1/1/2004-31/12/2012 → 3·106 events (82318 above Eeff, 
exposure ~3.2·104 km2 sr yr)

Energy range: from 1016 eV to more than 1019 eV (regular SD + 
Infill array)

First harmonic modulations are small:

Account for spurious modulations (experimental & atmospheric)      
→ modified Rayleigh analysis

Use methods which are not sensitive to these effects                       
→ East-West method

First harmonic analysis in R.A. 
[APh 34 (2011) 628]
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Modified Rayleigh analysis (E>1 EeV): [Mollerach & Roulet, JCAP 0508 (2005) 004]

Classical Rayleigh formalism slightly modified to account for non-uniform exposure

Fourier coeff.                        and                       → amplitude                    and phase                         

ωi accounting for the array growth, dead time and tilt of the array

energy assignment corrected for weather and geomagnetic effects

below 1EeV weather effects also affect detection efficiency → reliably applied only above

East-West method (E<1 EeV): [R. Bonino et al., ApJ 738 (2011) 67]

Differential method: 

Instantaneous exposure for E and W events is the same, i.e. both sectors are equally affected 
by detector instabilities and weather conditions

Standard harmonic analysis on the differences IE(αi) - IW(αi)

It allows us to remove direction-independent effects (of experimental origin):

no correction is needed

reduced sensitivity → higher sensitivity required (4 times more events)

Analysis methods
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Hint of a smooth transition from a 
common phase of α≃270° (αGC≃268.4°) 
in the bins below 1 EeV to α≃90° 
above 4 EeV.

Prescription to verify it with new data, at 
99% C.L.:

started on 25/6/2011

constancy of phase at E<1 EeV 
with the Infill data

transition at E~1 EeV

Phase of the first harmonic
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Prescription to check with
new data at 99% CL:

I Started on the 25 of
June 2011

I Constancy of phase
at E<1 EeV with the
Infill data

I Transition in phase

at high energies

Eas-Top: M. Aglietta et al. 2009 ApJ 692 L130
IceCube: R. Abbasi et al. 2012 ApJ 746 33

Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory
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[ApJ 692 L130 (2009)]
[ApJ 746 33 (2012)]

Prescription set:                         
data set from 1/1/2004 to 31/12/2010
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Hint of a smooth transition from a 
common phase of α≃270° (αGC≃268.4°) 
in the bins below 1 EeV to α≃90° 
above 4 EeV.

Prescription to verify it with new data, at 
99% C.L.:

started on 25/6/2011

constancy of phase at E<1 EeV 
with the Infill data

transition at E~1 EeV

Phase of the first harmonic

Midterm status of the prescription
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Prescription status:                         
data set from 25/6/2011 to 31/12/2012
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Amplitudes of the first harmonic

I r depends on the
Observatory latitude and
observed zenith angles

I To compare between
experiments we use the
equatorial dipole
component
d? ' r/ hcos �i

3 bins above 1 EeV
have low probability to
arise from isotropy
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Equatorial dipole amplitude, d⊥≃r/<cosδ>, for a 
comparison with other experiments

3 bins above 1 EeV with chance 
probability < 1%:

Amplitude of the first harmonic
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Equatorial dipole amplitude, d⊥≃r/<cosδ>, for a 
comparison with other experiments

3 bins above 1 EeV with chance 
probability < 1%:

ΔE [EeV] d⊥±σd⊥[%] P(>d⊥) [%] φ±σφ

1-2 1.0±0.2 0.03 335±14

2-4 1.4±0.5 0.9 8±19

>8 5.9±1.6 0.1 86±16

Amplitude of the first harmonic
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Equatorial dipole amplitude, d⊥≃r/<cosδ>, for a 
comparison with other experiments

3 bins above 1 EeV with chance 
probability < 1%:

⇒ Hint for large scale anisotropy above 1 EeV → to be studied with future data

Amplitude of the first harmonic

ΔE [EeV] d⊥±σd⊥[%] P(>d⊥) [%] φ±σφ

1-2 1.0±0.2 0.03 335±14

2-4 1.4±0.5 0.9 8±19

>8 5.9±1.6 0.1 86±16
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Upper limits on the equatorial dipole (99% CL)
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Upper limits on the amplitudes 

A/S: EeV CRs are galactic, their escape from the galaxy by diffusion/drift causes the anisotropies. A/S = antisymm./symm. halo field

Gal: CRs are galactic up to the highest energies, anisotropy caused by diffusive motion due to the turbulent component of the GMF

C-G Xgal: Compton-Getting effect for extragal. CRs due to the motion of our galaxy wrt the frame of extragal. isotropy (= CMB)
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Upper limits on the equatorial dipole (99% CL)
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Upper limits on the amplitudes 
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A/S: EeV CRs are galactic, their escape from the galaxy by diffusion/drift causes the anisotropies. A/S = antisymm./symm. halo field

Gal: CRs are galactic up to the highest energies, anisotropy caused by diffusive motion due to the turbulent component of the GMF

C-G Xgal: Compton-Getting effect for extragal. CRs due to the motion of our galaxy wrt the frame of extragal. isotropy (= CMB)
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Upper limits on the equatorial dipole (99% CL)
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Upper limits on the amplitudes 
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A/S: EeV CRs are galactic, their escape from the galaxy by diffusion/drift causes the anisotropies. A/S = antisymm./symm. halo field

Gal: CRs are galactic up to the highest energies, anisotropy caused by diffusive motion due to the turbulent component of the GMF

C-G Xgal: Compton-Getting effect for extragal. CRs due to the motion of our galaxy wrt the frame of extragal. isotropy (= CMB)
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Upper limits on the equatorial dipole (99% CL)
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Upper limits on the amplitudes 
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A/S: EeV CRs are galactic, their escape from the galaxy by diffusion/drift causes the anisotropies. A/S = antisymm./symm. halo field

Gal: CRs are galactic up to the highest energies, anisotropy caused by diffusive motion due to the turbulent component of the GMF

C-G Xgal: Compton-Getting effect for extragal. CRs due to the motion of our galaxy wrt the frame of extragal. isotropy (= CMB)
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Phase Vs amplitude
Phase of the first harmonic
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Prescription to check with
new data at 99% CL:

I Started on the 25 of
June 2011

I Constancy of phase
at E<1 EeV with the
Infill data

I Transition in phase

at high energies

Eas-Top: M. Aglietta et al. 2009 ApJ 692 L130
IceCube: R. Abbasi et al. 2012 ApJ 746 33
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Amplitudes of the first harmonic

I r depends on the
Observatory latitude and
observed zenith angles

I To compare between
experiments we use the
equatorial dipole
component
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3 bins above 1 EeV
have low probability to
arise from isotropy

Amplitude of the dipole

10−3

10−2

10−1

100

 0.01  0.1  1  10  100
E

qu
at

or
ia

l d
ip

ol
e 

am
pl

itu
de

Energy  [EeV]

Auger 750 m (East−West)
Auger 1500 m (East−West)

Auger 1500 m (Rayleigh)
99% CL upper limits (isotropy)

Iván Sidelnik ICRC 0739: Measurement of dipolar anisotropies
at the Pierre Auger Observatory

9

15

lunedì 26 maggio 14



Phase test ≈ 2.5 times more efficient 

A consistency of the phase measurement in 
adjacent energy intervals is thus expected 
with lower statistics than that required for 
the amplitude to significantly stand out from 
the background noise

Phase Vs amplitude

Phase vs Amplitude

Pure isotropy
Almost isotropy

(signal size = mean noise)

GAP 2010-057

Sensitivity to large scale anisotropies :
phase versus amplitude measurements

Raffaella Bonino1, Olivier Deligny2, Haris Lyberis2
1 IFSI-INFN, University of Torino, 2 CNRS/IN2P3 - IPN Orsay

I. PHASE AND AMPLITUDE P.D.F.

First harmonic analysis of arrival directions consists in estimating the amplitude and the phase of any (first har-
monic) genuine modulation. The first setp is to estimate x and y through :

x =
2

N

N
∑

i=1

cosαi, y =
2

N

N
∑

i=1

sinαi. (1)

From x and y, estimates r and φ are then deduced through r =
√

x2 + y2 and φ = arctan (y/x). The statistical
properties of r were shown to follow a Rayleigh distribution in case of isotropy, while φ follows a uniform distribution [1].

In case of an underlying genuine signal with amplitude s and phase φ0, as discussed the 2nd alternative of Linsley [1],
the joint p.d.f. pR,Φ(r,φ) of the couple of random variables (R, Φ) is obtained from the change of variables :

pR,Φ(r,φ) = rpX,Y (r cosφ − s cosφ0, r sinφ − s sinφ0). (2)

X and Y may be considered as independent normal variables centered in (x0 = s cosφ0, y0 = s sinφ0) with σ2 = 2/N
as soon as the number of events N is large enough (in practice, a few tens of events is sufficient). The p.d.f. of the
amplitude pR(r) and of the phase pΦ(φ) are thus simply obtained by integrating over φ and r respectively :

pR(r) =
r

σ2
exp

(

−
r2 + s2

2σ2

)

I0

(

rs

σ2

)

, (3)

pΦ(φ) =
1

2π
exp

(

−
s2

2σ2

)

+
s cos (φ − φ0)

2
√

2πσ

(

1 + erf

(

s cos (φ − φ0)√
2σ

))

exp

(

−
s2 sin2 (φ − φ0)

2σ2

)

. (4)

Examples of pR functions are shown in Fig.1-left for N = 30, 000 events, and s = 0 (in blue) and s = 1% (in red). In
such case, the background noise at the level of

√

π/N # 1% dilutes the genuine signal, and only positive fluctuations
may help to detect a significant signal. Meanwhile, using the exactly same parameters, the distributions of the phases
for both cases are shown in Fig.1-right. The p.d.f. in presence of a genuine signal is already almost Gaussian with a
variance (σ/s)2.
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FIG. 1: Left: p.d.f. of the first harmonic amplitude for a set of 30,000 events, without any genuine signal (s = 0) and in case
of a genuine signal s = 1%. Right: p.d.f. of the first harmonic phase ψ = φ−φ0 for a set of 30,000 events, without any genuine
signal (s = 0) and in case of a genuine signal s = 1%.
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Phase vs Amplitude : Detection Power
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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.

5

Toy Model

In this particular case (signal ~ bkg noise)

Test on the amplitude for Nb bins

Toy model : N = 30,000 evts in each bin

True signal of 1%

Variation of the number of bins

Probability to accept isotropy

Isotropy :

follows law

Test on the phase for Nb bins

LL ratio method:

pdf have to be computed

➡ Phase test ≈2.5 times 
more efficient 

➡ A consistency of the 
phase measurement in 
adjacent energy intervals 
is thus expected with 
lower statistics than 
that required for the 
amplitude to significantly 
stand out from the 
background noise

8
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2. Spherical Harmonic Analyses in RA/DEC

• Estimation possible only by 
assuming an upper bound L to the 
expansion in spherical harmonics

• Resolution degraded in proportion 
to exp(L) !

Measuring Large-Scale Anisotropy of Cosmic Rays above 1019 eV

33RD INTERNATIONAL COSMIC RAY CONFERENCE, RIO DE JANEIRO 2013

]° [!
-80 -60 -40 -20 0 20 40 60 80

.y
r]

2
) 

[k
m

!(
"

0

2000

4000

6000

8000

Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsY!m(n) :

$(n) = &
!≥0

!

&
m=−!

a!mY!m(n). (2)

Any anisotropy fingerprint is encoded in the a!m multi-
poles. Non-zero amplitudes in the ! modes arise from vari-
ations of the flux on an angular scale # 1/! radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each a!m coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =







0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured a!m anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than# 10% (the actual resolution on bwill be shown
hereafter to be of the order of # 3.5%), the relative differ-
ences between 〈1/"r(n)〉 and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered a!m coefficients defined as

a!m =
∫

4*
d%

dÑ(n)

d%
Y!m(n) =

N

&
i=1

Y!m(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying a!m multi-
poles since the relationship 〈a!m〉 = a!m can be established
by propagating equation 7 into 〈a!m〉.

• Any anisotropy fingerprint is encoded 
in the set of spherical harmonics 
coefficients 

• Non-zero   modes arise from variations 
of the flux on an angular scale ~     
radians  

• Dipole vector and quadrupole tensor of 
special interest, but the full set of 
moments is relevant
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsY!m(n) :

$(n) = &
!≥0

!

&
m=−!

a!mY!m(n). (2)

Any anisotropy fingerprint is encoded in the a!m multi-
poles. Non-zero amplitudes in the ! modes arise from vari-
ations of the flux on an angular scale # 1/! radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each a!m coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =







0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured a!m anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than# 10% (the actual resolution on bwill be shown
hereafter to be of the order of # 3.5%), the relative differ-
ences between 〈1/"r(n)〉 and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered a!m coefficients defined as

a!m =
∫

4*
d%

dÑ(n)

d%
Y!m(n) =

N

&
i=1

Y!m(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying a!m multi-
poles since the relationship 〈a!m〉 = a!m can be established
by propagating equation 7 into 〈a!m〉.
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Figure 1: Total directional exposure above 1019 eV as obtained
by summing the nominal individual ones of the Telescope Array
and the Pierre Auger Observatory, as a function of the declina-
tion.

ascension #) since this is the most natural one tied to the
Earth to describe the directional exposure of any experi-
ment. The random sample {n1, ...,nN} results from a Pois-
son process whose average is the flux of cosmic rays$(n)
coupled to the directional exposure"(n) of the considered
experiment :

〈

dN(n)

d%

〉

= "(n)$(n). (1)

As any angular distribution on the unit sphere, the flux
of cosmic rays $(n) can be decomposed in terms of a
multipolar expansion onto the spherical harmonicsY!m(n) :

$(n) = &
!≥0

!

&
m=−!

a!mY!m(n). (2)

Any anisotropy fingerprint is encoded in the a!m multi-
poles. Non-zero amplitudes in the ! modes arise from vari-
ations of the flux on an angular scale # 1/! radians.
The directional exposure of each observatory provides

the effective time-integrated collecting area for a flux from
each direction of the sky. In principle, the combined direc-
tional exposure of the two experiments should be simply
the sum of the individual ones. However, individual expo-
sures have here to be re-weighted by some empirical factor
b due to the unavoidable uncertainty in the relative expo-
sures of the experiments. The parameter b can be viewed
as a fudge factor which absorbs any kind of systematic un-
certainties in the relative exposures, whatever the sources
of these uncertainties. This empirical factor is arbitrarily
chosen to re-weight the directional exposure of the Pierre
Auger Observatory relative to the one of the Telescope Ar-
ray :

"(n;b) = "TA(n)+b"Auger(n). (3)

Dead times of detectors modulate the directional expo-
sure of each experiment in sidereal time and therefore in
right ascension. However, once averaged over several years
of data taking, the relative modulations of both "TA and
"Auger in right ascension turn out to be not larger than few
thousandths, yielding to non-uniformities in the observed
angular distribution at the corresponding level. Given that
the limited statistics currently available above 1019 eV can-
not allow an estimation of each a!m coefficient with a preci-
sion better than a few percent, the non-uniformities of "TA
and "Auger in right ascension can be neglected so that both

functions are considered to depend only on the declination
hereafter. On the other hand, since the high energy thresh-
old guarantees that both experiments are fully efficient in
their respective zenithal range [0− 'max], the dependence
on declination is purely geometric [3] :

"i(n) = Ai

(

cos(i cos! sin#m+#m sin(i sin!

)

, (4)

where (i is the latitude of the considered experiment, the
parameter #m is given by

#m =







0 if ) > 1,
* if ) < −1,
arccos) otherwise,

(5)

with ) ≡ (cos'max− sin(i sin! )/cos(i cos! , and the nor-
malisation factors Ai are tuned such that the integration
of each "i function over 4* matches the (total) exposure
of the corresponding experiment. For b = 1, the resulting
"(! ) function is shown in figure 1.
In practice, only an estimation b of the factor b can be

obtained, so that only an estimation of the directional expo-

sure "(n) ≡ "(n;b) can be achieved through equation 3.
The procedure used for obtaining b from the joint data set
will be described below. The resulting uncertainties propa-
gate into uncertainties in the measured a!m anisotropy pa-
rameters, in addition to the ones caused by the Poisson na-
ture of the sampling process when the function" is known
exactly.
With full-sky but non-uniform coverage, the custom-

ary recipe for decoupling directional exposure effects from
anisotropy ones consists in weighting the observed angular
distribution by the inverse of the relative directional expo-
sure function :

dÑ(n)

d%
=

1

"r(n)

dN(n)

d%
. (6)

The relative directional exposure is the dimensionless func-
tion normalized to unity at its maximum. When the func-
tion " (or "r) is known from a single experiment, the av-
eraged angular distribution

〈

dÑ/d%
〉

is, from equation 1,
identified with the flux of cosmic rays$(n) times the total
exposure of the experiment. Due to the finite resolution to
estimate b, the relationship between

〈

dÑ/d%
〉

and$(n) is
here not any longer so straightforward :

〈

dÑ(n)

d%

〉

=

〈

1

"r(n)

〉

"(n)$(n). (7)

However, for an unbiased estimator of b with a resolution
better than# 10% (the actual resolution on bwill be shown
hereafter to be of the order of # 3.5%), the relative differ-
ences between 〈1/"r(n)〉 and 1/"r(n) are actually smaller
than 10−3 in such a way that

〈

dÑ/d%
〉

can still be identi-
fied to $(n) times the total exposure to a high level. Con-
sequently, the recovered a!m coefficients defined as

a!m =
∫

4*
d%

dÑ(n)

d%
Y!m(n) =

N

&
i=1

Y!m(ni)

"r(ni)
(8)

provide unbiased estimators of the underlying a!m multi-
poles since the relationship 〈a!m〉 = a!m can be established
by propagating equation 7 into 〈a!m〉.

Expansion in Spherical Harmonics Partial-Sky Coverage

➡ ApJS 203 34 (2012)

10

 (updated at last ICRC)

Spherical harmonic analysis
[ApJS 203 (2012) 34 & ApJL 762 (2013) L13]

  Expansion in spherical harmonics:                                     → 

Non-zero ℓ modes arise from variations of the flux on angular scales ~1/ℓ rad

Dipole vector and quadrupole tensor of special interest, but the full set of 
moments is relevant

The observed distribution is modulated not only by the CRs angular distribution 
Φ(E,n) but also by the exposure function ω(E,n)

Partial sky coverage:

Estimation possible only by assuming a ℓmax                                                           

to the expansion in spherical harmonics

Resolution degraded in proportion to exp(ℓmax).                                             

→ with the present statistics, this prevents a reliable                                              
recovery of the coefficients as soon as ℓmax ≥ 3.
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Spherical harmonic analysis
[ApJS 203 (2012) 34 & ApJL 762 (2013) L13]

Two main critical points: 

 Control of the event counting rate:                                                   
energy estimate unbiased by the known systematics → unbiased event counting rate:

atmospheric conditions (about 0.2%) [APh 32 (2009) 89]

geomagnetic field (~ 2% for zenith angle around 55°) [JCAP 11 (2011) 022]

 Determination of the directional exposure ω(α,δ,E)

operational time of the detector (array growth, dead times,...)

geometric aperture

detection efficiency (zenithal dependence, geomagnetic effects, tilt of the array)
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Search for dipolar patterns

➡ Dipole: hints for large scale anisotropies above 1 EeV (similarly to the 
results obtained with the first harmonic analysis in r.a.)

19

10 

Search for dipolar patterns 

  Similarly to the results presented in (I. Sidelnik, paper 739)    
we can see hints for large scale anisotropies 

99% C.L. isotropic upper values 
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Search for quadrupolar patterns

➡ Quadrupole: hints of moments higher than dipole at EeV energies

20

11 

Search for quadrupolar patterns 

  Hints of moments higher than dipole at EeV energies 

99% C.L. isotropic upper values 99% C.L. isotropic upper values 
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Dipolar & quadrupolar patterns

Dipole Quadrupole

Generic estimates of the amplitudes expected from stationary galactic sources

GMF = regular (BSS disk field and anti-symmetric halo field) + turbulent field (according 
to a Kolmogorov power spectrum)

➡ Unless the strength of the GMF is much higher than in the picture used here, the upper 
limits on dipole and quadrupole amplitudes challenge an origin of CRs from 
galactic stationary sources distributed in the disk and emitting 
predominantly light particles in all directions at EeV energy ranges
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Figure 11. 99% CL upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations from stationary Galactic
sources distributed in the disk are also shown for various assumptions on the cosmic-ray composition. The fluctuations of the amplitudes due to the stochastic nature
of the turbulent component of the magnetic field are sampled from different simulation data sets and are shown by the bands (see the text).
(A color version of this figure is available in the online journal.)

Table 3
Summary of the Dipolar Analysis (!max = 1) Reported in Section 5.2,

Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E N r δ α UL
(EeV) (%) (◦) (◦) (%)

1–2 360132 1.0 ± 0.4 −15 ± 32 342 ± 20 1.5
2–4 88042 1.6 ± 0.8 −46 ± 28 35 ± 30 2.8
4–8 19794 2.7 ± 2.0 −69 ± 30 25 ± 74 5.8
>8 8364 7.5 ± 2.5 −37 ± 21 96 ± 18 11.4

simulation of showers. Both the systematic uncertainties asso-
ciated with the different interaction models and primary masses
and the statistical uncertainties related to the procedure used to
extract g1 and g2 constitute a source of systematic uncertainties
on the anisotropy parameters.

To quantify these systematic uncertainties, we repeated the
whole chain of analysis on a large number of modified data
sets. Each modified data set is built by randomly sampling the
coefficients αP , αρ, and βρ (or g1 and g2 when dealing with
geomagnetic effects) according to the corresponding uncertain-
ties and correlations between parameters through the use of a
Gaussian probability distribution function. For each new set of
correction coefficients, new sets of anisotropy parameters are
then obtained. The rms of each resulting distribution for each
anisotropy parameter is the systematic uncertainty that we as-
sign. Results are shown in Figure 10, in terms of the dipole
and quadrupole amplitudes as a function of the energy. Bal-
anced against the statistical uncertainties in the original analysis
(shown by the bands), it is apparent that both sources of system-
atic uncertainties have a negligible impact on each reconstructed
anisotropy amplitude.

7. UPPER LIMITS AND DISCUSSION

From the analyses reported in Section 5, upper limits on
dipole and quadrupole amplitudes can be derived at 99% CL
(see Appendices C and D). All relevant results are summarized
in Tables 3 and 4. The upper limits are also shown in Figure 11
accounting for the systematic uncertainties discussed in the
previous section: in the last two energy bins, the upper limits
are quite insensitive to the systematic uncertainties because all
amplitudes lie well within the background noise.

Below we illustrate the astrophysical interest of these upper
limits by calculating the anisotropy amplitudes expected in a toy
scenario in which sources of EeV cosmic rays are stationary,

Table 4
Summary of the Quadrupolar Analysis (!max = 2) Reported in Section 5.3,
Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E λ+ β UL (λ+) UL (β)
(EeV) (%) (%) (%) (%)

1–2 2.0 ± 0.7 1.7 ± 0.6 3.0 2.9
2–4 5.0 ± 1.7 4.2 ± 1.3 6.3 6.1
4–8 1.6 ± 2.0 1.9 ± 1.8 10.0 9.4
>8 4.0 ± 3.4 3.9 ± 2.7 14.5 13.8

densely and uniformly distributed in the Galactic disk, and emit
particles in all directions.

Both the strength and the structure of the magnetic field in
the Galaxy, known only approximately, play a crucial role in
the propagation of cosmic rays. The field is thought to contain
a large-scale regular component and a small-scale turbulent
one, both having a local strength of a few microgauss (see,
e.g., Beck 2001). While the turbulent component dominates in
strength by a factor of a few, the regular component imprints
dominant drift motions as soon as the Larmor radius of cosmic
rays is larger than the maximal scale of the turbulences (thought
to be in the range 10–100 pc). We adopt in the following a
recent parameterization of the regular component obtained by
fitting model field geometries to Faraday rotation measures of
extragalactic radio sources and polarized synchrotron emission
(Pshirkov et al. 2011). It consists in two different components:
a disk field and a halo field. The disk field is symmetric with
respect to the Galactic plane and is described by the widely
used logarithmic spiral model with reversal direction of the
field in two different arms (the so-called BSS-model). The
halo field is anti-symmetric with respect to the Galactic plane
and purely toroidal. The detailed parameterization is given in
Pshirkov et al. (2011) (with the set of parameters reported in
Table 3). In addition to the regular component, a turbulent field
is generated according to a Kolmogorov power spectrum and is
pre-computed on a three-dimensional grid periodically repeated
in space. The size of the grid is taken as 100 pc, so as the
maximal scale of turbulences, and the strength of the turbulent
component is taken as three times the strength of the regular one.

To describe the propagation of cosmic rays with energies
E ! 1 EeV in such a magnetic field, the direct integration of
trajectories is the most appropriate tool. Performing the forward
tracking of particles from Galactic sources and recording those
particles which cross the Earth is, however, not feasible within
a reasonable computing time. So, to obtain the anisotropy of

16
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Figure 11. 99% CL upper limits on dipole and quadrupole amplitudes as a function of the energy. Some generic anisotropy expectations from stationary Galactic
sources distributed in the disk are also shown for various assumptions on the cosmic-ray composition. The fluctuations of the amplitudes due to the stochastic nature
of the turbulent component of the magnetic field are sampled from different simulation data sets and are shown by the bands (see the text).
(A color version of this figure is available in the online journal.)

Table 3
Summary of the Dipolar Analysis (!max = 1) Reported in Section 5.2,

Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E N r δ α UL
(EeV) (%) (◦) (◦) (%)

1–2 360132 1.0 ± 0.4 −15 ± 32 342 ± 20 1.5
2–4 88042 1.6 ± 0.8 −46 ± 28 35 ± 30 2.8
4–8 19794 2.7 ± 2.0 −69 ± 30 25 ± 74 5.8
>8 8364 7.5 ± 2.5 −37 ± 21 96 ± 18 11.4

simulation of showers. Both the systematic uncertainties asso-
ciated with the different interaction models and primary masses
and the statistical uncertainties related to the procedure used to
extract g1 and g2 constitute a source of systematic uncertainties
on the anisotropy parameters.

To quantify these systematic uncertainties, we repeated the
whole chain of analysis on a large number of modified data
sets. Each modified data set is built by randomly sampling the
coefficients αP , αρ, and βρ (or g1 and g2 when dealing with
geomagnetic effects) according to the corresponding uncertain-
ties and correlations between parameters through the use of a
Gaussian probability distribution function. For each new set of
correction coefficients, new sets of anisotropy parameters are
then obtained. The rms of each resulting distribution for each
anisotropy parameter is the systematic uncertainty that we as-
sign. Results are shown in Figure 10, in terms of the dipole
and quadrupole amplitudes as a function of the energy. Bal-
anced against the statistical uncertainties in the original analysis
(shown by the bands), it is apparent that both sources of system-
atic uncertainties have a negligible impact on each reconstructed
anisotropy amplitude.

7. UPPER LIMITS AND DISCUSSION

From the analyses reported in Section 5, upper limits on
dipole and quadrupole amplitudes can be derived at 99% CL
(see Appendices C and D). All relevant results are summarized
in Tables 3 and 4. The upper limits are also shown in Figure 11
accounting for the systematic uncertainties discussed in the
previous section: in the last two energy bins, the upper limits
are quite insensitive to the systematic uncertainties because all
amplitudes lie well within the background noise.

Below we illustrate the astrophysical interest of these upper
limits by calculating the anisotropy amplitudes expected in a toy
scenario in which sources of EeV cosmic rays are stationary,

Table 4
Summary of the Quadrupolar Analysis (!max = 2) Reported in Section 5.3,
Together with the Derived 99% CL Upper Limits (UL) on the Amplitudes

∆E λ+ β UL (λ+) UL (β)
(EeV) (%) (%) (%) (%)

1–2 2.0 ± 0.7 1.7 ± 0.6 3.0 2.9
2–4 5.0 ± 1.7 4.2 ± 1.3 6.3 6.1
4–8 1.6 ± 2.0 1.9 ± 1.8 10.0 9.4
>8 4.0 ± 3.4 3.9 ± 2.7 14.5 13.8

densely and uniformly distributed in the Galactic disk, and emit
particles in all directions.

Both the strength and the structure of the magnetic field in
the Galaxy, known only approximately, play a crucial role in
the propagation of cosmic rays. The field is thought to contain
a large-scale regular component and a small-scale turbulent
one, both having a local strength of a few microgauss (see,
e.g., Beck 2001). While the turbulent component dominates in
strength by a factor of a few, the regular component imprints
dominant drift motions as soon as the Larmor radius of cosmic
rays is larger than the maximal scale of the turbulences (thought
to be in the range 10–100 pc). We adopt in the following a
recent parameterization of the regular component obtained by
fitting model field geometries to Faraday rotation measures of
extragalactic radio sources and polarized synchrotron emission
(Pshirkov et al. 2011). It consists in two different components:
a disk field and a halo field. The disk field is symmetric with
respect to the Galactic plane and is described by the widely
used logarithmic spiral model with reversal direction of the
field in two different arms (the so-called BSS-model). The
halo field is anti-symmetric with respect to the Galactic plane
and purely toroidal. The detailed parameterization is given in
Pshirkov et al. (2011) (with the set of parameters reported in
Table 3). In addition to the regular component, a turbulent field
is generated according to a Kolmogorov power spectrum and is
pre-computed on a three-dimensional grid periodically repeated
in space. The size of the grid is taken as 100 pc, so as the
maximal scale of turbulences, and the strength of the turbulent
component is taken as three times the strength of the regular one.

To describe the propagation of cosmic rays with energies
E ! 1 EeV in such a magnetic field, the direct integration of
trajectories is the most appropriate tool. Performing the forward
tracking of particles from Galactic sources and recording those
particles which cross the Earth is, however, not feasible within
a reasonable computing time. So, to obtain the anisotropy of
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Conclusions
Auger provides a wealth of high quality data, a coherent behavior of 
observables is observed

Large scale anisotropy: 

Amplitudes marginally in agreement with isotropic expectations in 
few energy bins

Non-random phases over a wide energy range

Searches in both α and δ now possible, constraining upper limits on dipole/
quadrupole moments

Searches with full-sky coverage applied to Auger/TA data above 10 EeV soon

Perspectives for the future:

acquire more data (next 10 years will give x3)

add more mass information in UHE region (muons)
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Backup slides
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Search for point-like sources
Searches for Galactic neutron sources

Neutrons produce air showers that are indistinguishable from those produced by protons but they can 
point back to the source.

They are unstable but at E > 1 EeV they still can reach us from Galactic sources, ie, ≃ 9.2 (En/EeV) kpc. 

A blind search for neutron sources in the whole exposed sky was reported in ApJ 760 (2012) 148, 
selected candidate source lists have been also considered:

No candidate source shows a significant excess.

Null results were also derived for the Galactic Plane and the Galactic Center. 

Blind searches for localized cosmic ray excesses

Scan the sky over 4 energy ranges (1-2, 2-4, 4-8 EeV and > 8 EeV) and circular windows of 5° and 

15°→ the largest observed significances are compatible with isotropic expectations.

We explored regions within 10° of the Galactic and Super-Galactic planes and near the 

Galactic Center and to Cen A → no significant departure from isotropic expectations.
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Search for point-like sources
Update on AGN correlation

 

 Data set up to Jun 2011: correlating events = 28/84, corresponding to a fraction = 33±5 %        
⇒ P = 0.006

 Clustering of correlating events in a region of 24° around CenA: 19 observed / 7.6 expected                      
⇒ KS test yields 4% isotropic probability

Karl-Heinz Kampert Auger Highlights, ICRC 2011; Beijing30

Update of Correlation with VCV-AGN
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Update including June 2011

33±5%
Total: 28/84
P=0.006
Telescope Array:
8/20 = 40%
with iso-bkg = 24%
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