33 RD I NTERNATIONAL C OSMIC R AY C ONFERENCE , R IO DE JANEIRO 2013
T HE A STROPARTICLE P HYSICS C ONFERENCE

Measurement of the first harmonic modulation in the right ascension distribution of cosmic rays detected at the Pierre Auger Observatory: towards the detection of dipolar anisotropies over a wide energy range
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Abstract: First harmonic analyses of the right ascension distribution of cosmic rays detected at the Pierre Auger
Observatory are reported. We here update the upper limits on the dipole component in the equatorial plane and
extend the previous results to lower energies by using data recorded by the infill surface detector array. On the
other hand, a possible consistency in ordered energy intervals of the phase was observed and reported, consistency
that may be indicative of anisotropies whose amplitudes are too small to stand out above the background noise
induced by the finite statistics accumulated so far. Based on this posterior observation, a prescribed single shot test
was designed on June 25 2011 to establish at 99% CL whether this consistency is real or not. Since the effect
has been observed over a wide energy range, the test makes use of data of both the infill and the regular surface
detector arrays. At about mid-term, the status of this prescription is reported.
Keywords: Pierre Auger Observatory, ultra-high energy cosmic rays, large-scale anisotropies, first harmonic
analysis.

1

Introduction

Large scale anisotropy studies are of major importance for
cosmic ray physics, because together with the analysis of
the spectrum and mass composition can help to understand
the nature and origin of these particles. The measurement
of the anisotropies at different energies, or the bounds
on them, are relevant to constrain different models for
the distribution of the sources and for the propagation of
cosmic rays. For instance, the transition from a galactic to
an extragalactic origin of the cosmic rays should induce a
significant change in their large scale angular distribution
and there are different theoretical models that locate this
transition at different energies.
The Pierre Auger Observatory [1], located in Malargüe,
Argentina, was originally designed to study the cosmic rays
above 1018 eV. The Observatory combines two different
techniques to detect the extensive air showers that are produced by the interactions of cosmic rays with the atmosphere. The surface detector array (SD) measures the lateral
distribution of secondary particles at ground level and the
fluorescence detector (FD) measures the longitudinal development of the air shower. The SD consists of an arrangement of 1600 water Cherenkov detectors distributed over
an area of 3000 km2 forming a triangular grid, with a detector separation of 1500 m, and has an operation duty cycle
of nearly 100%. In order to enhance the capabilities of the
Observatory by lowering its energy threshold a 23.5 km2
area of the regular array has been deployed with detectors
spaced by 750 m. This infill array [2] allows us to detect
cosmic rays with energies down to 1016 eV and has full efficiency above 3×1017 eV.
We present in this work a study of the large scale
distribution of arrival directions of cosmic rays based on the
first harmonic analysis in right ascension with data from the
surface detector of the Pierre Auger Observatory. An update
of the search above 1018 eV as a function of both right

ascension and declination is presented in [3]. Here we use
for the first time the full energy range above 1016 eV. These
energies are accessible thanks to the joint data acquired by
both the infill array with 750 m spacing and the regular array
with 1.5 km spacing. We use data up to the end of 2012,
using events with zenith angles θ < 60◦ for the 1.5 km
spacing array, and θ < 55◦ for the infill array.

2

First harmonic analysis in ordered energy
intervals

2.1

Analysis method

Since the first harmonic modulations are quite small, it is
important to account for possible spurious modulations of
experimental or atmospheric origin or, alternatively, use
methods which are not sensitive to these effects.
In particular, spurious variations due to the evolution of
the array size with time or dead periods of each surface
detector can be accounted by using the number of unitary
cells ncell (t) recorded every second by the trigger system
of the Observatory. The fiducial cut applied to the selected
events [4] requires that the detector with the highest signal
be surrounded by six active detectors, and hence the unitary
cells that define the instantaneous exposure of the array
to this type of events are defined as an active detector
surrounded by six neighbouring active detectors. The same
quality cut is used to select events recorded with the infill
array. For any periodicity T , the total number of unitary
cells Ncell (t) summed over all periods, and its associated
relative variations ∆Ncell , are obtained using:
Ncell (t) = ∑ ncell (t + jT ),
j

with hNcell i = 1/T

RT
0

∆Ncell (t) =

Ncell
hNcell i

(1)

dtNcell . To perform a first harmonic
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where wi ≡ [∆Ncell (αi0 )]−1 with αi0 the local sidereal time
of the event with right ascension αi . We express αi0 in
radians and chose it so that it is always equal to the right
ascension of the zenith at the center of the array. The sum
runs over the number N of events in the energy range
considered, and N = √
∑Ni=1 wi . The amplitude r and phase ϕ
are calculated via r = a2 + b2 and ϕ = arctan(b/a). They
follow a Rayleigh and a uniform distributions, respectively,
in the case of underlying isotropy.
Another source of systematic effects is induced by
weather variations, leading both to daily and seasonal modulations. To eliminate these variations the conversion of
the shower size into energy is performed by relating the
observed shower size to the one that would have been measured at reference atmospheric conditions. Above 1 EeV,
this procedure is sufficient to control the size of the sideband amplitude to the level of '10−3 [5]. Below 1 EeV
weather effects have a significant impact also on the detection efficiency for the regular array with 1.5 km spacing, and hence spurious variations of the counting rates are
amplified. Therefore, we adopt in this case the differential
East −West method [6]. This takes into account the difference between the event counting rate measured from the
East sector, IE (α 0 ), and the West sector IW (α 0 ). Since the
instantaneous exposure for Eastward and Westward events
is the same, this difference allows us to remove, at first order in the direction, effects of experimental or atmospheric
origin without applying any correction, although at the price
of reducing the sensitivity to the first harmonic modulation.
For the case of the infill, we will use only the East-West
method since we are in this case particularly interested in
the very low energies below full efficiency (while above
3 × 1017 eV the most sensitive results are obtained from the
larger statistics accumulated by with the regular array with
1.5 km spacing). The amplitude r and phase ϕ can be calculated from the arrival times of N events using the standard
first harmonic analysis slightly modified to account for the
subtraction of the Western sector to the Eastern one. The
Fourier coefficients aEW and bEW are defined by:
aEW =

2 N
∑ cos(αi0 + ξi ),
N i=1

bEW =

2 N
∑ sin(αi0 + ξi ) (3)
N i=1

where ξi =0 if the event comes from the East and ξi = π if it
comes from the West (in this way the events from the West
are effectively subtracted). The amplitude r of the right ascension modulation determined
with the Rayleigh formalq
ism is related to rEW = a2EW + b2EW through the relation
)i
[5] r = πhcos(δ
2hsin(θ )i rEW . Note that the phase determined with
the East-West method as ϕEW = arctan(bEW /aEW ) is related to the phase determined with the Rayleigh formalism
by ϕ = ϕEW + π/2.

2.2

Analysis at the sidereal frequency

To perform first harmonic analyses as a function of energy,
the choice of the size of the energy bins is important to avoid
the dilution of a genuine signal with the background noise.
The size of the energy bins for the analysis with the array
with 1.5 km spacing was chosen to be ∆ log10 (E) = 0.3 below 8 EeV (and one single bin for all energies above 8 EeV
was used). This is larger than the energy resolution. For the
analysis with the infill array a bin size of ∆ log10 (E) = 0.6
was used. Data from the larger array was used for energies
above 0.25 EeV, and the infill array was used to complement this measurements down to 0.01 EeV.
100

Equatorial dipole amplitude

analysis that accounts for the non-uniform exposure in
different parts of the sky we introduce weights in the
classical Rayleigh analysis. Each event is weighted with the
inverse of the integrated number of unitary cells at the local
sidereal time of the event. The Fourier coefficients a and b
of the modified Rayleigh analysis are:
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Figure 1: Equatorial dipole amplitude as a function of
energy. The results of the modified Rayleigh analysis are
shown with black circles and blue triangles corresponds to
the analysis with East-West method, in both cases using data
from the array with 1.5 km spacing. Red squares correspond
to data from the infill array using the East-West method.
The dashed lines are the 99% CL upper values of the
amplitude that could result from fluctuations of an isotropic
distribution.
The Rayleigh amplitude r measured by any observatory
can be used to reveal (or infer) anisotropies projected on
the Earth equatorial plane. In the case of an underlying pure
dipole, the relationship between r and the projection of the
dipole on the Earth equatorial plane, d⊥ , depends on the
latitude of the observatory and on the range of zenith angles
considered : d⊥ ' r/ hcos δ i [5]. d⊥ is the physical quantity
of interest to compare the results of different experiments
and the pure dipole predictions. For the regular array one
has that hcos δ i ' 0.78 while for the infill this number
results hcos δ i ' 0.79. The obtained amplitude d⊥ is shown
in Fig. 1 and in Table 1, the dashed line in the plot represents
the upper values of the amplitude which may arise from
fluctuations in an isotropic distribution at 99% CL, denoted
iso . Table 1 shows also the number of events, N,
by d⊥99%
the phase with its associated uncertainty, the probability
P that an amplitude larger or equal than that observed in
the data arises by chance from an isotropic distribution
(P(> r) = exp(−r2 N /4)).
Note that in the energy ranges 1-2 and 2-4 EeV the measured amplitudes of d⊥ of (1.0 ± 0.2)% and (1.4 ± 0.5)%
have a probability to arise by chance from an isotropic distribution of about 0.03% and 0.9%, while above 8 EeV the
measured amplitude of (5.9 ± 1.6)% has chance probabil-
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∆E[EeV]
Infill
0.01 - 0.025
East-West 0.025 - 0.1
Method 0.1 - 0.25
East-West 0.25 - 0.5
Method 0.5 - 1
1-2
Modified 2 - 4
Rayleigh 4 - 8
>8

N
d⊥ ± σd⊥ [%]
11819
15 ±6.3
428028
0.3±0.8
223342
1.4±0.9
720224
0.4±0.5
1081810
0.8±0.4
557829
1.0±0.2
148790
1.4±0.5
31270
2.5±1.0
12292
5.9±1.6

iso
ul [%]
ϕ ± ∆ϕ [◦ ] P(> d⊥ ) [%] d⊥99%
[%] d⊥
334± 25
5.9
19
28.6
122±180
92
2.4
2.2
277± 39
28
2.9
3.5
280±180
75
1.6
1.5
258± 30
13
1.2
1.6
335±14
0.03
0.7
1.5
8 ±19
0.9
1.4
2.5
63 ±25
5.5
3.1
4.8
86 ±16
0.1
4.9
9.4

Table 1: Results of first harmonic analyses in different energy intervals. Data from the regular SD were used above 0.25 EeV,
with the East-West method up to 1 EeV and the modified Rayleigh method above 1 EeV. Data from the infill array was used
for energies between 0.01 and 0.25 EeV with the East-West method.
ity of only 0.1%. Since several energy bins were searched,
these numbers do not represent absolute probabilities. They
constitute interesting hints for large scale anisotropies that
will be important to further scrutinise with enlarged statistics.

2.3

Upper limits on the dipole

The upper limits on d⊥ at 99%CL are given in Table 1
and shown in Fig. 2, together with previous results from
EAS-TOP [7], ICE-CUBE [8] KASCADE [9], KASCADEGrande [10] and AGASA [11], and with some predictions
for the anisotropies arising from models of both galactic
and extragalactic cosmic ray origin.
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Figure 2: Upper limit at 99%CL for the equatorial dipole
amplitude as a function of energy. In red are the limits
obtained in this work over the full energy range of the Auger
Observatory. Results from AGASA are shown in blue, from
KASCADE and KASCADE-Grande in magenta, EAS-TOP
in orange and ICE-CUBE in grey. Predictions from different
models are displayed, labeled as A, S, Gal and C-G Xgal
(see text).
The prediction labeled A and S correspond to a model
in wich cosmic rays at 1 EeV are predominantly of galactic
origin, and their escape from the galaxy by diffusion and
drift motion causes the anisotropies. A and S stand for two
different galactic magnetic field symmetries (antisymmetric
and symmetric)[12]. In the model labeled Gal [13] a purely
galactic origin is assumed for cosmic rays up to the highest
energies, and the anisotropy is caused by purely diffusive
motion due to the turbulent component of the magnetic
field. Some of these amplitudes are challenged by our
current bounds. The prediction labeled C-G Xgal [14]
is the expectation from the Compton-Getting effect for
extragalactic cosmic rays due to the motion of our galaxy

with respect to the frame of extragalactic isotropy, assumed
to be determined by the cosmic microwave background.
The bounds reported here already exclude the particular
model with an antisymmetric halo magnetic field (A) above
energies of 0.25 EeV and the Gal model at few EeV energies, and are starting to become sensitive to the predictions
of the model with a symmetric field.

3

Phase of the first harmonic and
prescription

In previous publications of first harmonic analyses in right
ascension [5, 15], the Pierre Auger Collaboration reported
the intriguing possibility of a smooth transition from a
common phase of α ' 270◦ in the first two bins below
1 EeV to a phase α ' 100◦ above 5 EeV. The phase at
lower energies is compatible with the right ascension of
the Galactic Center αGC ' 268.4◦ . It was pointed out that
this consistency of phases in adjacent energy intervals
is expected with a smaller number of events than the
detection of amplitudes standing out significantly above the
background noise in the case of a real underlying anisotropy.
This behaviour motivated us to design a prescription
with the intention of establishing at 99% CL whether this
consistency in phases in adjacent energy intervals is real.
Taking advantage of the wide energy range that the Pierre
Auger Observatory is capable to scan thanks to the infill
array, the test makes use of all data above 1016 eV. Thus,
once an exposure of 21,000 km2 sr yr is accumulated by the
regular SD array from June 25 2011 on, and applying the
same first harmonic analyses described in [5] and performed
here 1 , a positive anisotropy signal will be claimed within
a global threshold of 1% if any, or both, of the following
tests succeed:
• Using the infill data, an alignment of phases around
the value ϕ = 263◦ is detected by a likelihood ratio
test with a chance probability less than 0.5%, assuming an amplitude signal of 0.5% over the whole energy range analysed.
• Using the regular SD data, an alignment of phases
around the curve defined by eq. 4 is detected by the
likelihood ratio test with a chance probability less
than 0.5%, assuming an amplitude signal comparable
to the current mean noise in each energy interval (see
Tab. 2).
1. Though a change in the binning for the infill has been
made to ∆ log10 (E) = 0.3 and a single bin between 17.6<
log10 (E/EeV)<18.3 because of the low statistics.
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180

log10 (E/EeV ) − µ
σ

(4)

To report the midterm status of the prescription, the phase
of the first harmonic is shown in Fig. 3. The top panel
shows the phase derived with data from January 1 2004 to
December 31 2010 for the larger array, that corresponds to
the analysis in [5] and from September 12 2007 to April
11 2011 for the infill. The bottom panel is derived with
data since June 25 2011 up to December 31, 2012. At this
stage, the values as derived from the analysis applied to the
infill array are still affected by large uncertainties. On the
other hand, the overall behavior of the points as derived
from the analysis applied to the regular array shows good
agreement with equation 4, using the same parameters as
the ones derived with data prior to 2011. The final result
of the prescription is expected for 2015, once the required
exposure is reached.
∆E[EeV]
0.25 - 0.5
0.5 - 1
1-2
2-4
4-8
>8

mean noise
5 × 10−3
5 × 10−3
3.5 × 10−3
6.8 × 10−3
1.4 × 10−2
2.0 × 10−2

Table 2: Mean noise in each energy interval considered in
the analysis of the regular array. The analysis performed
in the two first energy bins uses the E-W method, which
explains
why the mean noise is about two times larger than
p
π/N.

4

Discussion and conclusions

We have searched for large scale patterns in the arrival directions of events recorded at the Pierre Auger Observatory. No statistically significant deviation from isotropy is
revealed within the systematic uncertainties. The probabilities for the dipole amplitudes that are measured to arise
by chance from an isotropic flux are of about 0.03% in the
energy range from 1-2 EeV, 0.9% for 2-4 EeV and 0.1%
above 8 EeV.
These are interesting hints for large scale anisotropies
that will be important to further scrutinise with independent
data. In addition, the intriguing possibility of a smooth
transition from a common phase compatible with the right
ascension of the Galactic Center at energies below 1 EeV to
a phase around 100◦ above 5 EeV will be specifically tested
through a prescribed test.
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