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Auger and directional analyses: a ≈15 years thread

At the highest energies:  
“Small” scale studies 

Aim: reducing the “horizon” and 
exploiting the high rigidity to probe the 
sources more directly. Only few are 
capable of accelerating at UHE. 
Inhomogeneities in their spatial 
distribution may imprint anisotropy on a 
smaller scale  

Method: Comparison of UHECR arrival 
directions with astronomical objects 

Challenge: control of the exposure and 
trial factors (angle, energy…)

At “low” energies (O(EeV):  
“Large” scale studies 

Aim: studying the evolution of the 
amplitude and direction of anisotropy vs 
energy to identify their origin, galactic vs 
extra-galactic, and the transition from one 
to the other. Propagation and/or source 
distributions may imprint large-scale 
anisotropy 

Method: Rayleigh analysis in right 
ascension 

Challenge: Control of the exposure and 
of the counting rate down to < % level

Search for anisotropies in the distribution of the arrival directions:  
a natural and central quest since the start of the data taking.  

Two lines of analyses pursued with increasing statistics: 

Common to both are the data, their treatment, their understanding  
and their control
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The data
From the surface detector: ≈ 100% duty cycle

Different reconstructions, but similar resolutions:  
≈ 1˚ for the arrival direction, 12%-16% for the energy.  

Same energy scale, calibrated with the fluorescence detector:  
14% systematic uncertainty. 

 
 

3. Figs. S1 to S4 

 

 

 

Fig. S1. Exposure as a function of declination. The separate contributions from events 
with θ < 60° and 60° < θ < 80° are also displayed. 
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Vertical events 
𝛝 < 60˚ 

Horizontal events 
  60˚< 𝛝 < 80˚

+ =

85% of the sky  
covered
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The data: systematic effects

Geomagnetic effects:  
Impact on the circular symmetry of the shower. Larger effect at larger angles. 

If uncorrected, it would induce modulation in azimuthal angle (0.7%). 
Energy correction on both vertical and horizontal events. 

2017 JINST 12 P02006

 0.042

 0.043

 0.044

 0.045

 0.046

 0  4  8  12  16  20  24

R
a
te

 o
f 

e
ve

n
ts

 [
d

a
y-1

km
-2

]

Uncorrected Energy

 0.042

 0.043

 0.044

 0.045

 0.046

 0  4  8  12  16  20  24

R
a
te

 o
f 
e
ve

n
ts

 [
d
a
y-1

km
-2

]

Hour of the day (Local Time)

Corrected Energy

Figure 10. Hourly rates before (top) and after (bottom) the correction of energies for a threshold of 2 EeV
for the 1500 m array. For guidance, horizontal lines indicate the average values.

overestimated during the afternoons, when the temperature reaches a maximum, and underestimated
during the early mornings, when the temperature drops. This artificial modulation indeed disappears
when the atmospheric corrections are included in the energy assignments.

5 Conclusions

We have discussed in this work how to understand and correct the e�ects due to changes in the
atmospheric variables that have an impact on the development of EAS. We have analyzed here the
data from the two arrays of WCDs of the Pierre Auger Observatory, the 1500 m array and the 750 m
array. The impact of the atmospheric e�ects depends on the way in which the reconstruction is
performed, and in particular on the reference distance from the shower axis adopted to obtain the
signal that is used as an energy estimator, being 1000 m for the 1500 m array and 450 m for the
750 m array. We have parameterized the dependence of this signal on the variations of air density
and atmospheric pressure so as to be able to account for these e�ects. While the energy estimator
of individual events may be a�ected at the few percent level by the variations of the atmospheric
conditions, the average energy of all events is expected to be a�ected by no more than ⇠ 0.5%. The
results of this work will be used in the future to improve the assignment of the energy of the events
detected with both arrays.
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Atmospheric effects:  
Impact on the 

absorption of em 
component due to P 

and T variations.  
Energy correction on 

vertical events.  
No correction on 

horizontal ones (mostly 
muons).

Uncorrected:  
± 1.7% variations 

in solar time

Corrected: 
Amplitude 0.5 ± 0.4%

Correction for atmospheric and geomagnetic effects 
[Auger Coll. JINST 12 P02006 (2017), JCAP 11 (2011) 022] 
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The exposure: systematic effects

 
 

 

 

 

Fig. S2. The normalized number of active cells as a function of the right ascension of 
the zenith of the observatory. Data are shown for the time period 2004 January 1 to 
2016 August 31. The best-fitting first and second harmonics are overlaid. The first 
harmonic has an amplitude of (0.06 ± 0.02)% and the second harmonic has an amplitude 
of (0.15 ± 0.02)%. 
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Purely geometrical exposure controlled at second level 
[Auger Coll. NIM A613 (2010) 29]

Geometrical exposure: 
Fiducial cuts to ensure containment. 

Events used only above the energy yielding full 
efficiency (E > 4 EeV) 

Exposure = sum of active “elementary cells”/
sec integrated over time 

Elementary cell

Control of the exposure: 
The number of “cells” is not constant 

(maintenance, power, communications…) 
Amplitude of the modulation : < 0.6% 

Small, yet we account for that 
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Large-scale analysis: the method

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.

RESEARCH | RESEARCH ARTICLE

on Septem
ber 22, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

  

Rayleigh Analysis in Right Ascension

Equatorial coordinate system

Spherical coordinates with z along Earth's rotation axis 

→ Right Ascension. (α≡Φ), Declination (δ≡π/2-θ)

Directional exposure constant in R.A.

. Sidereal day: 23h 56m 4s 
→ solar / sidereal: control of accuracy (e.g. correction for 
density. and pressure variations vs hour of the day)

Rayleigh analysis in R.A.         Pierre Auger Collab. 2012

α
i
: R.A. of the event, w

i
=array non-uniformity / tilt (N=Σw

i
)

→ r, φ: amplitude, phase of the 1st harmonic in R.A.

Deviation from isotropy                          Linsley 1975

                                        → p-value for a single tested dataset

Jonathan Biteau | La Thuile | 2018-02-26 |  Page 8/20                                                                                                                                              

Chance probability for an amplitude being larger than that observed: 
 cumulative distribution function of the Rayleigh distribution

Harmonic analysis in right ascension 
[J. Linsley PRL 34 (1975) 1530]

First-harmonic 
components

Modified to include 
weights wi accounting for 
exposure variations and 
for the slight tilt (0.2˚) of 
the array

Amplitude and 
phase
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Large-scale analysis: first harmonic in RA

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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6 The Pierre Auger Collaboration

given by P (� rxk) = exp(�N (rxk)
2/4) (Linsley 1975).

In this work we will focus on the first two harmonics. Note that the first-harmonic amplitudes, corresponding to
k = 1, are the only ones present when the flux is purely dipolar. The second order harmonics, with k = 2, are also
relevant in the case of a flux with a non-vanishing quadrupolar contribution.

3.1. Harmonic analysis in right ascension and azimuth

Table 1 contains the results of the first and second harmonic analyses in right ascension for the two energy bins
that were considered in previous publications, [4, 8] EeV and E � 8 EeV. The statistical uncertainties in the harmonic
coe�cients are

p
2/N . No significant harmonic amplitude is observed in the first bin, while for energies above 8 EeV

the p-value for the first harmonic is 2.6 ⇥ 10�8. The results for the first harmonics were already presented in The
Pierre Auger Collaboration (2017a).

Table 1. Results of the first and second harmonic analyses in right ascension.

Energy [EeV] events k a↵
k b↵k r↵k '↵

k [
�
] P (� r↵k )

4 - 8 81,701 1 0.001± 0.005 0.005± 0.005 0.005 80± 60 0.60

2 �0.001± 0.005 0.001± 0.005 0.002 70± 80 0.94

� 8 32,187 1 �0.008± 0.008 0.046± 0.008 0.047 100± 10 2.6⇥ 10
�8

2 0.013± 0.008 0.012± 0.008 0.018 21± 12 0.065

In Fig. 1, we display the distribution in right ascension of the normalized rates in the energy bin E � 8 EeV. We also
show with a black solid line the first-harmonic modulation obtained through the Rayleigh analysis and the distribution
corresponding to a first plus second harmonic, with the amplitudes and phases reported in Table 1.
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Figure 1. Distribution in right ascension of the normalized rates of events with energy above 8 EeV. The black (solid) and

the blue (dashed) lines show the distributions obtained from the weighted Fourier analysis corresponding to a first harmonic

(�2/dof = 1.02, for 10 degrees of freedom) and first plus second harmonics (�2/dof = 0.44, for 8 degrees of freedom), respectively.

In Table 2, we report the results of the harmonic analysis in the azimuth angle. The a�1 amplitudes, that give a
measure of the di↵erence between the flux coming from the East and that coming from the West, integrated over
time, should vanish if there are no spurious modulations a↵ecting the azimuth distribution. The values obtained are
in fact compatible with zero in the two bins. The b�1 amplitudes, that give a measure of the flux modulation in the
North-South direction, can be used to estimate the component of the CR dipole along the Earth rotation axis. The
most significant amplitude is obtained for energies between 4 and 8 EeV and is b�1 = �0.013 ± 0.005, corresponding
to an excess CR flux from the South, that has a chance probability to arise from an isotropic distribution of 0.009.
Regarding the second harmonic, none of the amplitudes found are significantly di↵erent from zero.
Figure 2 displays the maps, in equatorial coordinates, of the exposure-weighted average of the flux inside a top-hat

window of radius 45�, so as to better appreciate the large-scale features, for the energy bins [4, 8] EeV and E � 8 EeV.
An excess in the flux from the southern directions is the predominant feature at energies between 4 and 8 EeV, while
above 8 EeV the excess comes from a region with right ascensions close to 100�, with a corresponding deficit in the
opposite direction, in accordance with the results from the harmonic analyses in right ascension and azimuth.

First harmonic analysis applied in two energy bins (4-8 EeV and > 8 EeV) 
[Auger Coll. Science 357 (2017) 1266]

E > 8 EeV

   Harmonic            Components            Amplitude   Phase     Probability

4-8 EeV bin:  
consistent with isotropy:  

r < 0.012 @ 95% c.l.

> 8 EeV bin: r = 0.047 ± 0.008 
𝝋 = 100˚±10˚ 

P(r) = 2.6 x 10-8 (5.6 s.d.) 
Post-trial (two energy bins)*: 

5.4 s.d.

* Post-trial (six energy bins, as in APP, 34, 2011, 627)*: 5.2 s.d. 
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Large-scale analysis: sanity checks

First-harmonic amplitude in 
solar and anti-sidereal time not 

significant in any of the two 
energy bins

Large-scale cosmic-ray anisotropies above 4 EeV 11

4. ON THE DIPOLE UNCERTAINTIES

Let us now discuss the impact of the di↵erent systematic e↵ects that we have accounted for. The variations in the
array size with time and the atmospheric variations are the two systematic e↵ects that could influence the estimation
of the equatorial component of the dipole. Had we neglected the changes in the array size with time it would have
changed d?, with the dataset considered, by less than 4⇥10�4, and not performing the atmospheric corrections would
have changed d? by less than 10�3 (the precise amount of the change in these two cases depends on the particular
phase of d? in each energy bin). The small values of the e↵ects due to atmospheric corrections and changes in the
exposure are mostly due to the fact that for the present dataset they are averaged over a period of more than 12
years. On the other hand, the tilt of the array and the e↵ects of the geomagnetic field on the shower development can
influence the estimation of the North-South dipole component. The net e↵ect of including the tilt of the array when
performing observations up to zenith angles of 80� is to change dz by +0.004, which is small since the Observatory
site is in a very flat location. The largest e↵ect is that associated to the geomagnetic corrections, which change dz by
+0.011. Since these corrections are known with an uncertainty of about 25% (The Pierre Auger Collaboration 2011),
they leave as a remnant a systematic uncertainty on dz of about 0.003.
A standard check to verify that all the systematic e↵ects that can influence the right-ascension distribution are

accurately accounted for, in particular those arising from atmospheric e↵ects or from the variations in the exposure
of the array with time, is to look at the Fourier amplitude at the solar and anti-sidereal frequencies (Farley & Storey
1954). No significant physical modulation of cosmic rays should be present at these frequencies for an anisotropy of
astrophysical origin. We report in Table 8 the results of the first-harmonic analysis at these two frequencies. One can
see that the flux modulations at both the solar and anti-sidereal frequencies, having amplitudes with a sizable chance
probability, are in fact compatible with zero for the two energy ranges considered.

Table 8. First-harmonic amplitude, and probability for it to arise as a fluctuation of an isotropic distribution, at the solar and

anti-sidereal frequencies.

Energy solar anti-sidereal

[EeV] r1 P (� r1) r1 P (� r1)

4 - 8 0.006 0.48 0.004 0.76

� 8 0.007 0.69 0.011 0.36

Regarding the e↵ects of possible systematic distortions in the zenith-angle distributions, such as those that could arise
for instance from a mismatch between the energy calibration of vertical and inclined events, they could a↵ect the dipole
components by modifying the quantities hsin ✓i or hcos �i entering in Eq. (5). Considering for instance the E � 8 EeV
bin, we note that for these events hsin ✓i = 0.6525 while the expected value that is obtained from simulations with a
dipolar distribution with amplitude and direction similar to the reconstructed one and the same number of events is
hsin ✓i = 0.6558±0.0013 (while an isotropic distribution would lead to a central value hsin ✓i = 0.6565). If the di↵erence
between the observed and the expected values of hsin ✓i, which is less than 1%, were attributed to systematic e↵ects
in the zenith distribution, the impact that this would have on the inferred dipole component dz would be negligible in
comparison to its statistical uncertainty, which is about 50%. Similarly, the value of the average declination cosine in
the data is hcos �i = 0.7814, while that expected for the inferred dipole obtained through simulations is 0.7811±0.0013,
showing that possible systematic e↵ects on d? arising from this quantity are even smaller. This is a verification that
the method adopted is largely insensitive to possible systematic distortions in the zenith or declination distribution of
the events.

5. DISCUSSION

The most significant anisotropy in the distribution of cosmic rays observed in the studies performed above 4 EeV
is the large-scale dipolar modulation of the flux at energies above 8 EeV. The maximum of this modulation lies in
Galactic coordinates at (l, b) = (233�,�13�), with an uncertainty of about 15�. This is 125� away from the Galactic
center direction, indicating an extragalactic origin for these ultrahigh-energy particles. As examples of the large-scale
anisotropies expected from a Galactic CR component, we show in Fig. 5 the direction of the dipole that would result
for cosmic rays coming from sources distributed as the luminous matter in the Galaxy, taken as a bulge and an
exponential disk modeled as in Weber & Boer (2010). The CRs are propagated through the Galactic magnetic field,
described with the models proposed in Jansson & Farrar (2012) and Pshirkov et al. (2011), for di↵erent values of the
CR rigidity, R = E/eZ (with eZ the charge of the CR nucleus). The results are obtained by actually backtracking
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the exposure increased. 
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First harmonic analysis in solar and antisidereal time 
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Fig. S3. Evolution of the probability that the signal arises by chance as a function of 
time. The evolution of the probability that in an isotropic distribution the first-harmonic 
amplitude in right ascension be larger or equal than the one measured is shown for events 
with E≥8 EeV. This is plotted as a function of the exposure accumulated over the years. 
The solid blue line corresponds to the signal from the combination of the two triggers 
while the black and red lines refer to data from the tight and relaxed triggers respectively 
(Table S1). The values corresponding to 5σ and 5.5 σ are indicated as horizontal lines. 
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Large-scale analysis: reconstruction of the dipole

The distribution of the azimuth angles is in turn sensitive to the N/S component: 
Harmonic analysis in azimuthal angles performed

Harmonic analysis in RA:  
Only sensitive to the anisotropy component orthogonal to the Earth’s rotation axis

modulation is at right ascension of 100° ± 10°.
Themaximum of the modulation for the 4 EeV <
E < 8 EeV bin, at 80° ± 60°, is compatible with
the one determined in the higher-energy bin,
although it has high uncertainty and the ampli-
tude is not statistically significant. Table S1 shows
that results obtained under the stricter trigger
condition and for the additional events gained
after relaxing the trigger are entirely consistent
with each other.
Figure 1 shows the distribution of the normal-

ized rate of events above 8 EeV as a function of
right ascension. The sinusoidal function corre-
sponds to the first harmonic; the distribution is
compatible with a dipolar modulation: c2/n =
10.5/10 for the first-harmonic curve and c2/n =
45/12 for a constant function (where n is the
number of degrees of freedom, equal to the num-
ber of points in the plot minus the number of
parameters of the fit).
The distribution of events in equatorial coor-

dinates, smoothedwith a 45° radius top-hat func-
tion to better display the large-scale features, is
shown in Fig. 2.

Reconstruction of the
three-dimensional dipole

In the presence of a three-dimensional dipole,
the Rayleigh analysis in right ascension is sen-
sitive only to its component orthogonal to the
rotation axis of Earth, d⊥. A dipole component in
the direction of the rotation axis of Earth, dz,
induces no modulation of the flux in right ascen-
sion, but does so in the azimuthal distribution of
the directions of arrival at the array. A non-
vanishing value of dz leads to a sinusoidal modu-
lation in azimuth with a maximum toward the
northern or the southern direction.
To recover the three-dimensional dipole, we

combine the first-harmonic analysis in right as-
cension with a similar one in the azimuthal angle
ϕ, measured counterclockwise from the east.
The relevant component, bϕ, is given by an ex-
pression analogous to that in Eq. 1, but in terms

of the azimuth of the arrival direction of the
shower rather than in terms of the right as-
cension. The results are bϕ = −0.013 ± 0.005 in
the 4 EeV < E < 8 EeV bin and bϕ = −0.014 ±
0.008 in the E ≥ 8 EeV bin. The probabilities
that larger or equal absolute values for bϕ arise
from an isotropic distribution are 0.8% and
8%, respectively.
Under the assumption that the dominant

cosmic-ray anisotropy is dipolar, basedonprevious
studies that found that the effects of higher-order
multipoles are not significant in this energy range
(25, 29, 30), the dipole components and its direc-
tion in equatorial coordinates (ad, dd) can be
estimated from

d⊥ ≈ ra
hcos di

dz ≈ bϕ
cos ‘obshsin qi

ad ¼ ϕa

tan dd ¼ dz

d⊥
ð3Þ

(25), where hcos di is the mean cosine of the dec-
linations of the events, hsin qi is the mean sine
of the zenith angles of the events, and ‘obs ≈
−35.2° is the average latitude of the observa-
tory. For our data set, we find hcos di = 0.78 and
hsin qi = 0.65.
The parameters describing the direction of

the three-dimensional dipole are summarized
in Table 2. For 4 EeV < E < 8 EeV, the dipole
amplitude is d = 2:5þ1:0

%0:7%, pointing close to the
celestial south pole, at (ad, dd) = (80°, −75°),
although the amplitude is not statistically sig-
nificant. For energies above 8 EeV, the total di-
pole amplitude is d = 6:5þ1:3

%0:9%, pointing toward

(ad, dd) = (100°, −24°). In galactic coordinates,
the direction of this dipole is (‘, b) = (233°,
−13°). This dipolar pattern is clearly seen in
the flux map in Fig. 2. To establish whether the
departures from a perfect dipole are merely
statistical fluctuations or indicate the pres-
ence of additional structures at smaller angular
scales would require at least twice as many
events.

Implications for the origin of
high-energy cosmic rays

The anisotropy we have found should be seen in
the context of related results at lower energies.
Above a fewPeV, the steepening of the cosmic-ray
energy spectrum has been interpreted as being
due to efficient escape of particles from the gal-
axy and/or because of the inability of the sources
to accelerate cosmic rays beyond a maximum
value of E/Z. The origin of the particles remains
unknown.Although supernova remnants are often
discussed as sources, evidence has been reported
for a source in the galactic center capable of
accelerating particles to PeV energies (31). Diffu-
sive escape from the galaxy is expected to lead to
a dipolar component with a maximum near the
galactic center direction (32). This is compatible
with results obtained in the 1015 to 1018 eV range
(15, 16, 23, 24, 33), which provide values for the
phase in right ascension close to that of the
galactic center, aGC = 266°.
Models proposing a galactic origin up to the

highest observed energies (34,35) are in increasing
tension with observations. If the galactic sources
postulated to accelerate cosmic rays above EeV
energies, such as short gamma-ray bursts or
hypernovae, were distributed in the disk of the
galaxy, a dipolar component of anisotropy is
predicted with an amplitude that exceeds existing
bounds at EeV energies (24, 33). In this sense, the
constraint obtained here on the dipole amplitude
(Table 2) for 4 EeV < E < 8 EeV further disfavors a
predominantly galactic origin. This tension could
be alleviated if cosmic rays at a few EeV were
dominated by heavy nuclei such as iron, but
this would be in disagreement with the lighter
composition inferred observationally at these
energies (6). Themaximum of the flux might be
expected to lie close to the galactic center region,
whereas the direction of the three-dimensional
dipole determined above 8 EeV lies ~125° from
the galactic center. This suggests that the an-
isotropy observed above 8 EeV is better explained
in terms of an extragalactic origin. Above 40 EeV,
where the propagation should become less dif-
fusive, there are no indications of anisotropies
associated with either the galactic center or the
galactic plane (36).
There have been many efforts to interpret the

properties of ultrahigh-energy cosmic rays in terms
of extragalactic sources. Because of Liouville’s
theorem, the distribution of cosmic rays must
be anisotropic outside of the galaxy for an an-
isotropy to be observed at Earth. An anisotropy
cannot arise through deflections of an originally
isotropic flux by a magnetic field. One prediction
of anisotropy comes from the Compton-Getting
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Table 2. Three-dimensional dipole reconstruction. Directions of dipole components are shown in
equatorial coordinates.

Energy
(EeV)

Dipole
component dz

Dipole
component d⊥

Dipole
amplitude d

Dipole
declination dd (°)

Dipole right
ascension ad (°)

4 to 8 −0.024 ± 0.009 0.006%0.003
þ0.007 0.025%0.007

þ0.010 −75%8
þ17 80 ± 60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 −0.026 ± 0.015 0.060%0.010
þ0.011 0.065%0.009

þ0.013 −24%13
þ12 100 ± 10

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Table 1. First harmonic in right ascension. Data are from the Rayleigh analysis of the first
harmonic in right ascension for the two energy bins.

Energy
(EeV)

Number
of events

Fourier
coefficient aa

Fourier
coefficient ba

Amplitude
ra

Phase
ϕa (°)

Probability
P (≥ ra)

4 to 8 81,701 0.001 ± 0.005 0.005 ± 0.005 0.005 %0.002
þ0.006 80 ± 60 0.60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 32,187 −0.008 ± 0.008 0.046 ± 0.008 0.047 %0.007
þ0.008 100 ± 10 2.6 × 10−8

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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modulation is at right ascension of 100° ± 10°.
Themaximum of the modulation for the 4 EeV <
E < 8 EeV bin, at 80° ± 60°, is compatible with
the one determined in the higher-energy bin,
although it has high uncertainty and the ampli-
tude is not statistically significant. Table S1 shows
that results obtained under the stricter trigger
condition and for the additional events gained
after relaxing the trigger are entirely consistent
with each other.
Figure 1 shows the distribution of the normal-

ized rate of events above 8 EeV as a function of
right ascension. The sinusoidal function corre-
sponds to the first harmonic; the distribution is
compatible with a dipolar modulation: c2/n =
10.5/10 for the first-harmonic curve and c2/n =
45/12 for a constant function (where n is the
number of degrees of freedom, equal to the num-
ber of points in the plot minus the number of
parameters of the fit).
The distribution of events in equatorial coor-

dinates, smoothedwith a 45° radius top-hat func-
tion to better display the large-scale features, is
shown in Fig. 2.

Reconstruction of the
three-dimensional dipole

In the presence of a three-dimensional dipole,
the Rayleigh analysis in right ascension is sen-
sitive only to its component orthogonal to the
rotation axis of Earth, d⊥. A dipole component in
the direction of the rotation axis of Earth, dz,
induces no modulation of the flux in right ascen-
sion, but does so in the azimuthal distribution of
the directions of arrival at the array. A non-
vanishing value of dz leads to a sinusoidal modu-
lation in azimuth with a maximum toward the
northern or the southern direction.
To recover the three-dimensional dipole, we

combine the first-harmonic analysis in right as-
cension with a similar one in the azimuthal angle
ϕ, measured counterclockwise from the east.
The relevant component, bϕ, is given by an ex-
pression analogous to that in Eq. 1, but in terms

of the azimuth of the arrival direction of the
shower rather than in terms of the right as-
cension. The results are bϕ = −0.013 ± 0.005 in
the 4 EeV < E < 8 EeV bin and bϕ = −0.014 ±
0.008 in the E ≥ 8 EeV bin. The probabilities
that larger or equal absolute values for bϕ arise
from an isotropic distribution are 0.8% and
8%, respectively.
Under the assumption that the dominant

cosmic-ray anisotropy is dipolar, basedonprevious
studies that found that the effects of higher-order
multipoles are not significant in this energy range
(25, 29, 30), the dipole components and its direc-
tion in equatorial coordinates (ad, dd) can be
estimated from

d⊥ ≈ ra
hcos di

dz ≈ bϕ
cos ‘obshsin qi

ad ¼ ϕa

tan dd ¼ dz

d⊥
ð3Þ

(25), where hcos di is the mean cosine of the dec-
linations of the events, hsin qi is the mean sine
of the zenith angles of the events, and ‘obs ≈
−35.2° is the average latitude of the observa-
tory. For our data set, we find hcos di = 0.78 and
hsin qi = 0.65.
The parameters describing the direction of

the three-dimensional dipole are summarized
in Table 2. For 4 EeV < E < 8 EeV, the dipole
amplitude is d = 2:5þ1:0

%0:7%, pointing close to the
celestial south pole, at (ad, dd) = (80°, −75°),
although the amplitude is not statistically sig-
nificant. For energies above 8 EeV, the total di-
pole amplitude is d = 6:5þ1:3

%0:9%, pointing toward

(ad, dd) = (100°, −24°). In galactic coordinates,
the direction of this dipole is (‘, b) = (233°,
−13°). This dipolar pattern is clearly seen in
the flux map in Fig. 2. To establish whether the
departures from a perfect dipole are merely
statistical fluctuations or indicate the pres-
ence of additional structures at smaller angular
scales would require at least twice as many
events.

Implications for the origin of
high-energy cosmic rays

The anisotropy we have found should be seen in
the context of related results at lower energies.
Above a fewPeV, the steepening of the cosmic-ray
energy spectrum has been interpreted as being
due to efficient escape of particles from the gal-
axy and/or because of the inability of the sources
to accelerate cosmic rays beyond a maximum
value of E/Z. The origin of the particles remains
unknown.Although supernova remnants are often
discussed as sources, evidence has been reported
for a source in the galactic center capable of
accelerating particles to PeV energies (31). Diffu-
sive escape from the galaxy is expected to lead to
a dipolar component with a maximum near the
galactic center direction (32). This is compatible
with results obtained in the 1015 to 1018 eV range
(15, 16, 23, 24, 33), which provide values for the
phase in right ascension close to that of the
galactic center, aGC = 266°.
Models proposing a galactic origin up to the

highest observed energies (34,35) are in increasing
tension with observations. If the galactic sources
postulated to accelerate cosmic rays above EeV
energies, such as short gamma-ray bursts or
hypernovae, were distributed in the disk of the
galaxy, a dipolar component of anisotropy is
predicted with an amplitude that exceeds existing
bounds at EeV energies (24, 33). In this sense, the
constraint obtained here on the dipole amplitude
(Table 2) for 4 EeV < E < 8 EeV further disfavors a
predominantly galactic origin. This tension could
be alleviated if cosmic rays at a few EeV were
dominated by heavy nuclei such as iron, but
this would be in disagreement with the lighter
composition inferred observationally at these
energies (6). Themaximum of the flux might be
expected to lie close to the galactic center region,
whereas the direction of the three-dimensional
dipole determined above 8 EeV lies ~125° from
the galactic center. This suggests that the an-
isotropy observed above 8 EeV is better explained
in terms of an extragalactic origin. Above 40 EeV,
where the propagation should become less dif-
fusive, there are no indications of anisotropies
associated with either the galactic center or the
galactic plane (36).
There have been many efforts to interpret the

properties of ultrahigh-energy cosmic rays in terms
of extragalactic sources. Because of Liouville’s
theorem, the distribution of cosmic rays must
be anisotropic outside of the galaxy for an an-
isotropy to be observed at Earth. An anisotropy
cannot arise through deflections of an originally
isotropic flux by a magnetic field. One prediction
of anisotropy comes from the Compton-Getting
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Table 2. Three-dimensional dipole reconstruction. Directions of dipole components are shown in
equatorial coordinates.

Energy
(EeV)

Dipole
component dz

Dipole
component d⊥

Dipole
amplitude d

Dipole
declination dd (°)

Dipole right
ascension ad (°)

4 to 8 −0.024 ± 0.009 0.006%0.003
þ0.007 0.025%0.007

þ0.010 −75%8
þ17 80 ± 60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 −0.026 ± 0.015 0.060%0.010
þ0.011 0.065%0.009

þ0.013 −24%13
þ12 100 ± 10

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

Table 1. First harmonic in right ascension. Data are from the Rayleigh analysis of the first
harmonic in right ascension for the two energy bins.

Energy
(EeV)

Number
of events

Fourier
coefficient aa

Fourier
coefficient ba

Amplitude
ra

Phase
ϕa (°)

Probability
P (≥ ra)

4 to 8 81,701 0.001 ± 0.005 0.005 ± 0.005 0.005 %0.002
þ0.006 80 ± 60 0.60

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .

≥8 32,187 −0.008 ± 0.008 0.046 ± 0.008 0.047 %0.007
þ0.008 100 ± 10 2.6 × 10−8

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. .
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Large-scale analysis: reconstruction of the dipole

making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the

The Pierre Auger Collaboration, Science 357, 1266–1270 (2017) 22 September 2017 2 of 5

 0.9
 0.92
 0.94
 0.96
 0.98

 1
 1.02
 1.04
 1.06
 1.08

 1.1

 0 60 120 180 240 300 360

N
or

m
al

iz
ed

 r
at

es

Rig ht Ascension [deg ]

data E>8 EeV
first harmonic

Fig. 1. Normalized rate of events as a func-
tion of right ascension. Normalized rate for
32,187 events with E ≥ 8 EeV, as a function of
right ascension (integrated in declination). Error
bars are 1s uncertainties. The solid line shows
the first-harmonic modulation from Table 1,
which displays good agreement with the data
(c2/n = 10.5/10); the dashed line shows a
constant function.
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Large-scale analysis: other studies
Second harmonic analysis applied in two energy bins (4-8 EeV and > 8 EeV) 

[Auger Coll. arXiv 1808.03579, just accepted by ApJ]

E > 8 EeV

No statistically significant 
second harmonic in any of the 

two energy bin

6 The Pierre Auger Collaboration

given by P (� rxk) = exp(�N (rxk)
2/4) (Linsley 1975).

In this work we will focus on the first two harmonics. Note that the first-harmonic amplitudes, corresponding to
k = 1, are the only ones present when the flux is purely dipolar. The second order harmonics, with k = 2, are also
relevant in the case of a flux with a non-vanishing quadrupolar contribution.

3.1. Harmonic analysis in right ascension and azimuth

Table 1 contains the results of the first and second harmonic analyses in right ascension for the two energy bins
that were considered in previous publications, [4, 8] EeV and E � 8 EeV. The statistical uncertainties in the harmonic
coe�cients are

p
2/N . No significant harmonic amplitude is observed in the first bin, while for energies above 8 EeV

the p-value for the first harmonic is 2.6 ⇥ 10�8. The results for the first harmonics were already presented in The
Pierre Auger Collaboration (2017a).

Table 1. Results of the first and second harmonic analyses in right ascension.

Energy [EeV] events k a↵
k b↵k r↵k '↵

k [
�
] P (� r↵k )

4 - 8 81,701 1 0.001± 0.005 0.005± 0.005 0.005 80± 60 0.60

2 �0.001± 0.005 0.001± 0.005 0.002 70± 80 0.94

� 8 32,187 1 �0.008± 0.008 0.046± 0.008 0.047 100± 10 2.6⇥ 10
�8

2 0.013± 0.008 0.012± 0.008 0.018 21± 12 0.065

In Fig. 1, we display the distribution in right ascension of the normalized rates in the energy bin E � 8 EeV. We also
show with a black solid line the first-harmonic modulation obtained through the Rayleigh analysis and the distribution
corresponding to a first plus second harmonic, with the amplitudes and phases reported in Table 1.

0.90

0.95

1.00

1.05

1.10

 0 60 120 180 240 300 360

N
o
rm

a
liz

e
d
 r

a
te

s

Right Ascension [deg]

E>8 EeV
first harmonic

first+second harmonic

Figure 1. Distribution in right ascension of the normalized rates of events with energy above 8 EeV. The black (solid) and

the blue (dashed) lines show the distributions obtained from the weighted Fourier analysis corresponding to a first harmonic

(�2/dof = 1.02, for 10 degrees of freedom) and first plus second harmonics (�2/dof = 0.44, for 8 degrees of freedom), respectively.

In Table 2, we report the results of the harmonic analysis in the azimuth angle. The a�1 amplitudes, that give a
measure of the di↵erence between the flux coming from the East and that coming from the West, integrated over
time, should vanish if there are no spurious modulations a↵ecting the azimuth distribution. The values obtained are
in fact compatible with zero in the two bins. The b�1 amplitudes, that give a measure of the flux modulation in the
North-South direction, can be used to estimate the component of the CR dipole along the Earth rotation axis. The
most significant amplitude is obtained for energies between 4 and 8 EeV and is b�1 = �0.013 ± 0.005, corresponding
to an excess CR flux from the South, that has a chance probability to arise from an isotropic distribution of 0.009.
Regarding the second harmonic, none of the amplitudes found are significantly di↵erent from zero.
Figure 2 displays the maps, in equatorial coordinates, of the exposure-weighted average of the flux inside a top-hat

window of radius 45�, so as to better appreciate the large-scale features, for the energy bins [4, 8] EeV and E � 8 EeV.
An excess in the flux from the southern directions is the predominant feature at energies between 4 and 8 EeV, while
above 8 EeV the excess comes from a region with right ascensions close to 100�, with a corresponding deficit in the
opposite direction, in accordance with the results from the harmonic analyses in right ascension and azimuth.
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given by P (� rxk) = exp(�N (rxk)
2/4) (Linsley 1975).

In this work we will focus on the first two harmonics. Note that the first-harmonic amplitudes, corresponding to
k = 1, are the only ones present when the flux is purely dipolar. The second order harmonics, with k = 2, are also
relevant in the case of a flux with a non-vanishing quadrupolar contribution.

3.1. Harmonic analysis in right ascension and azimuth

Table 1 contains the results of the first and second harmonic analyses in right ascension for the two energy bins
that were considered in previous publications, [4, 8] EeV and E � 8 EeV. The statistical uncertainties in the harmonic
coe�cients are

p
2/N . No significant harmonic amplitude is observed in the first bin, while for energies above 8 EeV

the p-value for the first harmonic is 2.6 ⇥ 10�8. The results for the first harmonics were already presented in The
Pierre Auger Collaboration (2017a).

Table 1. Results of the first and second harmonic analyses in right ascension.

Energy [EeV] events k a↵
k b↵k r↵k '↵

k [
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] P (� r↵k )

4 - 8 81,701 1 0.001± 0.005 0.005± 0.005 0.005 80± 60 0.60

2 �0.001± 0.005 0.001± 0.005 0.002 70± 80 0.94

� 8 32,187 1 �0.008± 0.008 0.046± 0.008 0.047 100± 10 2.6⇥ 10
�8

2 0.013± 0.008 0.012± 0.008 0.018 21± 12 0.065

In Fig. 1, we display the distribution in right ascension of the normalized rates in the energy bin E � 8 EeV. We also
show with a black solid line the first-harmonic modulation obtained through the Rayleigh analysis and the distribution
corresponding to a first plus second harmonic, with the amplitudes and phases reported in Table 1.
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Figure 1. Distribution in right ascension of the normalized rates of events with energy above 8 EeV. The black (solid) and

the blue (dashed) lines show the distributions obtained from the weighted Fourier analysis corresponding to a first harmonic

(�2/dof = 1.02, for 10 degrees of freedom) and first plus second harmonics (�2/dof = 0.44, for 8 degrees of freedom), respectively.

In Table 2, we report the results of the harmonic analysis in the azimuth angle. The a�1 amplitudes, that give a
measure of the di↵erence between the flux coming from the East and that coming from the West, integrated over
time, should vanish if there are no spurious modulations a↵ecting the azimuth distribution. The values obtained are
in fact compatible with zero in the two bins. The b�1 amplitudes, that give a measure of the flux modulation in the
North-South direction, can be used to estimate the component of the CR dipole along the Earth rotation axis. The
most significant amplitude is obtained for energies between 4 and 8 EeV and is b�1 = �0.013 ± 0.005, corresponding
to an excess CR flux from the South, that has a chance probability to arise from an isotropic distribution of 0.009.
Regarding the second harmonic, none of the amplitudes found are significantly di↵erent from zero.
Figure 2 displays the maps, in equatorial coordinates, of the exposure-weighted average of the flux inside a top-hat

window of radius 45�, so as to better appreciate the large-scale features, for the energy bins [4, 8] EeV and E � 8 EeV.
An excess in the flux from the southern directions is the predominant feature at energies between 4 and 8 EeV, while
above 8 EeV the excess comes from a region with right ascensions close to 100�, with a corresponding deficit in the
opposite direction, in accordance with the results from the harmonic analyses in right ascension and azimuth.

I harmonic: 𝝌/dof = 1.02 
II harmonic: 𝝌/dof = 0.44

   Harmonic            Components            Amplitude   Phase     Probability
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Large-scale analysis: other studies
Study of a possible evolution of the first harmonic in RA vs energy 

[Auger Coll. arXiv 1808.03579, just accepted by ApJ]

Large-scale cosmic-ray anisotropies above 4 EeV 7

Table 2. Results of the first and second harmonic analyses in azimuth.

Energy [EeV] k a�
k b�k P (�| a�

k |) P (�| b�k |)
4 - 8 1 �0.010± 0.005 �0.013± 0.005 0.045 0.009

2 0.002± 0.005 �0.002± 0.005 0.69 0.69

� 8 1 �0.007± 0.008 �0.014± 0.008 0.38 0.08

2 �0.002± 0.008 0.006± 0.008 0.80 0.45
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Figure 2. Maps in equatorial coordinates of the CR flux, smoothed in windows of 45
�
, for the energy bins [4, 8] EeV (left) and

E � 8 EeV (right). The Galactic plane is represented with a dashed line and the Galactic center is indicated with a star.

Table 3. Results of the first-harmonic analysis in right ascension in the three bins above 8 EeV.

Energy [EeV] events a↵
1 b↵1 r↵1 '↵

1 [
�
] P (� r↵1 )

8 - 16 24,070 �0.011± 0.009 0.044± 0.009 0.046 104± 11 3.7⇥ 10
�6

16 - 32 6,604 0.007± 0.017 0.050± 0.017 0.051 82± 20 0.014

� 32 1,513 �0.03± 0.04 0.05± 0.04 0.06 115± 35 0.26

Table 4. Results of the first-harmonic analysis in azimuth in the three bins above 8 EeV.

Energy [EeV] a�
1 b�1 P (� |a�

1 |) P (� |b�1 |)
8 - 16 �0.013± 0.009 �0.004± 0.009 0.15 0.66

16 - 32 0.003± 0.017 �0.042± 0.017 0.86 0.013

� 32 0.05± 0.04 �0.04± 0.04 0.21 0.32

Given the significant first-harmonic modulation in right ascension that was found in the bin with E � 8 EeV, we now
divide this higher energy bin into three to study the possible energy dependence of this signal. For this, we use energy
boundaries scaled by factors of two, i.e. considering the bins [8, 16] EeV, [16, 32] EeV and E � 32 EeV. Table 3 reports
the results for the right ascension analysis in these new energy bins. The p-values for the first-harmonic modulation
in right ascension are 3.7 ⇥ 10�6 in the [8, 16] EeV range, 0.014 in the [16, 32] EeV bin and 0.26 for energies above
32 EeV. Table 4 reports the results for the corresponding azimuth analysis in these new energy bins.

3.2. Reconstruction of the CR dipole

We now convert the harmonic coe�cients in right ascension and in azimuth into anisotropy parameters
on the sphere, assuming first that the dominant component of the anisotropy is the dipole ~d. The flux
distribution can then be parametrized as a function of the CR arrival direction û as

�(û) = �0(1 + ~d · û). (4)

In this case, the amplitude of the dipole component along the rotation axis of the Earth, dz, that in
the equatorial plane, d?, and the right ascension and declination of the dipole direction, (↵d, �d), are
related to the first-harmonic amplitudes in right ascension and azimuth through (The Pierre Auger
Collaboration 2015b)

dz '
b�1

cos `obshsin ✓i
,

Dividing the E > 8 EeV bin into three

Constant phase in spite of a (naturally) more limited significance of the amplitude
Large-scale cosmic-ray anisotropies above 4 EeV 9
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Figure 3. Evolution with energy of the amplitude (left panel) and direction (right panel) of the three-dimensional dipole

determined in di↵erent energy bins above 4 EeV. In the sky map in Galactic coordinates of the right panel the dots represent

the direction towards the galaxies in the 2MRS catalog that lie within 100 Mpc and the cross indicates the direction towards

the flux-weighted dipole inferred from that catalog.

The left panel of Fig. 3 shows the amplitude of the dipole as a function of the energy, with the data points centered
at the median energy in each of the four bins above 4 EeV, as well as the power-law fit. The right panel is a map,
in Galactic coordinates, showing the 68% CL sky regions for the dipole direction in the same bins. They all point
towards a similar region of the sky, and in order of increasing energies they are centered at Galactic coordinates
(`, b) = (287�,�32�), (221�,�3�), (257�,�33�) and (259�,�11�), respectively. With the present accuracy no clear
trend in the change of the dipole direction as a function of energy can be identified. In the background of Fig. 3, we
indicate with dots the location of the observed galaxies from the 2MRS catalog that lie within 100 Mpc and also show
with a cross the reconstructed 2MRS flux-weighted dipole direction (Erdogdu et al. 2006), which could be expected
to be related to the CR dipole direction if the galaxies were to trace the distribution of the UHECR sources and the
e↵ects of the magnetic field deflections were ignored.
Figure 4 shows sky maps, in Galactic coordinates, of the ratio between the observed flux and that expected for

an isotropic distribution, averaged in angular windows of 45� radius, for the di↵erent energy bins above 4 EeV. The
location of the main overdense regions can be observed. Note that the color scale is kept fixed, so as to better appreciate
the increase in the amplitude of the flux variations with increasing energies.
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Figure 4. Maps in Galactic coordinates of the ratio between the number of observed events in windows of 45
�
over those

expected for an isotropic distribution of arrival directions, for the four energy bins above 4 EeV.

3.3. Reconstruction of a dipole plus quadrupole pattern

In order to quantify the amplitude of the quadrupolar moments and their e↵ects on the dipole
reconstruction, we assume now that the angular distribution of the CR flux can be well approximated

Power-law:𝜷 = 0.79 ± 0.19 
Energy-independent fit 
disfavoured at 3.7 s.d.

Dipole amplitude reconstruction

Indication of an increase of the 
dipole amplitude vs energy 

Constant direction
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making it possible to use events with only five
active detectors around the one with the largest
signal. With this more relaxed condition, the ef-
fective exposure is increased by 18.5%, and the
total number of events increases correspond-
ingly from 95,917 to 113,888. The reconstruction
accuracy for the additional events is sufficient
for our analysis (see supplementary materials
and fig. S4).

Rayleigh analysis in right ascension

A standard approach for studying the large-scale
anisotropies in the arrival directions of cosmic
rays is to perform a harmonic analysis in right
ascension, a. The first-harmonic Fourier compo-
nents are given by

aa ¼ 2
N

XN

i¼1

w i cos ai

ba ¼ 2
N

XN

i¼1

w i sin ai ð1Þ

The sums run over all N detected events, each
with right ascension ai, with the normalization
factor N ¼

XN

i¼1
w i. The weights, w i , are intro-

duced to account for small nonuniformities in
the exposure of the array in right ascension and
for the effects of a tilt of the array toward the
southeast (see supplementarymaterials). Theaver-
age tilt between the vertical and the normal to
the plane onwhich the detectors are deployed is
0.2°, so that the effective area of the array is slight-
ly larger for showers arriving from the downhill
direction. This introduces aharmonic dependence
in azimuth of amplitude 0.3% × tan q to the ex-
posure. The effective aperture of the array is de-
termined everyminute. Because the exposure has
been accumulated over more than 12 years, the
total aperture is modulated by less than ~0.6%
as the zenith of the observatory moves in right
ascension. Events are weighted by the inverse

of the relative exposure to correct these effects
(fig. S2).
The amplitude ra and phase ϕa of the first

harmonic of the modulation are obtained from

ra ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
a2a þ b2a

q

tanϕa ¼ ba
aa

ð2Þ

Table 1 shows theharmonic amplitudes andphases
for both energy ranges. The statistical uncertain-
ties in the Fourier amplitudes are

ffiffiffiffiffiffiffiffiffiffi
2=N

p
; the un-

certainties in the amplitude andphase correspond
to the 68% confidence level of the marginalized
probability distribution functions. The rightmost
column shows the probabilities that amplitudes

larger than those observed could arise by chance
from fluctuations in an isotropic distribution.
These probabilities are calculated as PðraÞ ¼
expð–N r2a=4Þ (28). For the lower-energy bin (4
EeV < E < 8 EeV), the result is consistent with
isotropy, with a bound on the harmonic ampli-
tude of <1.2% at the 95% confidence level. For the
events with E ≥ 8 EeV, the amplitude of the first
harmonic is 4:7þ0:8

%0:7%, which has a probability of
arising by chance of 2.6 × 10−8, equivalent to a
two-sided Gaussian significance of 5.6s. The evo-
lution of the significance of this signal with time
is shown in fig. S3; the dipole became more sig-
nificant as the exposure increased. Allowing for a
penalization factor of 2 to account for the fact
that two energy bins were explored, the signifi-
cance is reduced to 5.4s. Further penalization for
the four additional lower-energy bins examined
in (23) has a similarly mild impact on the signif-
icance, which falls to 5.2s. The maximum of the
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32,187 events with E ≥ 8 EeV, as a function of
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the first-harmonic modulation from Table 1,
which displays good agreement with the data
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Fig. 2. Map showing the fluxes of particles in equatorial coordinates. Sky map in equatorial
coordinates, using a Hammer projection, showing the cosmic-ray flux above 8 EeV smoothed with a
45° top-hat function. The galactic center is marked with an asterisk; the galactic plane is shown
by a dashed line.
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Fig. 3. Map showing the fluxes of particles in galactic coordinates. Sky map in galactic
coordinates showing the cosmic-ray flux for E ≥ 8 EeV smoothed with a 45° top-hat function. The
galactic center is at the origin. The cross indicates the measured dipole direction; the contours
denote the 68% and 95% confidence level regions. The dipole in the 2MRS galaxy distribution is
indicated. Arrows show the deflections expected for a particular model of the galactic magnetic
field (8) on particles with E/Z = 5 or 2 EeV.
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Large-scale analysis: UHECRs and “close-by” galaxies

Dipole 
E > 8 EeV

Amplitude: 6.5+1.3-0.9% 
Galactic longitude: 233˚, Galactic latitude: -13˚

Amplitude: factor 10 > CG effect due to the Earth motion in the CR rest frame. 
Larger anisotropies if sources distributed inhomogeneously or CRs diffused by IGMF. 

Amplitudes depend on CR composition and source distributions 
Appealing rapprochement of the CR dipole direction with that of 2MRS galaxies 

when CR compositions inferred at these energies are assumed 

GC

GMF deflections [Farrar 2012] 

for Z = 1.7÷ 5 [Auger Coll. PRD 90 (2014) 122006]
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“Small”-scale analysis: UHECRs and “close-by" galaxies

𝛄-ray SBGs searched by Fermi-LAT  
(from the HCN survey) 

R < 250 Mpc 
Radio-flux > 0.3 Jy 

23 objects (among which M82, 
NGC253, and other 5 detected in 𝛄) 

Radio-flux used as proxy for the 
UHECR flux 

𝛄-ray AGNs from the 2FHL catalog 
(Fermi-LAT, E>50 GeV) 

R < 250 Mpc 
17 objects (among which Cen A, M87, 

Mkn 421, Mkn501…) 
𝛄-ray flux used as proxy for the 

UHECR flux

The candidate galaxies and the analysis method 
[Auger Coll. ApJL 853 (2018) L29] 

UHECR sky model: isotropy + anisotropic 
component from the sources 
Directional exposure accounted 
TS = LH ratio between H(UHECR sky model) 
and H(isotropy) 
TS maximised vs search radius, 𝛝, and 

anisotropic fraction, 𝛂 

Method: Unbinned maximum LH analysis 

Test repeated over several energy 
thresholds (E > 20 EeV, up to E > 80 
EeV, 1 EeV steps) 
Flux attenuation accounted for at each 
energy threshold 
Composition inferred by Auger data 
accounted for
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“Small”-scale analysis: results
≈ 5500 UHECRs exploited (≈ 90000 km2 sr y) 

[Auger Coll. ApJL 853 (2018) L29] 

9

Maximum likelihood analysis
~ 5,500 events recorded by the Pierre Auger Observatory above 20 EeV
Source of the anisotropic component modeled as a Fischer distribution centered on 
its coordinates

L(α ,θ)=∏
N

i=1

model(α ,θ)×exposure

Sky model  = 
α: anisotropy fraction
θ: search radius

Null hypothesis = isotropy (α = 0)

Likelihood:

Test statistics:

TS=2 log
L(α ,θ)

L(α=0,θ)

[(1−α )isotropic+α (population density)]⊗Fischer (θ)

4.0σ post-trial
Fraction: 10%

Angle: 13°

2.7σ post-trial
Fraction: 7%

Angle: 7°

AGNs 
TS is maximum for E > 60 EeV (177 events) 

𝛂 = 7 ± 4%, 𝛝 = 7˚ ± 4˚ 
Post-trial (2 par. and E scan): 2.7 s.d. 

SBGs 
TS is maximum for E > 39 EeV (894 events) 

𝛂 = 10 ± 4%, 𝛝 = 13˚ ± 4˚ 
Post-trial (2 par. and E scan): 4.0 s.d. 

TS as a function of energy threshold
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“Small”-scale analysis: results

AGNs 
TS is maximum for E > 60 EeV (177 events) 

𝛂 = 7 ± 4%, 𝛝 = 7˚ ± 4˚ 
Post-trial (2 par. and E scan): 2.7 s.d. 

SBGs 
TS is maximum for E > 39 EeV (894 events) 

𝛂 = 10 ± 4%, 𝛝 = 13˚ ± 4˚ 
Post-trial (2 par. and E scan): 4.0 s.d. 

the selected energy threshold. The parameter added to the more
complex model results in a 2c distribution with one degree of
freedom.

The best-fit anisotropic fractions obtained for the composite
model (free search radius) are shown in Figure 2 (right). Above
39 EeV, the γAGN-only model is disfavored by 3.7s relative to
a combined model with a 9% contribution from SBGs and 1%
contribution from γAGNs. Above 60 EeV, the TS obtained

with the composite model is not significantly higher than what
is obtained by either model. This is illustrated in Figure 2
(right) by the agreement at the 1s level of a model including
0% SBGs/7% γAGNs with a model including 13% SBGs/0%
γAGNs above 60 EeV.
As summarized in Table 2, composite models including

SBGs and either 2MRS or Swift-BAT sources best match the
data above 39 EeV for 9%–7% fractions of events associated to

Table 2
Results—Scenario A

Test Null Threshold TS Local p-value Post-trial 1-sided AGN/Other SBG Search
Hypothesis Hypothesis Energya TS, 22(c ( ) p-value Significance Fraction Fraction Radius

SBG + ISO ISO 39 EeV 24.9 3.8 10 6´ - 3.6 10 5´ - 4.0σ N/A 9.7% 12°. 9
γAGN + SBG + ISO γAGN + ISO 39 EeV 14.7 N/A 1.3 10 4´ - 3.7σ 0.7% 8.7% 12°. 5

γAGN + ISO ISO 60 EeV 15.2 5.1 10 4´ - 3.1 10 3´ - 2.7σ 6.7% N/A 6°. 9
γAGN + SBG + ISO SBG + ISO 60 EeV 3.0 N/A 0.08 1.4σ 6.8% 0.0%b 7°. 0
Swift-BAT + ISO ISO 39 EeV 18.2 1.1 10 4´ - 8.0 10 4´ - 3.2σ 6.9% N/A 12°. 3
Swift-BAT + SBG + ISO Swift-BAT + ISO 39 EeV 7.8 N/A 5.1 10 3´ - 2.6σ 2.8% 7.1% 12°. 6

2MRS + ISO ISO 38 EeV 15.1 5.2 10 4´ - 3.3 10 3´ - 2.7σ 15.8% N/A 13°. 2
2MRS + SBG + ISO 2MRS + ISO 39 EeV 10.4 N/A 1.3 10 3´ - 3.0σ 1.1% 8.9% 12°. 6

Notes. ISO: isotropic model.
a For composite model studies, no scan over the threshold energy is performed.
b Maximum TS reached at the boundary of the parameter space.

Figure 2. TS profile above 39 EeV (top) and 60 EeV (bottom) over the fit parameters for SBG-only and γAGN-only models (left) and for composite models including
both SBGs and γAGNs with the same free search radius (right). The lines indicate the 1 2s s– regions.
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the selected energy threshold. The parameter added to the more
complex model results in a 2c distribution with one degree of
freedom.

The best-fit anisotropic fractions obtained for the composite
model (free search radius) are shown in Figure 2 (right). Above
39 EeV, the γAGN-only model is disfavored by 3.7s relative to
a combined model with a 9% contribution from SBGs and 1%
contribution from γAGNs. Above 60 EeV, the TS obtained

with the composite model is not significantly higher than what
is obtained by either model. This is illustrated in Figure 2
(right) by the agreement at the 1s level of a model including
0% SBGs/7% γAGNs with a model including 13% SBGs/0%
γAGNs above 60 EeV.
As summarized in Table 2, composite models including

SBGs and either 2MRS or Swift-BAT sources best match the
data above 39 EeV for 9%–7% fractions of events associated to

Table 2
Results—Scenario A

Test Null Threshold TS Local p-value Post-trial 1-sided AGN/Other SBG Search
Hypothesis Hypothesis Energya TS, 22(c ( ) p-value Significance Fraction Fraction Radius

SBG + ISO ISO 39 EeV 24.9 3.8 10 6´ - 3.6 10 5´ - 4.0σ N/A 9.7% 12°. 9
γAGN + SBG + ISO γAGN + ISO 39 EeV 14.7 N/A 1.3 10 4´ - 3.7σ 0.7% 8.7% 12°. 5

γAGN + ISO ISO 60 EeV 15.2 5.1 10 4´ - 3.1 10 3´ - 2.7σ 6.7% N/A 6°. 9
γAGN + SBG + ISO SBG + ISO 60 EeV 3.0 N/A 0.08 1.4σ 6.8% 0.0%b 7°. 0
Swift-BAT + ISO ISO 39 EeV 18.2 1.1 10 4´ - 8.0 10 4´ - 3.2σ 6.9% N/A 12°. 3
Swift-BAT + SBG + ISO Swift-BAT + ISO 39 EeV 7.8 N/A 5.1 10 3´ - 2.6σ 2.8% 7.1% 12°. 6

2MRS + ISO ISO 38 EeV 15.1 5.2 10 4´ - 3.3 10 3´ - 2.7σ 15.8% N/A 13°. 2
2MRS + SBG + ISO 2MRS + ISO 39 EeV 10.4 N/A 1.3 10 3´ - 3.0σ 1.1% 8.9% 12°. 6

Notes. ISO: isotropic model.
a For composite model studies, no scan over the threshold energy is performed.
b Maximum TS reached at the boundary of the parameter space.

Figure 2. TS profile above 39 EeV (top) and 60 EeV (bottom) over the fit parameters for SBG-only and γAGN-only models (left) and for composite models including
both SBGs and γAGNs with the same free search radius (right). The lines indicate the 1 2s s– regions.
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Comparison with SBGs indicates that isotropy is disfavoured with 
4 s.d. significance (post-trial) 

≈ 5500 UHECRs exploited (≈ 90000 km2 sr y) 
[Auger Coll. ApJL 853 (2018) L29] 

Maximum TS: radius and anisotropy fraction Maximum TS: radius and anisotropy fraction
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“Small”-scale analysis: other source models
Flux-limited samples of extra-galactic sources 

[Auger Coll. ApJL 853 (2018) L29] 
2MRS (infrared) 

TS is maximum for E > 38 EeV 
𝛂 = 7 ± 4%, 𝛝 = 12˚ ± 6˚ 

Post-trial (2 par. and E scan): 2.7 s.d. 

Swift-BAT (X-rays) 
TS is maximum for E > 39 EeV 

𝛂 = 16 ± 8%, 𝛝 = 13˚ ± 7˚ 
Post-trial (2 par. and E scan): 3.2 s.d. 

the source, the integral being set by its flux attenuated above
the chosen energy threshold, and the angular width—or search
radius101—being a free parameter common to all sources. No
shift of the centroid position is considered, avoiding depend-
ence on any particular model of the Galactic magnetic field in
this exploratory study. After mixing the anisotropic map with a
variable fraction of isotropy, as in Abreu et al. (2010), the
model map is multiplied by the directional exposure of the
array and its integral is normalized to the number of events.
The model map thus depends on two variables aimed at
maximizing the degree of correlation with UHECR events: the
fraction of all events due to the sources (anisotropic fraction)
and the rms angular separation between an event and its source
(search radius) in the anisotropic fraction.

We perform an unbinned maximum-likelihood analysis, where
the likelihood (L) is the product over the UHECR events of the
model density in the UHECR direction. The test statistic (TS) for
deviation from isotropy is the likelihood ratio test between two
nested hypotheses: the UHECR sky model and an isotropic
model (null hypothesis). The TS is maximized as a function of
two parameters: the search radius and the anisotropic fraction.
We repeat the analysis for a sequence of energy thresholds.

For a given energy threshold, we confirmed with simulations
that the TS for isotropy follows a 2c distribution with two degrees
of freedom, as expected (Wilks 1938), directly accounting for the
fit of two parameters of the model. As in Aab et al. (2015b), we
penalize the minimum p-value for a scan in threshold energy, by
steps of 1 EeV up to 80 EeV, estimating the penalty factor with
Monte-Carlo simulations. The p-values are converted into
significances assuming 1-sided Gaussian distributions.

4.2. Single Population against Isotropy

Previous anisotropy studies (e.g., Aab et al. 2015b) have
considered a scan in energy threshold starting at 40 EeV, where
the observed flux reaches half the value expected from lower-
energy extrapolations, but as shown in Figure 1, there is a
maximum in the significance close to this starting point.
Therefore we have evaluated the TS down to 20 EeV.

The TS is maximum for SBGs above 39 EeV (894 events),
with or without attenuation. For γAGNs, the TS is maximum
above 60 EeV (177 events) after accounting for attenuation.
As shown in Figure 1, left, attenuation mildly impacts SBGs
that are nearby: we obtain TS=24.9/25.5/25.7 for scenarios

A/B/C, respectively. The impact is more pronounced for
γAGNs, a larger attenuation reducing contributions from
distant blazars: we obtain a maximum TS of 15.2/9.4/11.9
for scenarios A/B/C. Shifting the energy scale within
systematic uncertainties ( 14%o ) affects the maximum TS
by±1 unit for γAGNs,±0.3 for SBGs.
Penalizing for the energy scan, the maximum TS obtained

for SBGs and γAGNs within scenario A corresponds to 4.0s
and 2.7s deviations from isotropy, respectively. As shown in
Figure 2 (left), the maximum deviation for γAGNs is found at
an angular scale of 7 2

4n-
+ and a 7 4%o fraction of anisotropic

events. For SBGs, a stronger deviation from isotropy is
uncovered at an intermediate angular scale of 13 3

4n-
+ and an

anisotropic fraction of 10 4%o . The systematic uncertainty
induced by the energy scale and attenuation scenario is at the
level of 0.3% for the anisotropic fraction and 0°.5 for the search
radius obtained with SBGs.
For Swift-BAT and 2MRS sources attenuated within scenario

A, we obtain maximum TSs of 18.2 (3.2s) above 39 EeV and
15.1 (2.7s) above 38 EeV, respectively (see Figure 1, right).
These correspond to values of the best-fit parameters of 12 4

6n-
+

and 7 %3
4

-
+ for Swift-BAT, 13 4

7n-
+ and 16 %7

8
-
+ for 2MRS.

The different degrees of anisotropy obtained from each
catalog can be understood from Figure 3 (top) showing a
UHECR hotspot in the direction of the CentaurusA/M83/
NGC4945 group. The γAGN model ( 60 EeV> ) and Swift-
BAT model ( 39 EeV> ) are dominated by CentaurusA, which
is 7n and13n away from NGC4945 and M83, respectively. The
starburst model additionally captures the UHECR excess close
to the Galactic South Pole, interpreted as contributions from
NGC1068 and NGC253, yielding an increase in the
anisotropy signal from 3s~ to 4s. Additional diffuse
contributions from clustered sources in the 2MRS catalog are
not favored by the data, resulting in the smaller deviation from
isotropy.

4.3. Composite Models against Single Populations

To compare the two distinct gamma-ray populations above
their respective preferred thresholds, we investigate a compo-
site model combining contributions from γAGNs and SBGs,
adopting a single search radius and leaving the fraction of
events from each population free. The TS in this case is the
difference between the maximum likelihood of the combined
model and that of the null hypothesis of a single population at

Figure 1. TS scan over the threshold energy for SBGs and AGNs (left) and Swift-BAT and 2MRS sources (right), including attenuation (lighter dashed lines) or not
(darker solid lines).

101 Inverse square root of Fisher’s concentration parameter.
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The contribution of SBGs to the indication of anisotropy remains larger 
than that of alternative catalogs tested 

TS as a function of energy threshold
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Conclusions (so far) 
“…In the hope of finding clues to what extraordinary processes are capable of accelerating particles to 
such enormous energies, physicists would like to know whether the most energetic particles come from 

all directions or only from certain regions of the sky… [Bruno Rossi, 1964]”

• Discovery (> 5 s.d.) at E > 8 EeV of a 
4.7% anisotropy in 𝜶, with 𝝋=100˚±10˚ 

• Assuming a purely dipolar* anisotropy, 
its amplitude is d = 6.5+1.3-0.9% pointing at 
(𝜶,𝛿)=(100˚, -24˚) 

• The direction ( > 100˚ from the GC) 
supports the hypothesis that CRs at these 
energies are extragalactic 

• The amplitude is much larger than 
expected from a motion-origin (CG), 
hinting at a “source-origin” 

• Indication (4 s.d.) at 39 EeV of an  
anisotropy at intermediate scales (≈ 13˚) 
in association with Starburst Galaxies 

• Smaller indication when studying other 
source catalogs (AGNs, 2MRS, Swift-
BAT) tested 

• Caveat on significance: numerous 
studies have been done on our data, 
public in part. 

• Further caveat: effects due to GMF and 
EGMF not included. Primary mass not 
probed (yet) about 40 EeV

The most energetic particles do come 
with a preference from certain regions of 
the sky:

We might have found some clues on what 
extraordinary processes might accelerate 
particles to such enormous energies:

“Large” scale studies “Small” scale studies

* Assuming a dipole+quadrupole, none of the quadrupole components is statistically significant [arXiv 1808.03579]
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Next?

Large and “small” scales: keep collecting 
data (and controlling them ;-). Higher order 
multipoles? Confirm the SBGs-based 
anisotropy? Relate large to intermediate 
angular scales? 

Large scales: go to lower energies, to probe 
the Galactic-to-extragalactic transition. Work in 
progress to update and extend our first study 
(APP 34, 2011, 627) 

Large and “small” scales: go to full sky (with 
Telescope Array, see Jonathan Biteau’s report 
of the joint Auger/TA WG) 

Large and “small” scales: mass-
discrimination criteria in anisotropy analyses. 
AugerPrime (see Antonella Castellina’s talk on 
Friday)

Author's personal copy

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

L0 ¼
YNbins

i¼1

p0ðuiÞ; L1 ¼
YNbins

i¼1

p1ðui; r0;u0Þ: ð17Þ

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

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

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

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

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

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

From the Fourier analysis presented in Section 5.2, we have
stressed the decoupling between the solar frequency and both
the sidereal and anti-sidereal ones thanks to the frequency resolu-
tion reached after 6 years of data taking. However, as the ampli-
tude of an eventual sideband effect is proportional to the solar
amplitude [21], it remains important to estimate the impact of
an eventual sideband effect persisting even after the energy correc-
tions. To probe the magnitude of this sideband effect, we use
10,000 mock data sets generated from the real data set (with ener-
gies corrected for weather effects) by randomising the arrival times
but meanwhile keeping both the zenith and the azimuth angles of
each original event. This procedure guarantees the production of
isotropic samples drawn from a uniform exposure with the same
detection efficiency conditions than the real data. The results of
the Rayleigh analysis applied to each mock sample between 1
and 2 EeV at the anti-sidereal frequency are shown by the thin his-
tograms in top panels of Fig. 8, displaying Rayleigh distributions for
the amplitude measurements and uniform distributions for the
phase measurements. Then, after introducing into each sample
the temporal variations of the energies induced by the atmospheric
changes according to Eq. (4), it can be seen on the same graph
(thick histograms) that the amplitude measurements are almost
undistinguishable with respect to the reference ones, while the
phase measurements start to show to a small extent a preferential
direction. The same conclusions hold when reversing the energy
corrections (dashed histograms), but resulting in a phase shift of
’180!. Finally, the filled histograms are obtained by amplifying
by 10 the energy variations induced by the atmospheric changes.
In this latter case, the large increase of the solar amplitude induces
a clear signal at the anti-sidereal frequency through the sideband
mechanism, as evidenced by the distributions of both the ampli-
tudes and the phases. The sharp maximum of the phase distribu-
tion points towards the spurious direction, while the amplitude
distribution follows a non-centered Rayleigh distribution with
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Fig. 6. Phase of the first harmonic as a function of energy. The dashed line, resulting
from an empirical fit, is used in the likelihood ratio test (see text).
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Figure 6. Same as Figure 5, in the case of an anisotropic input flux Φ(n) ∝ 1 + 0.1 Y10(n) + 0.1 Y20(n).
(A color version of this figure is available in the online journal.)
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Figure 7. Arrival directions of Auger (red points in the south hemisphere)
and Telescope Array events (black crosses in the northern hemisphere) above
1019 eV in equatorial coordinates, using a Mollweide projection.
(A color version of this figure is available in the online journal.)

however, optimal in terms of resolution in b. A restriction of the
common declination band to, for instance, [−10◦, 10◦] would
lead to a resolution in b of ≃5%; while the use of the whole
sky would not bring any improvement for resolving better b.
In next sections, the cross-calibration procedure is thus applied
to the joint data set by using the whole overlapping region
for ∆Ω.

5. JOINT DATA ANALYSIS

All analyses reported in this section are based on a joint
data set consisting of events with energies in excess of roughly
1019 eV in terms of the energy scale used at the Telescope
Array by evaluating in the Auger data set the energy threshold
which guarantees equal fluxes for both experiments. We are
thus left here with 2130 events (795 in the common band) above
1019 eV from the Telescope Array and 11,087 (3435 in the
common band) above 8.5 × 1018 eV from the Pierre Auger
Observatory. The arrival directions are shown in Figure 7 in
equatorial coordinates using the Mollweide projection. Auger
data can be seen as the red points in the Southern hemisphere,
while Telescope Array ones are shown as the black crosses in
the Northern hemisphere.

The methodology presented in the previous section allows us
to estimate the multipole coefficients and to perform a rich series

Table 1
First Low-order Multipolar Moments and Their

Uncertainties (in Equatorial Coordinates)

ℓ m aℓm ℓ m aℓm ℓ m aℓm

−3 −0.022 ± 0.034
−2 0.038 ± 0.035 −2 0.030 ± 0.039

−1 −0.102 ± 0.036 −1 0.067 ± 0.040 −1 0.067 ± 0.037
1 0 −0.006 ± 0.074 2 0 0.017 ± 0.042 3 0 −0.027 ± 0.040

1 −0.001 ± 0.036 1 0.004 ± 0.040 1 0.009 ± 0.037
2 0.040 ± 0.035 2 −0.004 ± 0.039

3 −0.011 ± 0.034

of anisotropy searches by taking profit of the great advantage
offered by the full-sky coverage. After iterations, the coefficient
b is b = 1.011. Choosing to use nominal energies to build the
joint data set would lead to a different value for b (0.755) due to
the different statistics in the Auger data set (8259 events in total
instead of 11,087), but it will be shown in next section that this
choice impacts the physics results to only a small extent.

The normalization convention of the multipole moments used
hereafter is chosen so that the aℓm coefficients measure the
relative deviation with respect to the whole contribution of
the monopole (i.e., the aℓm coefficients are redefined such that
aℓm →

√
4πaℓm/a00).

5.1. Multipolar Analysis

The dipole, quadrupole, and octupole moments as derived
from the iterative procedure are reported in Table 1 in equatorial
coordinates together with their associated uncertainties calcu-
lated from Equation (11). None of these multipole coefficients
stands out as being significantly above the noise level.

The full set of multipole coefficients provides a comprehen-
sive description of the anisotropy patterns that might be present
in the data. A significance table for the coefficients up to ℓ = 20,
built simply by dividing each estimated coefficient by its corre-
sponding uncertainty, is reported in the left panel of Figure 8.
As it can be seen from the contrast scale, significance values
between −1 and 1 dominate the picture. Deviations close to
−3 and 3 stand at the expected level for isotropy, as shown in
the right panel. Hence, overall, the extraction of the multipole
coefficients does not provide any evidence for anisotropy.

5.2. Flux and Overdensities/Underdensities Sky Maps

To visualize the result of the multipolar expansion, a flux
sky map of the joint data set is displayed using the Mollweide
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Chance probability in harmonic analysis
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I and II harmonic analysis in azimuth

Large-scale cosmic-ray anisotropies above 4 EeV 7

Table 2. Results of the first and second harmonic analyses in azimuth.

Energy [EeV] k a�
k b�k P (�| a�

k |) P (�| b�k |)
4 - 8 1 �0.010± 0.005 �0.013± 0.005 0.045 0.009

2 0.002± 0.005 �0.002± 0.005 0.69 0.69

� 8 1 �0.007± 0.008 �0.014± 0.008 0.38 0.08

2 �0.002± 0.008 0.006± 0.008 0.80 0.45
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Figure 2. Maps in equatorial coordinates of the CR flux, smoothed in windows of 45
�
, for the energy bins [4, 8] EeV (left) and

E � 8 EeV (right). The Galactic plane is represented with a dashed line and the Galactic center is indicated with a star.

Table 3. Results of the first-harmonic analysis in right ascension in the three bins above 8 EeV.

Energy [EeV] events a↵
1 b↵1 r↵1 '↵

1 [
�
] P (� r↵1 )

8 - 16 24,070 �0.011± 0.009 0.044± 0.009 0.046 104± 11 3.7⇥ 10
�6

16 - 32 6,604 0.007± 0.017 0.050± 0.017 0.051 82± 20 0.014

� 32 1,513 �0.03± 0.04 0.05± 0.04 0.06 115± 35 0.26

Table 4. Results of the first-harmonic analysis in azimuth in the three bins above 8 EeV.

Energy [EeV] a�
1 b�1 P (� |a�

1 |) P (� |b�1 |)
8 - 16 �0.013± 0.009 �0.004± 0.009 0.15 0.66

16 - 32 0.003± 0.017 �0.042± 0.017 0.86 0.013

� 32 0.05± 0.04 �0.04± 0.04 0.21 0.32

Given the significant first-harmonic modulation in right ascension that was found in the bin with E � 8 EeV, we now
divide this higher energy bin into three to study the possible energy dependence of this signal. For this, we use energy
boundaries scaled by factors of two, i.e. considering the bins [8, 16] EeV, [16, 32] EeV and E � 32 EeV. Table 3 reports
the results for the right ascension analysis in these new energy bins. The p-values for the first-harmonic modulation
in right ascension are 3.7 ⇥ 10�6 in the [8, 16] EeV range, 0.014 in the [16, 32] EeV bin and 0.26 for energies above
32 EeV. Table 4 reports the results for the corresponding azimuth analysis in these new energy bins.

3.2. Reconstruction of the CR dipole

We now convert the harmonic coe�cients in right ascension and in azimuth into anisotropy parameters
on the sphere, assuming first that the dominant component of the anisotropy is the dipole ~d. The flux
distribution can then be parametrized as a function of the CR arrival direction û as

�(û) = �0(1 + ~d · û). (4)

In this case, the amplitude of the dipole component along the rotation axis of the Earth, dz, that in
the equatorial plane, d?, and the right ascension and declination of the dipole direction, (↵d, �d), are
related to the first-harmonic amplitudes in right ascension and azimuth through (The Pierre Auger
Collaboration 2015b)

dz '
b�1

cos `obshsin ✓i
,

[Auger Coll. arXiv 1808.03579, just accepted by ApJ]
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Large-scale anisotropies expected from Galactic CRs

12 The Pierre Auger Collaboration

the trajectories of antiparticles leaving the Earth (Thielheim & Langho↵ 1968) from a dense grid of equally spaced
directions and obtaining the associated weight for each direction by integrating the matter density along their path
through the Galaxy (Karakula et al. 1972). We obtain in this way an estimation of the flux that would arrive at the
Earth from a continuous distribution of sources isotropically emitting cosmic rays and with a density proportional to
that of the luminous matter. The points in the plot indicate the direction of the reconstructed dipolar component of
the flux maps obtained. The direction of the resulting dipoles lie very close to the Galactic center for particles with the
highest rigidities considered, and as the rigidity decreases they slowly move away from it towards increasing Galactic
longitudes (closer to the direction of the inner spiral arm which is at (l, b) ' (80�, 0�)). Note that at 10 EeV the inferred
average values of the CR charges is Z ⇠ 1.7 to 5, depending on the hadronic models adopted for the analysis, while in
the lower energy bin the inferred charges are actually smaller (The Pierre Auger Collaboration 2014b), justifying the
range of rigidities considered. The resulting dipole directions obtained in these Galactic scenarios are quite di↵erent
from the dipole direction observed above 8 EeV, clearly showing that in a standard scenario the dominant contribution
to the dipolar modulation at these energies cannot arise from a Galactic component. Besides the dipole direction,
let us note that the amplitude of the dipole (and also the amplitudes of the quadrupole) turns out to be large in the
models of purely Galactic cosmic rays depicted in the figure. In particular, we find that d > 0.8 for all the rigidities
considered, showing that the dominant component at these energies needs to be much more isotropic, and hence of
likely extragalactic origin.

Figure 5. Map in Galactic coordinates of the direction of the dipolar component of the flux for di↵erent particle rigidities for

cosmic rays coming from Galactic sources and propagating in the Galactic magnetic-field model of Jansson & Farrar (2012)

(blue points) and the bisymmetric model of Pshirkov et al. (2011) (red points). The points show the results for the following

rigidities: 64 EV, 32 EV, 16 EV, 8 EV, 4 EV and 2 EV (with increasing distance from the Galactic center). We also show in

purple the observed direction of the dipole for E � 8 EeV and the 68% CL region for it. The background in gray indicates the

integrated matter density profile assumed for the Galactic source distribution (Weber & Boer 2010).

Regarding the possible origin of the dipolar CR anisotropy, we note that the relative motion of the observer with
respect to the rest frame of cosmic rays is expected to give rise to a dipolar modulation of the flux, known as the
Compton–Getting e↵ect (Compton & Getting 1935). For particles with a power-law energy spectrum d�/dE / E�� ,
the resulting dipolar amplitude is dCG = (v/c)(� + 2), with v/c the velocity of the observer normalized to the speed
of light. In particular, if the rest frame of the cosmic rays were the same as that of the cosmic microwave background,
the dipole amplitude would be dCG ' 0.006 (Kachelriess & Serpico 2006), an order of magnitude smaller than the
observed dipole above 8 EeV. Thus, the Compton–Getting e↵ect is predicted to give only a sub-dominant contribution
to the dipole measured for energies above 8 EeV.
Plausible explanations for the observed dipolar-like distribution include the di↵usive propagation from the closest

extragalactic source(s) or that it be due to the inhomogeneous distribution of the sources in our cosmic neighborhood
(Giler et al. 1980; Berezinsky et al. 1990; Harari et al. 2014, 2015). The expected amplitude of the resulting dipole
depends in these cases mostly on the number density of the source distribution, ⇢, with only a mild dependence on the
amplitude of the extragalactic magnetic field.4 For homogeneous source distributions with ⇢ ⇠ (10�5 � 10�3) Mpc�3,
spanning the range between densities of galaxy clusters, jetted radio-galaxies, Seyfert galaxies and starburst galaxies,

4 This is because, as the value of the magnetic field is increased, for any given nearby source closer than the magnetic
horizon its contribution to the CR density increases because it gets enhanced by the di↵usion while, on the other hand,
the value of the dipolar component of its anisotropy decreases in such a way that both changes compensate for each
other to a large extent.

[Auger Coll. arXiv 1808.03579, just accepted by ApJ]
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Harmonic analysis vs energy

Large-scale cosmic-ray anisotropies above 4 EeV 7

Table 2. Results of the first and second harmonic analyses in azimuth.

Energy [EeV] k a�
k b�k P (�| a�

k |) P (�| b�k |)
4 - 8 1 �0.010± 0.005 �0.013± 0.005 0.045 0.009

2 0.002± 0.005 �0.002± 0.005 0.69 0.69

� 8 1 �0.007± 0.008 �0.014± 0.008 0.38 0.08

2 �0.002± 0.008 0.006± 0.008 0.80 0.45
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Figure 2. Maps in equatorial coordinates of the CR flux, smoothed in windows of 45
�
, for the energy bins [4, 8] EeV (left) and

E � 8 EeV (right). The Galactic plane is represented with a dashed line and the Galactic center is indicated with a star.

Table 3. Results of the first-harmonic analysis in right ascension in the three bins above 8 EeV.

Energy [EeV] events a↵
1 b↵1 r↵1 '↵

1 [
�
] P (� r↵1 )

8 - 16 24,070 �0.011± 0.009 0.044± 0.009 0.046 104± 11 3.7⇥ 10
�6

16 - 32 6,604 0.007± 0.017 0.050± 0.017 0.051 82± 20 0.014

� 32 1,513 �0.03± 0.04 0.05± 0.04 0.06 115± 35 0.26

Table 4. Results of the first-harmonic analysis in azimuth in the three bins above 8 EeV.

Energy [EeV] a�
1 b�1 P (� |a�

1 |) P (� |b�1 |)
8 - 16 �0.013± 0.009 �0.004± 0.009 0.15 0.66

16 - 32 0.003± 0.017 �0.042± 0.017 0.86 0.013

� 32 0.05± 0.04 �0.04± 0.04 0.21 0.32

Given the significant first-harmonic modulation in right ascension that was found in the bin with E � 8 EeV, we now
divide this higher energy bin into three to study the possible energy dependence of this signal. For this, we use energy
boundaries scaled by factors of two, i.e. considering the bins [8, 16] EeV, [16, 32] EeV and E � 32 EeV. Table 3 reports
the results for the right ascension analysis in these new energy bins. The p-values for the first-harmonic modulation
in right ascension are 3.7 ⇥ 10�6 in the [8, 16] EeV range, 0.014 in the [16, 32] EeV bin and 0.26 for energies above
32 EeV. Table 4 reports the results for the corresponding azimuth analysis in these new energy bins.

3.2. Reconstruction of the CR dipole

We now convert the harmonic coe�cients in right ascension and in azimuth into anisotropy parameters
on the sphere, assuming first that the dominant component of the anisotropy is the dipole ~d. The flux
distribution can then be parametrized as a function of the CR arrival direction û as

�(û) = �0(1 + ~d · û). (4)

In this case, the amplitude of the dipole component along the rotation axis of the Earth, dz, that in
the equatorial plane, d?, and the right ascension and declination of the dipole direction, (↵d, �d), are
related to the first-harmonic amplitudes in right ascension and azimuth through (The Pierre Auger
Collaboration 2015b)

dz '
b�1

cos `obshsin ✓i
,

Right ascension
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Table 3. Results of the first-harmonic analysis in right ascension in the three bins above 8 EeV.
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Table 4. Results of the first-harmonic analysis in azimuth in the three bins above 8 EeV.

Energy [EeV] a�
1 b�1 P (� |a�

1 |) P (� |b�1 |)
8 - 16 �0.013± 0.009 �0.004± 0.009 0.15 0.66

16 - 32 0.003± 0.017 �0.042± 0.017 0.86 0.013

� 32 0.05± 0.04 �0.04± 0.04 0.21 0.32

Given the significant first-harmonic modulation in right ascension that was found in the bin with E � 8 EeV, we now
divide this higher energy bin into three to study the possible energy dependence of this signal. For this, we use energy
boundaries scaled by factors of two, i.e. considering the bins [8, 16] EeV, [16, 32] EeV and E � 32 EeV. Table 3 reports
the results for the right ascension analysis in these new energy bins. The p-values for the first-harmonic modulation
in right ascension are 3.7 ⇥ 10�6 in the [8, 16] EeV range, 0.014 in the [16, 32] EeV bin and 0.26 for energies above
32 EeV. Table 4 reports the results for the corresponding azimuth analysis in these new energy bins.

3.2. Reconstruction of the CR dipole

We now convert the harmonic coe�cients in right ascension and in azimuth into anisotropy parameters
on the sphere, assuming first that the dominant component of the anisotropy is the dipole ~d. The flux
distribution can then be parametrized as a function of the CR arrival direction û as

�(û) = �0(1 + ~d · û). (4)

In this case, the amplitude of the dipole component along the rotation axis of the Earth, dz, that in
the equatorial plane, d?, and the right ascension and declination of the dipole direction, (↵d, �d), are
related to the first-harmonic amplitudes in right ascension and azimuth through (The Pierre Auger
Collaboration 2015b)

dz '
b�1

cos `obshsin ✓i
,
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Auger Coll. arXiv 1808.03579, just accepted by ApJ]



 26

Dipole reconstruction vs energy

8 The Pierre Auger Collaboration

d?' r↵1
hcos �i ,

↵d='↵
1 ,

�d=arctan

✓
dz
d?

◆
, (5)

where hcos �i ' 0.7814 is the mean cosine of the declinations of the events, hsin ✓i ' 0.6525 the mean sine of the
event zenith angles, and `obs ' �35.2� is the latitude of the Observatory. Note that, as is well known, when
the coverage of the sky is not complete a coupling between the reconstructed multipoles can occur.
The dipole parameters inferred from this set of relations can thus receive extra contributions from
higher-order multipoles, something that will be explicitly checked in the next subsection in the case of
a non-negligible quadrupolar contribution to the flux.

Table 5. Three-dimensional dipole reconstruction for energies above 4 EeV. We show the results obtained for the two bins

previously reported (The Pierre Auger Collaboration 2017a), i.e. between 4 and 8 EeV and above 8 EeV, as well as dividing

the high-energy range into three bins.

Energy [EeV] d? dz d ↵d [
�
] �d [

�
]

interval median

4 - 8 5.0 0.006+0.007
�0.003 �0.024± 0.009 0.025+0.010

�0.007 80± 60 �75
+17
�8

� 8 11.5 0.060+0.011
�0.010 �0.026± 0.015 0.065+0.013

�0.009 100± 10 �24
+12
�13

8 - 16 10.3 0.058+0.013
�0.011 �0.008± 0.017 0.059+0.015

�0.008 104± 11 �8
+16
�16

16 - 32 20.2 0.065+0.025
�0.018 �0.08± 0.03 0.10+0.03

�0.02 82± 20 �50
+15
�14

� 32 39.5 0.08+0.05
�0.03 �0.08± 0.07 0.11+0.07

�0.03 115± 35 �46
+28
�26

In the two upper rows of Table 5, we show the reconstructed dipole components for the energy bins previously
studied, [4, 8] EeV and E � 8 EeV. The results for the three new bins above 8 EeV are reported in the lower three
rows. The uncertainties in the amplitude and phase correspond to the 68% confidence level of the marginalized
probability distribution functions.
In Table 5 a growth of the dipolar amplitude d with increasing energies is observed. Adopting for the energy

dependence of the dipole amplitude a power-law behavior d(E) = d10 ⇥ (E/10 EeV)� , we perform a maximum-
likelihood fit to the values measured in the four bins above 4 EeV. We consider a likelihood function L(d10,�) =Q4

i=1 f(
~di; d10,�), where in each energy bin f is given by a three-dimensional Gaussian for the dipole vector

~d = d(E)(cos � cos↵, cos � sin↵, sin �), centered at the measured dipole values and with the dispersions �x = �y =p
2/N/hcos �i and �z =

p
2/N/(hsin ✓i cos `obs), marginalized over the angular variables ↵ and �. The fit leads to a

reference amplitude d10 = 0.055 ± 0.008 and a power-law index � = 0.79 ± 0.19.3 A fit with an energy-independent
dipole amplitude (� = 0) is disfavored at the level of 3.7� by a likelihood-ratio test.

3 Regarding the goodness of the fit, we have checked that, for a model in which the dipole amplitude follows the power-law obtained, a
better agreement than the one found with the actual data is expected to result in about 50% of the realizations.

Large-scale cosmic-ray anisotropies above 4 EeV 9

 0.01

 0.1

 5  50 10

D
ip

o
le

 a
m

p
lit

u
d
e

Energy [EeV]

Figure 3. Evolution with energy of the amplitude (left panel) and direction (right panel) of the three-dimensional dipole

determined in di↵erent energy bins above 4 EeV. In the sky map in Galactic coordinates of the right panel the dots represent

the direction towards the galaxies in the 2MRS catalog that lie within 100 Mpc and the cross indicates the direction towards

the flux-weighted dipole inferred from that catalog.

The left panel of Fig. 3 shows the amplitude of the dipole as a function of the energy, with the data points centered
at the median energy in each of the four bins above 4 EeV, as well as the power-law fit. The right panel is a map,
in Galactic coordinates, showing the 68% CL sky regions for the dipole direction in the same bins. They all point
towards a similar region of the sky, and in order of increasing energies they are centered at Galactic coordinates
(`, b) = (287�,�32�), (221�,�3�), (257�,�33�) and (259�,�11�), respectively. With the present accuracy no clear
trend in the change of the dipole direction as a function of energy can be identified. In the background of Fig. 3, we
indicate with dots the location of the observed galaxies from the 2MRS catalog that lie within 100 Mpc and also show
with a cross the reconstructed 2MRS flux-weighted dipole direction (Erdogdu et al. 2006), which could be expected
to be related to the CR dipole direction if the galaxies were to trace the distribution of the UHECR sources and the
e↵ects of the magnetic field deflections were ignored.
Figure 4 shows sky maps, in Galactic coordinates, of the ratio between the observed flux and that expected for

an isotropic distribution, averaged in angular windows of 45� radius, for the di↵erent energy bins above 4 EeV. The
location of the main overdense regions can be observed. Note that the color scale is kept fixed, so as to better appreciate
the increase in the amplitude of the flux variations with increasing energies.
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Figure 4. Maps in Galactic coordinates of the ratio between the number of observed events in windows of 45
�
over those

expected for an isotropic distribution of arrival directions, for the four energy bins above 4 EeV.

3.3. Reconstruction of a dipole plus quadrupole pattern

In order to quantify the amplitude of the quadrupolar moments and their e↵ects on the dipole
reconstruction, we assume now that the angular distribution of the CR flux can be well approximated

Maximum likelihood fit 

Power-law index 𝜷 = 0.79 ± 0.19 

Energy-independent fit 
disfavoured at 3.7 s.d.

[Auger Coll. arXiv 1808.03579, just accepted by ApJ]
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over those

expected for an isotropic distribution of arrival directions, for the four energy bins above 4 EeV.

3.3. Reconstruction of a dipole plus quadrupole pattern

In order to quantify the amplitude of the quadrupolar moments and their e↵ects on the dipole
reconstruction, we assume now that the angular distribution of the CR flux can be well approximated

Dipole reconstruction vs energy
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by the combination of a dipole plus a quadrupole. In this case, the flux can be parametrized as

�(û) = �0

0

@1 + ~d · û+
1

2

X

i,j

Qijuiuj

1

A , (6)

with Qij being the symmetric and traceless quadrupole tensor.

Table 6. Results of the first harmonic in right ascension, separating the events in those arriving from the southern (S) and

northern (N) hemispheres.

Energy [EeV] Hemisphere N a↵
1 b↵1 r↵1 '↵

1 [
�
]

4 - 8 S 65,183 0.003± 0.005 0.005± 0.005 0.006 60± 50

N 16,518 �0.009± 0.011 0.003± 0.011 0.010 160± 60

� 8 S 25,823 �0.011± 0.009 0.047± 0.009 0.048 103± 10

N 6,364 0.0024± 0.018 0.041± 0.018 0.041 87± 25

The components of the dipole and of the quadrupole can be estimated as in The Pierre Auger Collaboration
(2015b). They are obtained from the first and second harmonics in right ascension and azimuth, given in Tables 1 and
2, as well as considering the first harmonic in right ascension of the events coming from the northern and southern
hemispheres separately, which are reported in Table 6. From these results we obtained the three dipole components
and the five independent quadrupole components that are reported in Table 7, for the two energy bins [4, 8] EeV
and E � 8 EeV. The only non-vanishing correlation coe�cients between the quantities reported in Table 7 are
⇢(dx, Qxz) = ⇢(dy, Qyz) = 0.63 and ⇢(dz, Qzz) = 0.91. The nine components of the quadrupole tensor can be readily
obtained from those in Table 7 exploiting the condition that the tensor be symmetric and traceless. None of the the
quadrupole components is statistically significant and the reconstructed dipoles are consistent with those obtained
before under the assumption that no higher multipoles are present. They are also consistent with results obtained
in past analyses in The Pierre Auger Collaboration (2015b) and The Pierre Auger & Telescope Array Collaborations
(2014). Note that allowing for the presence of a quadrupole leads to larger uncertainties in the reconstructed dipole
components, specially in the one along the Earth rotation axis due to the incomplete sky coverage present around the
North celestial pole. Indeed, in both energy bins the uncertainties in the equatorial dipole components increase by
⇠ 30% while those on dz increase by a factor of about 2.7.
From the components of the quadrupole tensor it is possible to define an average quadrupole amplitude, Q ⌘qP

ij Q
2
ij/9. This amplitude is directly related to the usual angular power-spectrum moments C` through Q2 =

(50/3)C2/C0, and it is hence a rotationally invariant quantity. From the results given in Table 7 one obtains that
Q = 0.012±0.009 for 4  E/EeV < 8 and Q = 0.032±0.014 for E � 8 EeV. We note that for isotropic realizations, 95%
of the values of Q would be below 0.037 and 0.060, respectively, showing that the quadrupole amplitude is consistent
with isotropic expectations.

Table 7. Reconstructed dipole and quadrupole components in the two energy bins. The x axis lies in the direction ↵ = 0.

Energy [EeV] di Qij

4 - 8 dx = �0.005± 0.008 Qzz = �0.01± 0.04

dy = 0.005± 0.008 Qxx �Qyy = �0.007± 0.029

dz = �0.032± 0.024 Qxy = 0.004± 0.015

Qxz = �0.020± 0.019

Qyz = �0.005± 0.019

� 8 dx = �0.003± 0.013 Qzz = 0.02± 0.06

dy = 0.050± 0.013 Qxx �Qyy = 0.08± 0.05

dz = �0.02± 0.04 Qxy = 0.038± 0.024

Qxz = 0.02± 0.03

Qyz = �0.03± 0.03

[Auger Coll. arXiv 1808.03579, just accepted by ApJ]

None of the quadrupole components is statistically significant 
Reconstructed dipole consistent with those obtained under the pure-dipole assumption 
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Sky maps

Figure 3. Top to bottom: observed excess map; model excess map; residual map; model flux map, for the best-fit parameters obtained with SBGs above 39 EeV (left)
and γAGNs above 60 EeV (right). The excess maps (best-fit isotropic component subtracted) and residual maps (observed minus model) are smeared at the best-fit
angular scale. The color scale indicates the number of events per smearing beam (see inset). The model flux map corresponds to a uniform full-sky exposure. The
supergalactic plane is shown as a solid gray line. An orange dashed line delimits the field of view of the array.

(FITS files for this figures are available.)
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SBGs Test Statics vs time

  

Growth of the signal: consistent with constant?
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