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ABSTRACT

We present measurements of the large-scale cosmic-ray anisotropies in right ascension, using data
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collected by the surface detector array of the Pierre Auger Observatory over more than 14 years. We
determine the equatorial dipole component, d 1, through a Fourier analysis in right ascension that
includes weights for each event so as to account for the main detector-induced systematic effects. For
the energies at which the trigger efficiency of the array is small, the “East-West” method is employed.
Besides using the data from the array with detectors separated by 1500 m, we also include data from
the smaller but denser sub-array of detectors with 750 m separation, which allows us to extend the
analysis down to ~ 0.03 EeV. The most significant equatorial dipole amplitude obtained is that in
the cumulative bin above 8 EeV, d; = 6.01'(1)18%, which is inconsistent with isotropy at the 60 level.
In the bins below 8 EeV, we obtain 99% CL upper-bounds on d, at the level of 1 to 3 percent. At
energies below 1 EeV, even though the amplitudes are not significant, the phases determined in most
of the bins are not far from the right ascension of the Galactic center, at agc = —94°, suggesting a
predominantly Galactic origin for anisotropies at these energies. The reconstructed dipole phases in
the energy bins above 4 EeV point instead to right ascensions that are almost opposite to the Galactic
center one, indicative of an extragalactic cosmic ray origin.

1. INTRODUCTION

The distribution of cosmic-ray (CR) arrival directions is expected to provide essential clues to understanding the CR
origin. Being charged particles, they are significantly deflected by the magnetic fields present in our galaxy (Haverkorn
2015) and, for those arriving from outside it, also by the extragalactic magnetic fields (Feretti et al. 2012). Since
the deflections get smaller for increasing rigidities, it is only at the highest energies that one may hope to observe
localized flux excesses associated with individual CR sources. On the other hand, as the energies lower and the
deflections become large, the propagation eventually becomes diffusive and it is likely that only large-scale patterns,
such as a dipolar flux modulation, may be detectable. However, the small amplitudes of these anisotropies make their
observation quite challenging.

Due to the Earth’s rotation, cosmic-ray observatories running for long periods of time have an almost uniform
exposure in right ascension. This enables them to achieve a high sensitivity to the modulation of the flux in this
angular coordinate. In particular, for a dipolar cosmic-ray flux the first-harmonic modulation in right ascension
provides a direct measurement of the projection of the dipole in the equatorial plane, d 1. The possible sources of
systematic uncertainties that could affect these measurements, such as those from remaining non-uniformities of the
exposure or those related to the effects of atmospheric variations, can often be accounted for. Even when this is not
possible, as can happen when the trigger efficiency of the array is small, methods that are insensitive to these systematic
effects can be adopted to reconstruct d 1, although they have a somewhat reduced sensitivity to the modulations. On
the other hand, at low energies the number of events detected is large, what tends to enhance the statistical sensitivity
of the measurements.

The projection of the dipole along the Earth rotation axis d, can, in principle, be reconstructed from the study of
the azimuthal modulation of the CR fluxes. This requires accounting in detail for the effects of the geomagnetic field
on the air showers, which can affect the reconstruction of the CR energies in an azimuthally dependent way. Also,
the presence of a tilt of the array can induce a spurious contribution to d,. When the trigger efficiency of the array
is small, these effects may lead to systematic uncertainties that cannot be totally corrected for, particularly given
the azimuthal dependence of the trigger efficiency arising from the actual geometry of the surface detector array of
the Pierre Auger Observatory. Due to these limitations, we will here restrict our analysis to the determination of d,
through the study of the distribution in right ascension of the events recorded in different energy bins. We note that
the determination of d, for energies ¥ > 4 EeV, for which that detector has full efficiency for zenith angles up to 80°,
was discussed in detail in The Pierre Auger Collaboration (2015a, 2017a, 2018).

At E > 8 EeV, a significant first-harmonic modulation in right ascension, corresponding to an amplitude d; ~ 6%,
has been detected by the Pierre Auger Observatory (The Pierre Auger Collaboration 2017a). The reconstructed
direction of the three-dimensional dipole suggests a predominant extragalactic origin of the CR anisotropies at energies
above 4 EeV, and the dipolar amplitudes obtained in different bins show a growing trend with increasing energies (The
Pierre Auger Collaboration 2017a, 2018).

The phase in right ascension of the dipolar modulation of the flux determined above 8 EeV is ay ~ 100°. This
is nearly opposite to the phases measured at PeV energies by IceCube and IceTop (IceCube Collaboration 2012,
2016), which lie not far from the Galactic center direction which is at agc = —94°. Also the KASCADE-Grande
measurements, involving CR energies from few PeV up to few tens of PeV, lead to phases lying close to the right
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ascension of the Galactic center, even though the measured amplitudes are not statistically significant (KASCADE-
Grande Collaboration 2019)." All this is in agreement with the expectation that for energies above that of the knee
of the CR spectrum, which corresponds to the steepening taking place at ~ 4 PeV, the outward diffusive escape of
the CRs produced in the Galaxy should give rise to a dipolar flux component having its maximum not far from the
Galactic center direction. Also at energies above few EeV, where the propagation would become more rectilinear, a
continuous distribution of Galactic sources should give rise to a dipolar component not far from the GC direction (The
Pierre Auger Collaboration 2018). Departures from these behaviors could however result if the CR source distribution
is not symmetric with respect to the Galactic center (such as in the presence of a powerful nearby CR source), in the
presence of drift motions caused by the regular Galactic magnetic field components (Ptuskin et al. 1993), or when
the contribution from the extragalactic component becomes sizable. Note that the expected direction of a dipole of
extragalactic origin will depend on the (unknown) distribution of the CR sources and on the effects of the deflections
caused by the Galactic magnetic field, as was discussed in detail in The Pierre Auger Collaboration (2018).

The change from a Galactic CR origin towards a predominantly extragalactic origin is expected to take place
somewhere above the knee. More precise measurements of the large-scale anisotropies, filling the gap between the
IceCube/IceTop or KASCADE-Grande measurements and the dipole determined by the Pierre Auger Observatory
above 8 EeV, should provide information about this transition. In fact, although at energies below 8 EeV the reported
dipolar amplitudes are not significant, indications that a change in the phase of the anisotropies in right ascension takes
place around few EeV are apparent in the Pierre Auger Observatory measurements (The Pierre Auger Collaboration
2011a, 2012, 2013; Sidelnik 2013; Al Samarai 2015). One has to keep in mind in this discussion that the energy at
which the total anisotropy becomes of predominantly extragalactic origin may be different from the energy at which
the CR flux becomes of predominantly extragalactic origin, since the intrinsic anisotropies of each component are likely
different.

We present here an update of the measurements of the large-scale anisotropies that are sensitive to the equatorial
component of a dipole, for the whole energy range from ~ 0.03 EeV up to > 32 EeV, covering more than three decades
of energy. The results above 4 EeV are an update of those presented in The Pierre Auger Collaboration (2018),
including two more years of data, corresponding to an increase in the exposure by 20%. At lower energies, we provide
a major update of the latest published results (Al Samarai 2015), with 50% more exposure for the SD1500 array and
twice as much for the SD750 array. At energies below 2 EeV, possible systematic effects related to the reduced trigger
efficiency could be significant. To study the modulation in right ascension in this regime we have then to resort to the
“East-West” method, which has larger associated uncertainties but is not affected by most of the systematic effects
(Nagashima et al. 1989; Bonino et al. 2011). At energies below 0.25 EeV, it proves convenient to use the data from the
sub-array of detectors with 750 m spacing which, although being much smaller, can detect a larger number of events
at these energies.

2. THE OBSERVATORY AND THE DATASET

The Pierre Auger Observatory (The Pierre Auger Collaboration 2015b), located near the city of Malargiie in western
Argentina (at latitude 35.2° South), is the largest existing CR observatory. Its surface detector array (SD) consists
of water-Cherenkov detectors having each one 12 tonnes of ultra-pure water viewed by three 9 inch phototubes. The
main array, SD1500, consists of detectors distributed on a triangular grid with separations of 1,500 m that span an
area of 3,000 km?. A smaller sub-array, SD750, covers an area of 23 km? with detectors separated by 750 m, making it
sensitive also to smaller CR energies. These arrays sample the secondary particles of the air showers reaching ground
level. In addition, the fluorescence detector (FD) consists of 27 telescopes that overlook the SD array. The FD can
determine the longitudinal development of the air showers by observing the UV light emitted by atmospheric nitrogen
molecules excited by the passage of the charged particles of the shower. This fluorescence light can be detected during
clear moonless nights, with a corresponding duty cycle of about 15% (The Pierre Auger Collaboration 2015b). The SD
arrays have instead a continuous operation, detecting events with a duty cycle close to 100%. They also have a more
uniform (and simpler to evaluate) exposure. This is why the studies of the large-scale anisotropies that we perform
here are based on the much larger number of events recorded by the surface arrays.

For the SD1500 array, the dataset considered in this work includes events with energies above 0.25 EeV that were
detected from 2004 January 1 up to 2018 August 31. For energies below 4 EeV, it includes events with zenith angles
up to 60°, allowing coverage of 71% of the sky, and the quality trigger applied requires that all the six detectors

I Hints of anisotropies on smaller angular scales were also found recently in a reanalysis of KASCADE-Grande data (Ahlers 2019).
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surrounding the one with the largest signal be active at the time the event is detected. For energies above 4 EeV,
more inclined events can be reliably reconstructed (The Pierre Auger Collaboration 2014b) and hence the zenith-angle
range is extended up to 80°, allowing coverage of 85% of the sky. Moreover, given that at these energies the number
of detectors triggered by each shower is large (4 or more detectors for more than 99% of the events), we also include
in this case events passing a relaxed trigger condition, allowing that one of the six detectors that are neighbors to the
one with the largest signal be missing or not functioning, provided that the reconstructed shower core be contained
inside a triangle of nearby active detectors (The Pierre Auger Collaboration 2017a). The integrated exposure of the
array for § < 60° and using the strict trigger selection is 60,700 km? sryr, while that for # < 80° and relaxing the
trigger is 92,500 km? sr yr.

The CR arrival directions are reconstructed from the timing of the signals in the different triggered stations, and the
angular resolution is better than 1.6° (The Pierre Auger Collaboration 2015b), so that it has negligible impact on the
reconstruction of the dipole. The energies of the events with 8 < 60° are assigned in terms of the reconstructed signals
at a reference distance from the shower core of 1000 m. They are corrected for atmospheric effects, accounting for
the pressure and air density variations following The Pierre Auger Collaboration (2017b), as well as for geomagnetic
effects, following The Pierre Auger Collaboration (2011b). The inclined events, whose signals are dominantly produced
by the muonic component of the showers, have a negligible dependence on atmospheric variations, while geomagnetic
effects are already taken into account in their reconstruction (The Pierre Auger Collaboration 2014b). Their energies
are assigned in terms of the estimated muon number at ground level. The SD1500 array has full trigger efficiency for
E > 2.5 EeV if one considers events with § < 60°, and for £ > 4 EeV for events with § < 80°. The energies of the CRs
are calibrated using the hybrid events measured simultaneously by the SD and FD detectors, in the regimes of full
trigger efficiency. For lower energies, in which case we consider events with 8 < 60°, the energy assignment is performed
using the extrapolation of the corresponding calibration curve. The energy resolution for events with 8 < 60° is about
7% above 10 EeV, and degrades for lower energies, reaching about 20% at 1 EeV, while the systematic uncertainty in
the energy scale is 14% (see Verzi (2019) for details). The more inclined events have an energy resolution of 19%, with
a similar systematic uncertainty (The Pierre Auger Collaboration 2014b).

For energies below 0.25 EeV, and down to ~ 0.03 EeV (below which the trigger efficiency is tiny), we use the events
from the denser and smaller SD750 array, since the accumulated statistics is larger. The dataset comprises events with
zenith angles up to 55° detected from 2012 January 1 up to 2018 August 31. The trigger applied requires that all
six detectors around the one with the largest signal be functioning and the associated exposure is 234 km? sryr. The
energies are assigned in terms of the reconstructed signals at a reference distance from the shower core of 450 m. They
are corrected for atmospheric effects following The Pierre Auger Collaboration (2017b). The SD750 array has full
trigger efficiency for E > 0.3 EeV if one considers events with 6 < 55° (The Pierre Auger Collaboration 2015b). The
energies are calibrated with hybrid events observed in the regime of full trigger efficiency and below that threshold the
energy assignment is performed on the basis of the extrapolation of the corresponding calibration curve. At 0.3 EeV
the energy resolution is about 18% (Coleman 2019).

3. THE ANALYSIS METHOD

The weighted first-harmonic analysis in the right ascension angle «a, often referred to as Rayleigh analysis, provides
the Fourier coefficients as

2 & 2 &
a:N E wW; COS Quj, b:N E w; Sin o, (1)
i=1 i=1

where the sums run over all N detected events. The weights w;, which are of order unity, account for the effects
of the non-uniformities in the exposure as a function of time, with the normalization factor being N' = 3", w;. The
amplitude and phase of the first-harmonic modulation are given by r = v/a? + b2 and ¢ = arctan(b/a). The probability
to obtain an amplitude larger than the one measured as a result of a fluctuation from an isotropic distribution is
P(> 1) = exp(=N72/4). To obtain the weights, we permanently monitor the number of active unitary detector cells,
corresponding to the number of active detectors that are surrounded by an hexagon of working detectors or, when
considering the relaxed trigger condition above 4 EeV, we also account for detector configurations with only five active
detectors around the central one. We obtain from this the exposure of the Auger Observatory in bins of right ascension
of the zenith of the array, a’. This angle is given by a°(t;) = 27t;/Ts (mod 27), with the origin of time being taken
such that a®(0) = 0. The sidereal-time period, T, ~ 23.934 h, corresponds to one extra cycle per year with respect to
the solar frequency. The fraction of the total exposure that is associated to a given o bin, taken to be of 1.25° width
(5 minutes), is proportional to the total number of unitary cells in that bin, Neen(a). The weights w; account for the
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relative variations of Ny as a function of a?, i.e.

with (Neen) = 1/(27) OQW da® Nee(a). Including these weights in the Fourier coefficients eliminates the spurious
contribution to the amplitudes associated to the non-uniform exposure in right ascension.

We note that if one were to consider periods of only a few months, the resulting modulation of Neey(a®) could amount
to an effect of a few percent on the modulation in right ascension of the event rates. However, after considering several
years, the modulations that appear on shorter time scales tend to get averaged out, with the surviving effects being
now typically at the level of about +0.5%. The effects of the tilt of the SD array (The Pierre Auger Collaboration
2012), which is inclined on average by ~ 0.2° towards ¢ ~ —30° (i.e. towards the South-East), can also be accounted
for by adding an extra factor in the weights (The Pierre Auger Collaboration 2018). However, this is actually only
relevant when performing the Fourier analysis in the azimuth variable ¢, something we will not perform here.

When the triggering of the array is not fully efficient, there are additional systematic effects related to the inter-
play between the atmospheric effects in the air-shower development and the energy-dependent trigger efficiency. In
particular, changes in the air density modify the Moliere radius determining the lateral spread of the electromagnetic
component of the showers. The fall-off of the signal at ground level is preferentially harder under hot weather con-
ditions and steeper under cold ones. The detection efficiency of the SD is thus expected to follow these variations to
some extent, being on average larger when the weather is hot than when it is cold. As a consequence, one could expect
that, at energies below full trigger efficiency, a spurious modulation could appear at the solar frequency.

Moreover, we have found that the amplitude of the modulation of the rates at the antisidereal frequency, which is that
corresponding to one cycle less per year than the solar frequency, suggests that spurious unaccounted effects become
relevant below 2 EeV. In particular, the Fourier amplitude corresponding to the antisidereal time period T,5s = 24.066 h
in the bin [1, 2] EeV is = 0.005. This has a probability of arising as a fluctuation of less than 0.1%. A non-negligible
antisidereal amplitude could for instance appear in the presence of daily and seasonal systematic effects which are
not totally accounted for. Since in this case comparable spurious amplitudes could be expected in the sidereal and
antisidereal sidebands (Farley & Storey 1954), we only use the Rayleigh method described before in the bins above
2 EeV. We have checked that in the bins above 2 EeV the amplitudes at both the solar and antisidereal frequencies are
consistent with being just due to fluctuations, so that there are no signs indicating that surviving systematic effects
could be present at the sidereal frequency at these energies (see Table 1 in the Appendix).” Alternatively, one can
use for the energies below 2 EeV the differential East-West (EW) method (Bonino et al. 2011), which is based on the
difference between the counting rates of the events measured from the East sector and those from the West sector.
Since the exposure is the same for events coming from the East and for those coming from the West®, and also the
spurious modulations due to the atmospheric effects are the same in both sectors, the relative difference between both
rates, (E — W)/(E + W), is not sensitive to these experimental and atmospheric systematic effects. This allows one
to reconstruct in a clean way the modulation of the rate itself, without the need to apply any correction but at the
expense of a reduced sensitivity to the amplitude of the CR flux modulations.

In this approach (Bonino et al. 2011), the first-harmonic amplitude and phase are calculated using a slightly modified
Fourier analysis that accounts for the subtraction of the Western sector from the Eastern one. The Fourier coefficients

are defined as
N N

2 2 .
WEW = & Zl cos(a®(t;) — &), bgw = N Zl sin(a®(t;) — &), (3)
1= i=
where & = 0 for events coming from the East and §; = m for those coming from the West, so as to easily implement
the subtraction of data from the two hemispheres.
In the case in which the dominant contribution to the flux modulation is purely dipolar, the amplitude rgw =

V@i + Vi and phase gpw = arctan(bgw/apw) obtained with this method are related to the ones from the
m(cos )
2(sin 0)
declination of the events and similarly (sinf) is the average of the sine of their zenith angles (Bonino et al. 2011).

The probability to obtain an amplitude larger than the one measured as a result of a fluctuation from an isotropic

Rayleigh formalism through r = regw and ¢ = prpw + 7/2, where (cosd) is the average of the cosine of the

2 Given that, for events with zenith angles smaller than 60°, the trigger efficiency is larger than ~ 95% above 2 EeV, the efficiency
related systematic effects are negligible above this threshold.

3 A possible tilt of the array in the East-West direction, giving just a constant term in the East-West rate difference, does not affect the
determination of the first-harmonic modulation.
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Figure 1. Reconstructed equatorial-dipole amplitude (left) and phase (right). The upper limits at 99% CL are shown for all the
energy bins in which the measured amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude
and phase for the energy bin E > 8 EeV. Results from other experiments are shown for comparison (IceCube Collaboration
2012, 2016; KASCADE-Grande Collaboration 2019).

distribution is P(> rgw) = exp(—Nriy, /4).
The amplitude of the equatorial dipole component is related to the amplitude of the first-harmonic modulation
through d; ~ r/{cosd), and its phase ay4 coincides with the first-harmonic phase .

4. RIGHT ASCENSION MODULATION FROM 0.03 EeV UP TO E > 32 EeV

In Table 1, we report the results for the reconstructed equatorial dipole in different energy bins, covering the
range from ~ 0.03 EeV up to E > 32 EeV. The energies defining the boundaries of the bins are 2" EeV, with
n = —5,—4,...,4,5. As mentioned previously, the results are obtained from the study of the right ascension modulation
using different methods and datasets. We use the weighted Rayleigh analysis in the energy bins above 2 EeV | for which
the systematic effects associated with the non-saturated detector efficiency and to the effects related to atmospheric
variations are well under control. When this is not the case, we report the results of the East-West method which,
although having larger uncertainties, is quite insensitive to most sources of systematic effects in the right ascension
distribution. For energies above 0.25 EeV, we report the results obtained with the data from the SD1500 array, while
for lower energies we use the dataset from the SD750 array since, having a lower threshold, it leads to a larger number
of events despite the reduced size of the array. In that case, given that the SD750 array is not fully efficient below
0.3 EeV, we just use the East-West method.

E [EeV]  Emea [EeV] N di %] owy (%) aal°] P(>dy) dY* [%)
East-West | 1/32 - 1/16 0.051 432,155  1.0739 0.91 112+ 71 0.54 3.3
(SD750) | 1/16 - 1/8 0.088 924,856  0.6705 0.52  —44+68 0.50 2.0
1/8-1/4 0.161 488,752  0.2%08 0.63  —314108 0.94 2.0
East-West | 1/4-1/2 0.43 770,316  0.6703 0.48  —135+64 0.45 1.8
(SD1500) 1/2-1 0.70 2,388,467  0.5703 0.27 —99 +43 0.20 1.1
1-2 1.28 1,243,103  0.187937  0.35  —69 4 100 0.87 1.1
Rayleigh 2-4 2.48 283,074  0.5757 0.34 —11+55 0.34 1.4
(SD1500) 4-8 5.1 88,325  1.0707 0.61 69 + 46 0.23 2.6
8- 16 10.3 27,271 5.6712 1.1 97+12 23 x107° -
16 - 32 20.3 7,664 7.5723 2.1 80+17 1.5x1073 -
> 32 40 1,993 13735 4.1 152+19 5.3x1073 -
>8 11.5 36,928  6.0%09 0.94 98+9 14x107? -

Table 1. Equatorial dipole reconstruction in different energy bins. Indicated are the median energies in each bin Eyeq, number
of events N, amplitude of d, uncertainty o4, = o/{cosd) of the components d, or dy, right ascension phase, probability to
get a larger amplitude from fluctuations of an isotropic distribution and 99% CL upper limit on the amplitude.

For each energy bin, we report in Table 1 the number of events IV, the amplitude d,, the uncertainty o, , of
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the components d, or dy, the right ascension phase of the dipolar modulation ag4, the chance probability P(> d, )
and, when the measured amplitude has a probability larger than 1%, we also report the 99% CL upper limit on
the amplitude of the equatorial dipole dEL. The upper limits on the first-harmonic amplitude at a given confidence
level CL (CL = 0.99 for 99% CL) are derived from the distribution for a dipolar anisotropy of unknown amplitude,
marginalized over the dipole phase, requiring that

ot r 72+ 52 rs
/O dr gexp |:_M:| IO (;) = CL, (4)

with Iy(z) the zero-order modified Bessel function, s the measured amplitude and the dispersion being o = /2/N
for the Rayleigh analysis while 0 = (7w (cosd)/2(sin6)),/2/N for the East-West method. These bounds on the first-
harmonic amplitude are then converted into the corresponding upper limit for the amplitude of the equatorial dipole
using that dJ¥ = rYL'/(cos §). For the uncertainties in the phase, we use the two-dimensional distribution marginalized
instead over the dipole amplitude » (Linsley 1975). In Table 2 in the Appendix we also report the results obtained
above 2 EeV with the East-West method, which are consistent with those obtained with the Fourier analysis in Table 1
but have larger uncertainties.

Fig. 1 shows the equatorial dipole amplitude (left panel) and phase (right panel) that were determined in all the energy
bins considered, as reported in Table 1. Also shown are the results obtained by the IceCube, IceTop and KASCADE-
Grande experiments in the 1-30 PeV range (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration
2019). We also show the 99% CL upper limit dEL in the cases in which the measured amplitude has more than 1%
probability to be a fluctuation from an isotropic distribution. The results for the integral bin with £ > 8 EeV, that
was considered in The Pierre Auger Collaboration (2017a), is shown as a gray band.

A trend of increasing amplitudes for increasing energies is observed, with values going from d; ~ 0.1% at PeV
energies, to ~ 1% at EeV energies and reaching ~ 10% at 30 EeV. Regarding the phases, a transition between values
lying close to the right ascension of the Galactic center, oy ~ agc, towards values in a nearly opposite direction,
ag ~ 100°, is observed to take place around a few EeV.
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Figure 2. Components of the dipole in the equatorial plane for different energy bins above 0.25 EeV (left panel) and below
1 EeV (right panel). The horizontal axis corresponds to the component along the direction o = 0 while the vertical axis to that
along « = 90°. The radius of each circle corresponds to the 1o uncertainty in d, and dy. The Galactic center direction is also
indicated. The measurements from IceCube (IC) and IceTop (IT) at PeV energies are also indicated in the right panel (IceCube
Collaboration 2012, 2016).

The overall behavior of the amplitudes and phases in the d,—d, plane is depicted in Fig. 2. The left panel includes
the energies above 0.25 EeV while the right panel those below 1 EeV. In these plots, the right ascension o is the polar
angle, measured anti-clockwise from the x-axis (so that d, = d) cos oy and dy, = d sinay). The circles shown have a
radius equal to the 1o uncertainties o, , in the dipole components d, , (reported in the Table 1), effectively including
~ 39% of the two-dimensional confidence region. One can appreciate in this plot how the amplitudes decrease for
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decreasing energies, and how the phases change as a function of the energy, pointing almost in the opposite direction
of the Galactic center above 4 EeV and not far from it below 1 EeV.

The values of the anisotropy parameters obtained above are based, by construction, on the event content in the
energy intervals under scrutiny. The finite resolution on the energies induces bin-to-bin migration of events. Due
to the steepness of the energy spectrum, the migration happens especially from lower to higher energy bins. This
influences the energy dependence of the recovered parameters. However, given that the size of the energy bins chosen
here is much larger than the resolution, the migration of events remains small enough to avoid significant distortions
for the recovered values above full efficiency. For instance, given the energy resolution of the SD1500 array (Verzi
2019) and assuming a dipole amplitude scaling as E8, as was found in The Pierre Auger Collaboration (2018) to
approximately hold above 4 EeV, the impact of the migrations remains below an order of magnitude smaller than the
statistical uncertainties associated to the recovered parameters. In the energy range below full efficiency, additional
systematic effects enter into play on the energy estimate. We note that forward-folding simulations of the response
function effects into an injected anisotropy show that the recovered parameters are not impacted by more than their
current statistical uncertainties. A complete unfolding of these effects is left for future studies. It requires an accurate
knowledge of the response function of the SD arrays down to low energies, which is not available at the moment.

5. DISCUSSION AND CONCLUSIONS

We have updated the searches for anisotropies on large angular scales using the cosmic rays detected by the Pierre
Auger Observatory. The analysis covered more than three orders of magnitude in energy, including events with
FE > 0.03 EeV and hence encompassing the expected transition between Galactic and extragalactic origins of the cosmic
rays. This was achieved by studying the first-harmonic modulation in right ascension of the CR fluxes determined
with the SD1500 and the SD750 surface detector arrays. This allowed us to determine the equatorial component of a
dipolar modulation, d 1, or eventually to set strict upper-bounds on it.

For the inclusive bin above 8 EeV, the first-harmonic modulation in right ascension leads to an equatorial dipole
amplitude d, = 0.0GOfg:gég, which has a probability to arise by chance from an isotropic distribution of 1.4 x 1077,
corresponding to a two-sided Gaussian significance of 60. The phase of the maximum of this modulation is at
ag = 98°£9° indicating an extragalactic origin for these CRs. When splitting the bin above 8 EeV, as originally done
in The Pierre Auger Collaboration (2018), one finds indications of an increasing amplitude with increasing energies,
and the direction of the dipole suggests that it has an extragalactic origin in all the three bins considered. A growing
dipole amplitude for increasing energies could for instance be associated with the larger relative contribution to the
flux that arises at high energies from nearby sources, that are more anisotropically distributed than the integrated
flux from the distant ones. A suppression of the more isotropic contribution from distant sources is expected to result
from the strong attenuation of the CR flux that should take place at the highest energies as a consequence of their
interactions with the background radiation (Greisen 1966; Zatsepin & Kuzmin 1966).

At energies below 8 EeV, none of the amplitudes are significant, and we set 99% CL upper bounds on d_ at the level
of 1 to 3%. The phases measured in most of the bins below 1 EeV are not far from the direction towards the Galactic
center. All this suggests that the origin of these dipolar anisotropies changes from a predominantly Galactic one to an
extragalactic one somewhere in the range between 1 EeV and few EeV. The small size of the dipolar amplitudes in this
energy range, combined with the indications that the composition is relatively light (The Pierre Auger Collaboration
2014a), disfavor a predominant flux component of Galactic origin at E > 1 EeV (The Pierre Auger Collaboration
2013). Models of Galactic CRs relying on a mixed mass composition, with rigidity dependent spectra, have been
proposed to explain the knee (at ~ 4 PeV) and second-knee (at ~ 0.1 EeV) features in the spectrum (Candia et al.
2003). The predicted anisotropies depend on the details of the Galactic magnetic field model considered and, below
0.5 EeV, they are consistent with the upper bounds we obtained. An extrapolation of these models, considering that
there is no cutoff in the Galactic component, would predict dipolar anisotropies at the several percent level beyond
the EeV, in tension with the upper bounds in this range. The conflict is even stronger for Galactic models (Calvez
et al. 2010) having a light CR composition that extends up to the ankle energy (at ~ 5 EeV). The presence of a
more isotropic extragalactic component making a significant contribution already at EeV energies could dilute the
anisotropy of Galactic origin, so as to be consistent with the bounds obtained. Note that even if the extragalactic
component were completely isotropic in some reference frame, the motion of the Earth with respect to that system
could give rise to a dipolar anisotropy through the Compton-Getting effect (Compton & Getting 1935). For instance,
for a CR distribution that is isotropic in the CMB rest frame, the resulting Compton-Getting dipole amplitude would
be about 0.6% (Kachelriess & Serpico 2006). This amplitude depends on the relative velocity and on the CR spectral
slope, but not directly on the particle charge. The deflections of the extragalactic CRs caused by the Galactic magnetic
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field are expected to further reduce this amplitude, and also to generate higher harmonics, in a rigidity dependent way,
so that the exact predictions are model dependent. The Compton-Getting extragalactic contribution to the dipolar
anisotropy is hence below the upper limits obtained.

More data, as well as analyses exploiting the discrimination between the different cosmic-ray mass components that
will become feasible with the upgrade of the Pierre Auger Observatory currently being implemented (Castellina 2019),
will be crucial to understand in depth the origin of the cosmic rays at these energies and to learn how their anisotropies
are produced.
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APPENDIX

In Table 1 we report the amplitudes and probabilities obtained with the SD1500 array at the solar and antisidereal
frequencies, in all bins above 2 EeV for which the Rayleigh analysis was applied at the sidereal frequency. One can
see that all these amplitudes are consistent with being fluctuations, showing then no signs of remaining systematic
effects. We also report in Table 2 the equatorial dipole amplitudes and phases obtained with the East-West method
above 2 EeV, and compare them with the results for the same datasets that were obtained with the Rayleigh method
(reported in Table 1). The inferred equatorial dipole amplitudes turn out to be consistent, although the statistical
uncertainty obtained with the East-West method is larger by a factor m(cosd)/2(sin6) (Bonino et al. 2011). Given
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that above full trigger efficiency one has that (sin#) ~ 0.58 when considering § < 60°, as we do for F < 4 EeV, or
(sin@) ~ 0.65 when considering 6 < 80°, as we do for E > 4 EeV, and that (cosd) ~ 0.78 in both zenith ranges, the
statistical uncertainties obtained in the East-West analysis are larger by a factor of about 2.1 than those obtained
with the Rayleigh analysis for 8 < 60°, or by a factor of about 1.9 for 6 < 80°, as can be seen in Table 2.

solar antisidereal

E [EeV] N r% PC>r)| r% P(>r)
2-4 283,074 | 06105  0.07 |0.5%53 020
4-8 88325 [0.8T05 024 | 05735 059
8§-16 27,271 | 0.675% 079 [05%57  0.83
16-32 7,664 |1.1725 079 |31} 0.6
> 32 1,993 | 15784 090 | 1.3745  0.92
>8 36,928 | 03555 093 | 10705 039

Table 1. Fourier amplitudes at the solar and antisidereal frequencies, and the probabilities to get larger values from statistical
fluctuations of an isotropic distribution, for the different energy bins above 2 EeV.

East-West (SD1500) Rayleigh (SD1500)
E[BeV] N | di[% 0wy %  d)] P(>dy) | di (%] 0wy [%]  aal’]
2-4 283,074 | 02753 072 —16+167 0.94 05753 034  —11455
4-8 88325 | 1.7H3 1.1 41 + 38 0.33 Loty T 061 69 + 46
8§-16 27271 | 64732 21 147418 83 x107% | 56717 1.1 97 4 12
16-32 7,664 | 9.3%%5 3.9 67+24 58x1072 | 7523 2.1 80+ 17
> 32 1,993 | 25%7 7.6 151417  4.1x107% | 1315 4.1 152 4 19
>8 36,928 | 6.67%0 1.8 132415 86x107* | 6.0705 094 9849

Table 2. Equatorial dipole reconstruction above 2 EeV obtained using the East-West method. Indicated are the number of
events, amplitude of d, uncertainty o4,y = o/{cosd) of the components d, or dy, right ascension phase aq and probability
P(> d.) to get a larger amplitude from fluctuations of an isotropic distribution. For comparison we also include in the last two
columns the values of d; and aq that were obtained in the Rayleigh analysis (reported in Table 1).
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