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Performance and operation of the Surface Detector of the Pierre

Auger Observatory

T. Suomijärvi ∗ for the Pierre Auger Collaboration †

∗Institut de Physique Nucleaire, Université Paris-Sud, IN2P3-CNRS, Orsay, France
†Observatorio Pierre Auger, Av. San Martı́n Norte 304, (5613) Malargüe, Argentina

Abstract. The Surface Array of the Pierre Auger

Observatory consists of 1660 water Cherenkov detec-

tors that sample at the ground the charged particles

and photons of air showers initiated by energetic cos-

mic rays. The construction of the array in Malargüe,

Argentina is now complete. A large fraction of the

detectors have been operational for more than five

years. Each detector records data locally with timing

obtained from GPS units and power from solar

panels and batteries. In this paper, the performance

and the operation of the array are discussed. We

emphasise the accuracy of the signal measurement,

the stability of the triggering, the performance of

the solar power system and other hardware, and the

long-term purity of the water.

Keywords: Detector performance, Surface Detector,

Pierre Auger Observatory

I. INTRODUCTION

The Surface Detector (SD) of the Pierre Auger Ob-

servatory is composed of Water Cherenkov Detectors

(WCD) extending over an area of 3000 km2 with 1500 m

spacing between detectors. In addition to the detectors

in the regular array, some locations of the array were

equipped with two and three nearby detectors, placed

at ∼10 meters from each other. These ”twins” and

”triplets” provide a very useful testbench for studies

of signal fluctuation, timing resolution and energy and

angular reconstruction precision. Combined with the

HEAT telescopes and the AMIGA muon detector array,

a denser array of WCD with detector spacing of 750 m

has also been deployed. The total number of detector

stations is 1660. The hardware of the surface detector is

described extensively in [1], [2].

Installation of detectors started in 2002 and the Ob-

servatory has been collecting stable data since January

2004. The construction was completed in June 2008.

Figure 1 shows the current status of the array.

The Observatory has been running now with its full

configuration for nearly one year and its commissioning

is completed. The failure rates of various components

have been assessed and the Surface Detector is now

entering into a regular long term operation and main-

tenance phase. Some detectors have been operational

already for more than 8 years which permits the study

of their long term performance. In this paper, after a

short description of the Surface Detector, the detector

response and uniformity, its acceptance and long-term

Fig. 1: Current deployment status of the array. Tanks

within the shaded area are filled with water and in

operation.

performance, and finally its operation and maintenance

are discussed.

II. DESCRIPTION OF THE SURFACE DETECTOR

Each WCD consists of a 3.6 m diameter water tank

containing a Tyvek R© liner for uniform reflection of

the Cherenkov light. The liner contains 12,000 l of

ultra-high purity water with resitivity typically higher

than 5 MΩ.cm. Three nine-inch-diameter photomulti-

plier tubes (PMTs) are symmetrically distributed at a

distance of 1.20 m from the center of the tank and

look downwards through windows of clear polyethylene

into the water to collect the Cherenkov light produced

by the passage of relativistic charged particles through

the water. The water height of 1.2 m makes it also

sensitive to high energy photons, which convert in the

water volume. A solar power system provides an average

of 10 W for the PMTs and the electronics package

consisting of a processor, GPS receiver, radio transceiver

and power controller.

The signals produced by the Cherenkov light are read

out by three large 9” XP1805 Photonis photomultipliers.

The PMTs are equipped with a resistive divider base

having two outputs: anode and amplified last dynode [3].

This provides a large dynamic range, totaling 15 bits,

SD measures only
tail of shower

mirror

fluorescence
light

Xmax
State-of-the-art: FD
Energy, direction & particle type
Xmax using fluorescence light 
s(Xmax) = 20 g/cm2

Only in dark nights
10% duty cycle

camera
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Status of AugerPrime

Jörg R. Hörandel - RD status - March 2023

Many RD items are already in Malargüe:  

•solar panels - 2000 units
•antenna arms - 6800 parts
• ropes (6 km) and tensioners for the mast
•Al tubes for frame - 13600 parts
•Al plates and antenna foot - 8500 parts
•small parts, u-bolts, nuts, screws, … ~400000 pieces
•housings for digitizers - 2000
•pigtail cables for the LNA - 4000
•housings for LNAs and bottom loads - 12000 parts
•glass fiber antenna masts - 1700
• ferrites - 8500
•mounting brackets for solar panels - 3400 pieces
•L-ground bracket inside the dome - 1700 pieces
•bottom load PCBs - 2000 pieces
•signal cables inside mast - 3400 cables
•fixtures to assemble ferrites - 24 units

9

Pierre Auger Observatory – Radio Detector

PRR electrical components

Production Readiness Review – Radio Detector
Electrical components

Roy Bakker, Peter Dolron, Tomas Fodran, Ugo Giaccari, Jörg R. Hörandel, Tim Huege, Roel
Jordans, Julian Rautenberg, Sjoerd Timmer — January 21, 2022

1 RD PRR

Objective of the Production Readiness Review (PRR) is, according to the Project Management
Plan:

6.4 Production Readiness Reviews
Subsequent to the Critical Design Review and before fabrication of components is started, a
Production Readiness Review is held (at the production site if practical). The review covers work
procedures, the quality plan, tooling readiness, packaging, shipping and production schedule.

Al arms of antenna

glass fiber 
antenna mast

ropes and tensioners

Al tubes of frame

Al plates of frame

LNA housing

bottom load housing

Figure 1: Schematic view of an RD station.
The main components are identified.

The PRR for the RD has been split in two parts:
1 – mechanical parts and 2 – electrical components.
The PRR for the mechanical parts has been suc-
cessfully completed in spring 2021 and most of the
mechanical parts have been delivered to the Ob-
servatory already. The remaining mechanical parts
are in production and will be shipped to the Ob-
servatory in April 2022.

The figure illustrates the set-up of an upgraded sta-
tion of the Pierre Auger Surface Detector.

In particular, already in Malargüe are:
– the antenna arms (the circular structures),
– ropes and tensioners for the mast,
– the AL tubes of the frame,
– the Al plates, including the antenna foot,
– various small parts, like u-bolts, nuts, etc,
– the housing of the digitizers (inside the dome),
– pigtail cables for the LNAs.

Currently in production are:
– the housings of the LNA and the bottom
load,
– the glass fiber antenna mast,
– the mounting brackets for the solar pan-
els,
– the L-ground bracket inside the dome.

v0.1 – January 21, 2022 1
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important step for RD: Mass deployment has started!
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AugerPrime - Data

Universe 2022, 8, 579 7 of 20

Figure 4. (Top left) scatter plot of Xmax and Fµ, i.e., the observables used in the hybrid search for
photons using air-shower universality, for simulated primary photons (blue) and protons (red); The
contour lines enclose 90%, 50% and 10%, respectively, of the events. (Top right) distributions of the
Fisher discriminant f for simulated primary photons (signal, blue) and protons (background, red),
and for the burnt sample (black); the dashed red line marks the tail of the proton distribution; the
dashed blue line indicates the median of the photon distribution. (Bottom) the tail of the distribution
of f for the hybrid data sample (black dots); the dashed line represents the photon-candidate cut; the
shaded blue regions show the 1s, 2s and 3s uncertainty bands for background expectation. For more
details, see [24].

4.3. Search for Photons above 1019 eV with the Surface Detector of the Pierre Auger Observatory
In the energy range above 1019 eV, UHE photons are searched for among the data

collected with the 1500 m SD array of the Pierre Auger Observatory [25]. While the photon
search using SD-only data can profit from the large exposure due to the high duty cycle
of the SD, the lack of a corresponding fluorescence measurement for the bulk of the data
poses some challenges. For example, there is no direct measurement of Xmax available.
Additionally, the primary energy can only be accessed indirectly, using S(1000)—the
interpolated signal in the SD stations at a perpendicular distance of 1000 m from the shower
axis—as a proxy.

Two observables are used in this analysis, one related to the thickness of the shower
front at ground and one based on the steepness of the lateral distribution. These two
properties of an air shower depend on the type of the primary particle initiating the shower,
hence they can be used for photon–hadron separation. The first observable, D, is based
on the risetime t1/2 in the individual SD stations, which is defined as the time at which
the integrated signal in the measured time trace rises from 10% to 50% of its total value.
For showers of the same primary energy and zenith angle, t1/2 is expected to be larger for

Example of rich information in data of Phase II

29
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Highlight Results – Energy Spectrum
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Combined spectrum – systematic uncertainty

PRELIMINARY

Energy spectrum (ii)
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Combined spectrum

likelihood of combination fit = exposure shifts x energy calibration shifts x forward-folding

description of data sets by model

fit function:
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horizon and zenith at the observatory site to define the local
zenithal and azimuth angles ðθ;φÞ. Alternatively, we can
make use of the fixed equatorial coordinates, right ascen-
sion and declination ðα; δÞ, aligned with the equator and
poles of the Earth, for the same purpose. The wide range of
declinations covered by using events with zenith angles up
to 60°, from δ ¼ −90° to δ ≃þ24.8° (covering 71% of the
sky), allows a search for dependencies of the energy
spectrum on declination. We present below the determi-
nation of the energy spectrum in three declination bands
and discuss the results.
For each declination band under consideration, labelled

as k, the energy spectrum is estimated as

Jik ¼
Nikcik
EkΔEi

; ð10Þ

where Nik and cik stand for the number of events and the
correction factors in the energy bin ΔEi and in the
declination band considered k, and Ek is the exposure
restricted to the declination band k. For this study, the
observed part of the sky is divided into declination bands
with equal exposure, Ek ¼ E=3. The correction factors are
inferred from a forward-folding procedure identical to
that described in Sec. IV, except that the response matrix
is adapted to each declination band (for details see
Appendix C).
The intervals in declination that guarantee that the

exposure of the bands are each E=3 are determined by
integrating the directional exposure function, ωðδÞ, derived
in Appendix E, over the declination so as to satisfy

R δk
δk−1

dδ cos δωðδÞ
R δ3
δ0
dδ cos δωðδÞ

¼ 1

3
; ð11Þ

where δ0 ¼ −π=2 and δ3 ¼ þ24.8°. Numerically, it is
found that δ1 ¼ −42.5° and δ2 ¼ −17.3°.
The resulting spectra (scaled by E3) are shown in the left

panel of Fig. 13. For reference, the best fit of the spectrum
obtained in section IV B is shown as the black line. No
strong dependence of the fluxes on declination is observed.
To examine small differences, a ratio plot is shown in the

right panel by taking the energy spectrum observed in the
whole field of view as the reference. A weighted-average
over wider energy bins is performed to avoid large
statistical fluctuations preventing an accurate visual appre-
ciation. For each energy, the data points are observed to be
in statistical agreement with each other. Note that the same
conclusions hold when analyzing data in terms of integral
intensities, as evidenced for instance in Table IV above
8 × 1018 eV. Similar statistical agreements are found above
other energy thresholds. Hence this analysis provides no
evidence for a strong declination dependence of the energy
spectrum.
A 4.6% first-harmonic variation in the flux in right

ascension has been observed in the energy bins above
8 × 1018 eV shown in the right panel of Fig. 13 [47]. It is
thus worth relating the data points reported here to these
measurements that are interpreted as dipole anisotropies.
The technical details to establish these relationships are
given in Appendix E.

TABLE IV. Integral intensity above 8 × 1018 eV in the three
declination bands considered.

Declination band Integral intensity [km−2 yr−1 sr−1]

−90.0° ≤ δ < −42.5° ð4.17% 0.04Þ × 10−1

−42.5° ≤ δ < −17.3° ð4.11% 0.04Þ × 10−1

−17.3° ≤ δ < þ24.8° ð4.11% 0.04Þ × 10−1

 [eV]E
1910 2010

]2
 eV-1

 sr-1
 yr-2

 [k
m

3 E
)E(J

3710

3810

3710

101910 2010

full f.o.v. fit
o  <-42.5o-90.0
o  <-17.3o-42.5
o  <+24.8o-17.3

 [eV]E
1910 2010

(E
)/J

(E
)

J

0.9

1

1.1

 <-42.5-90.0
 <-17.3-42.5
 <+24.8-17.3

FIG. 13. Left: Energy spectra in three declination bands of equal exposure. Right: Ratio of the declination-band spectra to that of the
full field-of-view. The horizontal lines show the expectation from the observed dipole [47]. An artificial shift of %5% is applied to the
energies in the x-axis of the northernmost/southernmost declination spectra to make it easier to identify the different data points.
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Declination dependence of spectrum
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Lines: Expectation from observed dipole
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The quest for UHECR origins 
Auger, PRL (2020)

Ultra-high energy cosmic rays (UHECR)
Long thought to be of extragalactic origin > 5 EeV (0.8 J!), marking the ankle

Observed spectral features: instep at 10-15 EeV, toe at 40-50 EeV
→ markers of Peters cycle (acceleration) and UHECR horizon (propagation) 
     based on joint spectral-composition modeling

Spectral and composition observables integrated over the sphere  
→ help constrain source distance distribution & source escape spectrum

Anisotropy observables 
→ break down the flux (and composition) vs arrival direction: pinpoint sources?

Credits: Jorge Cham & Daniel Whiteson
2

Phys. Rev. Lett. 125 (2020) 121106 
Phys. Rev. D102 (2020) 062005 
Eur. Phys. J. C81 (2021) 966 

Auger 2021, preliminary

Uncertainty dominated by 14% sys. energy scale
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Highlight Results – Mass Composition
Mass composition results (i)

10
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Fluorescence – Standard technique

4/13/23 Nikhef SAC 10



Highlight Results – Mass Composition
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Highlight Results - Anisotropy

Anisotropy on large angular scales – dipole

23

Large-scale and multipolar anisotropies at the Pierre Auger Observatory R. M. de Almeida

⇢ (EeV) # 3? 3I 3 U3 [�] X3 [�] P(� AU1 )
4-8 106, 290 0.01+0.006

�0.004 �0.012 ± 0.008 0.016+0.008
�0.005 97 ± 29 �48+23

�22 1.4 ⇥ 10�1

8-16 32, 794 0.055+0.011
�0.009 �0.03 ± 0.01 0.063+0.013

�0.009 95 ± 10 �28+12
�13 3.1 ⇥ 10�7

16-32 9, 156 0.072+0.021
�0.016 �0.07 ± 0.03 0.10+0.03

�0.02 81 ± 15 �43+14
�14 7.5 ⇥ 10�4

�8 44, 398 0.059+0.009
�0.008 �0.042 ± 0.013 0.073+0.011

�0.009 95 ± 8 �36+9
�9 5.1 ⇥ 10�11

�32 2, 448 0.11+0.04
�0.03 �0.12 ± 0.05 0.16+0.05

�0.04 139 ± 19 �47+16
�15 1.0 ⇥ 10�2

Table 1: 3D dipole reconstruction. Shown are the number of events # , dipole components in the equatorial
plane 3? and along the rotation axis of the Earth 3I , the total 3D amplitude 3, dipole direction (U3 , X3) and
the probability to get a larger amplitude of AU1 from fluctuations of an isotropic distribution.
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Figure 1: Left panel:. Distribution of the normalized rate of events with energy above 8 EeV as a function
of the right ascension. The first-harmonic modulation obtained through the Rayleigh analysis is shown by a
black solid line. Right panel: Map of the flux of cosmic rays above 8 EeV in equatorial coordinates averaged
on top-hat windows of 45� radius. The location of the Galactic plane is shown with a dashed line and the
Galactic center is indicated with a star.

bin, averaged on top-hat windows of 45� radius is presented in the right panel of the same figure83

in equatorial coordinates. The dipole direction points ⇠ 115� away from the direction of the84

Galactic centre indicating an extragalactic origin for these cosmic rays, in agreement with previous85

publications [6, 7].86

The dipole amplitudes as a function of energy are presented in the left panel of Fig. 2. The87

evolution can be described as done in [6] by 3 = 310(⇢/10 EeV)V with 310 = 0.050 ± 0.007 and88

V = 0.98 ± 0.15. The reconstructed direction of the dipolar anisotropy for the di�erent energy bins89

is shown in the right panel of Fig.2 with corresponding 68% C.L. contours of equal probability per90

unit solid angle, marginalized over the dipole amplitude. There is no clear trend in the change of91

the dipole direction as a function of energy considering the present accuracy. The growth of the92

dipole amplitude as a function of energy can be a consequence of the larger relative contribution93

from nearby sources to the flux at higher energies with respect to the integrated flux from the94

more distant and isotropically distributed sources [10–18]. This suppression in the flux of sources95

at larges distances is expected to result from the interaction of UHECRs with the background96

radiation [19, 20]. Interpretation of the reconstructed dipole directions for the di�erent energy97

bins requires taking into account the magnetic deflections of the particles during their trajectory98
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Dipole reconstruction

5No clear trend in the evolution of dipole direction with energy 

Galactic coordinates

Corresponds to 6.6\

was 1.4 × 10EX (ApJ 2020) and 
2.6 ×10E[ (Science 2017)

3

Figure 1. Left above: The density field of the local universe derived from CosmicFlow-2 (Hoffman et al. 2018) in Super-
galactic coordinates; a 3D interactive view is available at [https://sketchfab.com/3d-models/quasi-linear-construction-of-the-density-field-
91448f58ed5b4a30b5dc270a34fb4352] Left below: The intensity map of the flux illuminating the Galaxy � 8 EeV, for sources following
the CosmicFlow-2 density field using the Eq. 1, “d90”, treatment; the pattern is virtually identical for the sharp-horizon treatment, but with
maximum relative flux =1.47 instead of 1.67 as in “d90”. The direction of the dipole component is not far from the CMB dipole. Right panels:
The colored lines are the percentage contribution to the observed UHECR flux coming from the indicated distance bins, as a function of energy,
for the parameters of the best-fitting d90 (above) and sharp-horizon SH* (below) models detailed in Table 1. The dots represent the average
over the energy bin indicated at the top. The actual calculation uses 1 Mpc bins in distance and 0.1 bins in log10(E).

discussed in Table 1; the meaning should be clear in context.)
Even if the source spectrum were known, Eq. 1 is not an ex-
act description because the energy loss rate evolves during
evolution as the composition and energy change. Moreover
the d90(A, E) values available in the literature are integrated
above a threshold rather than applying to a bin of energy.
A future more accurate treatment needs to take this into ac-
count as well as taking the source spectrum as an unknown
to be self-consistently fit.

We explore the possible spreading of the source images
and reduction in horizon due to diffusion in the EGMF, us-
ing the sharp-horizon treatment. We adopt the simplest hy-
pothesis that the universe is filled with homogeneous and
isotropic turbulent magnetic fields. While the turbulence
level of the EGMF is still unknown, upper limits obtained by
various measurements or arguments exist (Durrer & Neronov
2013). We adopt a Kolmogorov spectrum and – to fully

cover the possible parameter space – we consider rms ran-
dom field strength 0.08  BEG  10 nG and coherence
length 0.08  �EG  0.5 Mpc. The diffusion coefficient,
DEG, and indeed all magnetic deflections, depends on rigid-
ity, E/Z; in the relevant rigidity domain, DEG is proportional
to
⇣
E/ZBEG�0.5

EG

⌘2
(Globus et al. 2008). The intensity profile

of a single source depends on the diffusion coefficient and on
the distance to the source; it is calculated by a method fol-
lowing the diffusion of light in scattering media, that allows
to take into account the transition between quasi-linear and
diffusive regimes, as detailed in Appendix A.

For a given assumed EGMF, composition and energy, and
adopting either the sharp-horizon or d90 attenuation, we cal-
culate the weight of a 1-Mpc-thick shell of matter at dis-
tance z in the total observed CR flux at the given (A, E). The
final illumination map for that (A, E) and attenuation model
is then the weighted sum of the surface mass density in each

Fundamental observation: 
non-trivial interplay of 
- mass composition, 
- magnetic horizon and 
- local source distribution

(Ding, Globus & Farrar 2101.04564) (Harari, Mollerach, Roulet PRD92 (2015) 06314)

6.6 s

p ⇠ 5⇥10�11
Exposure until end of 2020 (θ < 80°): 110,000 km2 sr yr

12 The Pierre Auger Collaboration
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Figure 6. Comparison of the dipole amplitude as a function of energy with predictions from models (Harari et al. 2015) with

mixed composition and a source density ⇢ = 10
�4

Mpc
�3

. Cosmic rays are propagated in an isotropic turbulent extragalactic

magnetic field with rms amplitude of 1 nG and a Kolmogorov spectrum with coherence length equal to 1 Mpc (with the results

having only mild dependence on the magnetic-field strength adopted). The gray line indicates the mean value for simulations

with uniformly distributed sources, while the blue one shows the mean value for realizations with sources distributed as the

galaxies in the 2MRS catalog. The bands represent the dispersion for di↵erent realizations of the source distribution. The steps

observed reflect the rigidity cuto↵ of the di↵erent mass components.

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. 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,
the dipole amplitude turns out to be at the level of few percent at E ⇠ 10 EeV, both for scenarios with light (Harari
et al. 2014) and with mixed CR compositions (Harari et al. 2015). A density of sources smaller by a factor of ten leads
on average to a dipolar amplitude larger by approximately a factor of two. An enhanced anisotropy could result if the
sources were to follow the inhomogeneous distribution of the local galaxies, with a dipole amplitude larger by a factor
of about two with respect to the case of a uniform distribution of the same source density. The expected behavior is
exemplified in Figure 6 where we have included the observed dipole amplitude values together with the predictions
from Harari et al. (2015) for a scenario with five representative mass components (H, He, C, Si and Fe) having an E�2

spectrum with a sharp rigidity cuto↵ at 6 EV and adopting a source density ⇢ = 10�4 Mpc�3 (ignoring the e↵ects of
the Galactic magnetic field). The data show indications of a growth in the amplitude with increasing energy that is
similar to the one obtained in the models. Note that this kind of scenario is also in line with the composition favored
by Pierre Auger Observatory data (The Pierre Auger Collaboration 2017c).
Regarding the direction of the dipolar modulation, it is important to take into account the e↵ect of the Galactic

magnetic field on the trajectories of extragalactic cosmic rays reaching the Earth.4 The facts that the Galactic magnetic

4 These deflections can not only lead to a significant change in the dipole direction and in its amplitude, but they also generate some
higher order harmonics even if pure dipolar modulation is only present outside the Galaxy (Harari et al. 2010).

p He
CNO

Si
Fe

ApJ 868 (2018) 1
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Anisotropy searches at highest energies – catalogs

24

UHECR sky > 32 EeV from the Pierre Auger Observatory

M83

Cen A

NGC 4945

Anisotropy search in the toe region with Auger phase 1 data spanning 2004-2020 (17 years!)
~4σ from search in Centaurus region, confirmed by catalog-based searches.

Largest signal from starburst galaxies but no compelling evidence for catalog preference

For all these searches: most significant signal at Eth = 38-41 EeV on top-hat scale 𝚿 = 23-27° with signal fraction α = 5-15%

Evolution of signal: compatible with linear growth within expected variance, 5σ reach expected in 2025-30 

Most important evidence for UHECR anisotropy around the toe from a single observatory → UHECR source ID is near?

Jonathan Biteau – ICRC 2021 / CR Anisotropies – 2021.07.15

A
pJL 2018

IC
R

C
 2019
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C
 2019

A
pJL 2018

Catalog-based searches

8

Best-fit parameters and threshold energy
Fit of attenuated flux pattern + isotropy to data with variable signal fraction and smoothing scale above Eth = {32, 33, …, 80} EeV 
For all four catalogs: most significant signal at Eth = 38-41 EeV on top-hat scale 𝚿 = 23-27° with signal fraction α = 6-15%
Post-trial deviation from isotropy: from 3.1σ (jetted AGN) up to 4.0σ (starbursts). 

Evolution of signal with exposure
Starbursts significance: 4.0σ in ApJL 2018, 4.5σ at ICRC2019 (similar α, 𝚿 above 38-41 EeV). 
Compatible with linear growth within expected variance 

Stronger a priori: the Centaurus region

Motivation 
Early-day flagging of Centaurus region (7% current exposure)  

Crowded area in the Council of Giants (3-6 Mpc)

Method & Result
Direction fixed to that of Cen A, free Eth and 𝚿 

Eth > 41 EeV, 𝚿 = 27°: 3.9σ post-trial deviation from isotropy (5% excess)

20°

M83

Cen A

NGC 4945

Auger, Science 2007

6

UHECR sky > 32 EeV viewed from the Pierre Auger Observatory Jonathan Biteau

Catalog ⇢th [EeV]  [deg] U [%] TS Post-trial ?-value
All galaxies (IR) 40 24+16

�8 15+10
�6 18.2 6.7 ⇥ 10�4

Starbursts (radio) 38 25+11
�7 9+6

�4 24.8 3.1 ⇥ 10�5

All AGNs (X-rays) 41 27+14
�9 8+5

�4 19.3 4.0 ⇥ 10�4

Jetted AGNs (W-rays) 40 23+9
�8 6+4

�3 17.3 1.0 ⇥ 10�3

Table 2: The results of the searches for anisotropies against catalogs. The second to fourth columns provide
the threshold energy, the equivalent top-hat radius and the signal fraction maximizing the local TS, or
post-trial ?-value, shown in the fifth and sixth columns.

on the analysis results. The catalogs are fully complementary: 2MASS infrared observations of
“all” galaxies provide, through stellar mass, a deep view on integrated star-formation activity; radio
observations of bright starburst galaxies provide a more instantaneous view on ongoing starforming
activity; X-ray observations provide a census of “all” active galaxies, be they jetted or non-jetted;
W-ray observations finally focus on a sub-sample of jetted active galaxies.

To determine whether the flux patterns from these catalogs contribute to the anisotropy in the
toe region, we perform an unbinned maximum-likelihood ratio test [8] between the null hypothesis,
isotropy, and the test hypothesis, that is a catalog contribution added to an isotropic component,
where both hypotheses account for the exposure of the Observatory. The flux of each source is
weighted according to the UHECR attenuation expected from the best-fit model of the spectral and
composition data from [13]. The overall UHECR flux contribution of the catalog is normalized to
a free amplitude U (that of the isotropic component is 1-U) and the catalog flux pattern is smoothed
with a Fisher - von Mises function on a Gaussian angular scale, \. The local test statistic, TS,
corresponding to the maximum likelihood ratio is shown as a function of energy threshold in Fig. 2,
right. The TS profiles of the catalogs display an energy dependence similar to that observed in
the Centaurus region, obtained by profiling the pre-trial ?-value in Fig. 2, left, and penalizing for
the scan over the angular scale. As reported in Table 2, the signal is maximal for all four catalogs
above an energy threshold close to 40 EeV. For the sake of comparison with other results, the best-fit
Gaussian angular scales are converted to equivalent top-hat radii as  = 1.59⇥ \ [17], with best-fit
values at  ⇡ 25�. The signal fractions range from 6 to 15%. The local TS range between 17 and
25, yielding post-trial ?-values between 10�3 (3.1f) and 3 ⇥ 10�5 (4.0f), accounting for the scan
in energy threshold and the two free parameters (U, \).

Although similar parameters are inferred for the four catalogs, the TS and corresponding
post-trial ?-values show marked di�erences. A quantitative comparison between the catalogs is
performed, as in [8], by testing a composite model including contributions from catalog #1 and
catalog #2 against a model including a contribution from catalog #1 only. A W-ray only, X-ray
only, or IR only contribution is disfavored with respect to a composite model including a radio
contribution from starburst galaxies above 38 � 41 EeV at confidence levels varying between 2
and 3f. While there is no significant indication for a preferred catalog, such di�erences can be
qualitatively understood from a comparison of the observed flux map shown in Fig. 1 with the best-
fit flux models shown in Fig. 3. The X-ray and W-ray models of all and jetted AGNs are dominated
by a contribution from Centaurus A, with additional mild contributions close to the edge of the
FoV from NGC 4151 (so-called “Eye of Sauron”) for the former and from the blazar Markarian 421
and the radio-galaxy NGC 1275 for the latter. The possible mild excess south of the edge of the

6

A closer look at the catalog-based models

Which UHECR overdensities do the models grasp?
Centaurus region in all models (M83 + Cen A + NGC 4945 at ~4 Mpc)

Galactic-South-pole tepid spot in starburst model (NGC 253 at ~4 Mpc)

No hotspot at (l,b) ~ (280°,75°) from IR model (Virgo cluster at ~16 Mpc)

Observed > 41 EeV

Best-fit models > 38-41 EeV 

9

Disclaimer: qualitative comparison
Starbursts + IR/X-ray/ɣ-ray vs IR/X-ray/ɣ-ray

yield only mild (2-3σ) preference for starbursts

Model flux map

All data until end of 2020, optimized quality cuts: 120,000 km2 sr yr

4.0s

3.1s

Growth of test statistic (TS) compatible with linear increase 
Discovery threshold of 5σ expected in 2025 – 2030 (Phase II) 
Other means to increase sensitivity (Auger 85% sky coverage)

(Auger, ApJ 935 (2022) 170)

Highlight Results - Anisotropy
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AugerPrime

• The international agreement on Auger runs until 2025. 
• In order to fully benefit from our investments, it needs prolongation
• In November Auger will be evaluated by an external scientific panel, 

appointed by the finance board
• We hope (expect) to be able to run the Observatory well into the 

2030s
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GCOS 
The Global Cosmic Ray Observatory

GCOS homepage: http://particle.astro.ru.nl/gcos

Multi-messenger astroparticle physics beyond 2030
protons, nuclei, gamma rays, neutrinos, (gravitational waves)

World-wide initiative to build next-generation CR observatory

upcoming workshop, Brussel, June 2023: https://indico.iihe.ac.be/event/1729/

200 km

20
0 

km

40000 km2

3000 km2

Telescope Array 
TAx4

Pierre Auger Observatory
Pierre Auger observatory 3000 km2

Haverah Park 12 km2

AGASA 100 km2

Telescope Array 700 km2

TAx4 2800 km2

Volcano Ranch 8 km2

At present working to define precise science case and detector layout, aiming at least for two sites 
(northern and southern hemisphere), covering at least 50 000 km2

nested water Cherenkov 
detector

layered water Cherenkov 
detector

Discussing different detection 
concepts, like segmented water 
Cherenkov detectors combined with 
radio antennas,
complemented by fluorescence 
detectors

Next Generation:
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Next Generation: GRAND

• Delays due to COVID and 
travel restrictions
• Refocus Prototyping:

• Fully develop a site in the 
Northern Hemisphere (China) 
AND in the southern 
hemisphere (Argentina) 

• Create a working engineering 
setup in Europe (France)
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Next Generation: GRAND

First hardware deployed and firs
t data arriving from China and Argentina
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Status Nikhef Cosmic Ray Programme

• The AugerPrime installation is well underway and first data is 
promising
• The Auger results are getting close to establishing “small scale” 

anisotropies, AugerPrime will make a significant impact here
• Radio is a mature addition to AugerPrime
• AERA is able to contribute significantly to the Auger physics output
• GRAND prototypes are coming online
• We have been able to profit significantly from sectorplan money for 

new graduate students in Nijmegen
• The new hire by Nikhef will hopefully appear soon
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