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Astroparticle Physics
2021/22

1. Historical introduction - basic properties of cosmic rays
2. Hadronic interactions and accelerator data
3. Cascade equations
4. Electromagnetic cascades
5. Extensive air showers
6. Detectors for extensive air showers
7. High-energy cosmic rays and the knee in the energy spectrum of 

cosmic rays
8. Radio detection of extensive air showers
9. Acceleration, Astrophysical accelerators and beam dumps
10. Extragalactic propagation of cosmic rays
11. Ultra-high-energy energy cosmic rays
12. Astrophysical gamma rays and neutrinos
13. Neutrino astronomy
14. Gamma-ray astronomy
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galactic  
cosmic rays

extragalactic  
cosmic rays

3.6 pc 360 pcr= 36 kpc0.04 pc

Radius of particle in 
magnetic field

r[pc]=1.08* E [PeV]
B [µG]

Cosmic rays
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Energy content of extragalactic 
cosmic rays

P=5.5 1037 erg/(s Mpc3)

total power

! ~2 1044 erg/s per active galaxy

! ~2 1052 erg/s per cosmol. GRB
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S1000 Esurface = f (S1000, θ)

Hybrid Detection of Air ShowersHybrid Detection of Air Showers

[6 of 30]

Measuring air showers with multiple 
techniques

6

FIG. 1. Top: Energy fluence for an extensive air shower with
an energy of 4.4⇥ 1017 eV, and a zenith angle of 25� as mea-
sured in individual AERA radio detectors (circles filled with
color corresponding to the measured value) and fitted with
the azimuthally asymmetric, two-dimensional signal distribu-
tion function (background color). Both, radio detectors with
a detected signal (data) and below detection threshold (sub-
threshold) participate in the fit. The fit is performed in the
plane perpendicular to the shower axis, with the x-axis ori-
ented along the direction of the Lorentz force for charged par-
ticles propagating along the shower axis ~v in the geomagnetic
field ~B. The best-fitting impact point of the air shower is
at the origin of the plot, slightly o↵set from the one recon-
structed with the Auger surface detector (core (SD)). Bottom:
Representation of the same data and fitted two-dimensional
signal distribution as a function of distance from the shower
axis. The colored and black squares denote the energy flu-
ence measurements, gray squares represent radio detectors
with signal below threshold. For the three data points with
the highest energy fluence, the one-dimensional projection of
the two-dimensional signal distribution fit onto lines connect-
ing the best-fitting impact point of the air shower with the
corresponding radio detector positions is illustrated with col-
ored lines. This demonstrates the azimuthal asymmetry and
complexity of the two-dimensional signal distribution func-
tion. The inset figure illustrates the polar angles of the three
projections. The distribution of the residuals (data versus fit)
is shown as well.

FIG. 2. Correlation between the normalized radiation energy
and the cosmic-ray energy ECR as determined by the Auger
surface detector. Open circles represent air showers with radio
signals detected in three or four radio detectors. Filled circles
denote showers with five or more detected radio signals.

all events in the data set presented here.
In Fig. 2, the value of EAuger

30�80MHz
/ sin2(↵) for each

measured air shower is plotted as a function of the
cosmic-ray energy measured with the Auger surface de-
tector. A log-likelihood fit taking into account threshold
e↵ects, measurement uncertainties and the steeply falling
cosmic-ray energy spectrum [33] shows that the data can
be described well with the power law

EAuger

30�80MHz
/ sin2(↵) = A ⇥ 107 eV (ECR/1018 eV)B . (1)

The result of the fit yields A = 1.58 ± 0.07 and B =
1.98 ± 0.04. For a cosmic ray with an energy of 1EeV
arriving perpendicularly to the Earth’s magnetic field at
the Pierre Auger Observatory, the radiation energy thus
amounts to 15.8MeV, a minute fraction of the energy of
the primary particle. The observed quadratic scaling is
expected for coherent radio emission, for which ampli-
tudes scale linearly and thus the radiated energy scales
quadratically.

Taking into account the energy- and zenith-dependent
uncertainty of ECR, the resolution of EAuger

30�80MHz
/ sin2(↵)

is determined from the scatter of points in Fig. 2. It
amounts to 22% for the full data set. Performing this
analysis for the high-quality subset of events with a suc-
cessful radio detection in at least five radio detectors
yields a resolution of 17%.

The value of A reported here applies for a cosmic-ray

surface detector

fluorescence detector

radio detector

Xmax, Ecal

TA 
0.8*104 
km2 sr 

exposure
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Energy spectrum
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ENERGY SPECTRUM OVER 3 DECADES IN ENERGY 
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Auger (V. Verzi) UHECR2014
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FD ENERGY SCALE 

fluorescence photons 

dE 
dX 

energy 
deposit 

Fluorescence yield
Atmosphere
FD calibration

up to 30 km 

! Ecal =
dE
dX
dX"

slant depth 
X [g/cm2]  

! Einv
E = Ecal +Einv

dE/dX reconstruction
Invisible energy (#, µ, ..)

systematic uncertainties correlated and uncorrelated among 
different showers (crucial to correctly propagate the FD 
uncertainties to SD energies) '!
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AIRFLY - FLUORESCENCE YIELD 
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AIRFLY 
spectrum!

•  relative spectrum and its 
pressure dependence 

•  humidity and temperature 
dependence of collisional cross 
sections 

•  absolute intensity of the 337 
nm line 

The Airfly Collaboration: Astropart. Phys. 42 (2013) 90. Astropart. Phys. 28 (2007) 41. 
Nucl. Inst.. Meth. A 597 (2008) 50. M. Bohacova talk at 6th Air Fluor. Workshop   

“effective” definition of the wavelength bands  
!  don’t care of possible contaminations 

between nearby bands 
!  straightforward and correct propagation of 

Airfly measurement uncertainties (!
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ATMOSPHERE 

 FD Los Leones:
Lidar, Raman, HAM, FRAM

IR Camera
 Weather Station

 FD Los Morados:
Lidar, APF
IR Camera

 Weather Station

 FD Loma Amarilla:
Lidar

IR Camera
 Weather Station FD Coihueco:

Lidar, APF
IR Camera

 Weather Station

eu  Malarg

  Central Laser Facility
 Weather Station

  eXtreme Laser Facility

  Balloon
Launch
Station

10 km

•  atmospheric profiles from 
Global Data Assimilation 
System (GDAS) 

 
•  hourly aerosol optical depth 

profiles 

•  aerosol phase function    

•  % dependence of aerosol 
scattering cross sec. 

 
•  cloud coverage 

production and transmission of the light (aerosols and molecular scattering) 

The Pierre Auger Collaboration 
Astropart. Phys. 33 (2010) 108 
Astropart. Phys. 35 (2012) 591 
JINST 8 (2013) P04009  
L. Valore  ICRC 2013 #0920 *!



Jörg R. Hörandel, APP 2021/22 13

SD Energy Calibration

Table 1: Parameters of the energy calibration. The type of reconstruction is marked in the first column and ⌃ is
corresponding energy estimator. A and B are calibration parameters according to Eq.(3). Values come from Ref.6.

reconstruction ⌃ A B energy resolution
SD 1500 m vertical S38 (0.187± 0.004) EeV 1.023± 0.006 (15.3± 0.4)%
SD 1500 m inclined N19 (5.71± 0.09) EeV 1.01± 0.02 (19± 1)%
SD 750 m vertical S35 (1.29± 0.06) · 10�2 EeV 1.01± 0.01 (13± 1)%

The reconstruction of events detected by the infilled array is limited to the vertical recon-
struction. In this case, the events below 55� are used. The shower size estimator is S450, i.e. the
NKG function is evaluated at 450 m which is the optimal distance for the dense array. After
the CIC correction, the shower energy estimator is S35. Otherwise, the vertical reconstruction
proceeds in the same way as for the regular array.

The three energy estimators coming from SD reconstructions are calibrated to the hybrid
energy measurement. This is done on the sub-set of Golden events, i.e. the events that are
separately reconstructed by the hybrid and the corresponding SD reconstruction at the same
time. The calibration function has the form 6

EFD = A⌃B,⌃ = S38, N19, S35. (3)

Calibration curves are shown in Fig.1 and calibration constants are listed in Tab.1.
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Figure 1 – Energy calibration curves. Energy estimators of SD 1500 m vertical (gray), SD 1500 m inclined (red)
and SD 750 m vertical (blue) reconstruction methods are shown, respectively. Units of S35 and S38 are vertical
equivalent muons (VEM)2. For details of the calibration procedure see the text. Figure is taken from Ref.6.

3 Energy spectrum measurements

The energy spectrum measurement consists of two ingredients, the estimation of the cosmic ray
energy, described in Sec.2, and calculation of the exposure of the experiment.

The exposure calculation of the Pierre Auger Observatory SD measurements is very simple.
In our analysis, we accept only events with energies higher then the threshold for the full
e�ciency of the SD array. It means that the aperture of the detector is a purely geometrical
quantity and consists of counting active hexagons of water–Cherenkov stations 7. Results of the
exposure calculation are visualized in Fig.2.

When using the hybrid reconstruction, the exposure calculation is based on detailed Monte
Carlo simulations. We also use only events for which the Hybrid detection is fully e�cient, but

The energy spectrum from surface detector data (I)
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Figure 5. Contour plot of the muon density in the shower plane for E = 10EeV proton showers with
zenith angles 70◦ (left) and 84◦ (right) and azimuth angle 0◦, as obtained from simulations based on
QGSJetII-03. The y-axis is oriented in the direction of the !B field projected onto the shower plane.

illustrated in Figs. 4 and 5. The separation proceeds in the direction perpendicular to the
plane defined by the shower axis and the magnetic field. The magnitude of the separation
depends mainly on the component of !B perpendicular to the shower direction, the muon
energy and the distance traveled [3]. The resulting signal patterns at the ground thus have
a quite strong dependency on the arrival directions. As the zenith angle changes, the large
variations in the distance traveled by the muons are to a large extent responsible for changes
in the patterns at the ground level. As the azimuthal direction of the shower changes,
smaller differences in the patterns are also observed, due to the varying angle between the
typical muon velocity and the !B field. Two different approaches have been used to obtain
these distributions. One is based on a transformation of cylindrically symmetric patterns,
exploiting the anti-correlation between muon energy and angle to the shower axis [3]. The
other relies on continuous parameterizations in zenith angle and position in the shower plane
that are fitted to results obtained from simulations [21]. Both approaches have been shown
to reproduce the average profile of a given set of simulated showers with an accuracy better
than 5%.

When the arrival direction and the nature of the primary particle are fixed, the muon
number density has been shown to scale nearly linearly with shower energy (ρµ ∝ Eα with
α typically being in the range [0.90–0.95]) [3, 21]. There are some differences between the
distributions depending on the assumed nature of the primary particle, its energy and the
hadronic interaction model used in the simulations. It has also been shown that these dif-
ferences are manifested primarily by an overall normalization of the muon densities, and
the shapes of these functions are approximately the same for a given arrival direction [23],
i.e., weakly dependent on both shower energy and composition. Both characteristics are
illustrated in figure 4.

The universal shape of the muon distribution and the scaling between muon number
density and shower energy provide the basis of the fitting procedure. The reconstruction of
the shower size is based on the fit of measured signals to the expected muon patterns. Details
are fully described below.

– 7 –
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Horizontal showers: 

Compare to expected 

muon profile at 10 EeV

Infill: particle density at 

400 m

particle density at 1000 m

M. Unger, SuGAR 2018

SD EVENTS: ENERGY CALIBRATION 

&!

FD longitudinal profiles 

EFD ! 8 1019 eV  

RMS  
~7% 

hybrid showers: calibrate SD signal 
against FD calorimetric energies 

avoid uncertainties on air 
showers simulations 

A = (0.190 ± 0.005) EeV
B = 1.025 ± 0.007

E = A SB
A = (5.61 ± 0.1) EeV
B = 0.985 ± 0.02

A = (1.21 ± 0.07) !10"2  EeV
B = 1.03 ± 0.02

SD 
1500 m 

SD 
inclined 

SD 
750 m  &!
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ENERGY SPECTRA 
•  SD 750 m spectrum: 29585 events above 3 ! 1017 eV (08/2008 – 12/2012) 
•  correction for bin-to-bin migrations due to the detector resolution and 

steepness of spectrum (< 15%) 
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hybrid

ENERGY SPECTRA 
•  hybrid spectrum: 11155 events above 1018 eV (11/2005 – 12/2012) 
•  correction for bin-to-bin migrations due to the detector resolution 

and steepness of spectrum (< 3%) 
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ENERGY SPECTRA 
•  SD inclined: 11074 events above 4 ! 1018 eV (01/2004 – 12/2012) 
•  correction for bin-to-bin migrations due to the detector resolution 

and steepness of spectrum (< 12%) 
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•  combination after few % correction to the normalizations 
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COMBINED ENERGY SPECTRA 
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The Cosmic Ray Spectrum

The Pierre Auger energy spectrum Francesco Fenu
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Figure 3: Left panel: The spectrum in declination bands (blue and red points), compared to the overall one
(in gray). Right panel: the residual of the spectra in the various declination bands with respect to the overall
spectrum.
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Figure 4: The energy spectra obtained with SD 1500 ver-
tical, inclined, hybrid and SD 750 events are shown here.
The systematic uncertainty on the energy scale, common
to all of them, is 14%

Different data samples (see Tab. 1 for
their parameters) can be used from the
Pierre Auger Observatory to derive the
energy spectrum. Similar approaches are
used to obtain each of the spectra but there
are minor differences. The SD 750 en-
ergy estimator is the signal measured at
450 m from the core, S(450), corrected to
a reference zenith angle of 35�, S35. The
SD 1500 events with zenith angles above
60� are reconstructed with an estimation
of the relative muon content N19 with re-
spect to a simulated proton shower with
energy 1019 eV [10]. Finally, the hybrid
sample is built from events detected by
the FD simultaneously with at least one
detector of the SD 1500. The hybrid exposure is calculated using a detailed Monte Carlo simula-
tion [21].

The SD 1500 spectra obtained with events below and above 60�, the SD 750 and the hybrid
spectra are shown together in Fig. 4.

All the spectra agree within the systematic uncertainties, which are dominated by the energy
scale one (14%). The systematic uncertainties on the flux are between 5 and 10% and are respon-
sible for the difference in normalization between the spectra visible in Fig.4.

A combined spectrum is obtained by means a maximum likelihood fit. The likelihood function
is defined in such a way as to fit all the four data sets globally. The flux normalizations are used as
additional constraints to obtain the flux scaling factors that match them: (�0.8±0.2)% for the SD
1500 vertical, (�1±4)% for the SD 750, (5.4±0.7)% for the SD 1500 horizontal and (�6±2)%
for the hybrid.

14

The Pierre Auger energy spectrum Francesco Fenu

SD 1500 <60� SD 1500 >60� SD 750 Hybrid
Data taking period Jan. 2004 – Dec. 2016 Jan. 2004 – Dec. 2016 Aug. 2008 – Dec. 2016 Jan. 2007 – Dec 2015

Exposure [km2 sr yr] 51,588 15,121 228 1946 at 1019 eV
Number of events 183,332 19,602 87,402 11,680

Zenith angle range [�] 0 to 60 60 to 80 0 to 55 0 to 60
Energy threshold [eV] 3⇥1018 4⇥1018 3⇥1017 1018

Calibration parameters
Number of events 2661 312 1276

A [eV] (1.78±0.03)⇥1017 (5.45±0.08)⇥1018 (1.4±0.04)⇥1016

B 1.042±0.005 1.030±0.018 1.000±0.008
Energy resolution [%] 15 17 13

Table 1: The parameters of the data samples presented here together with the calibration parameters.
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Figure 5: The combined spectrum and the fitting function with the fitting parameters.

To obtain the spectral parameters, the combined spectrum is fitted with the function

Junf(E) =

8
><

>:

J0

⇣
E
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⌘�g1
;E  Eankle

J0

⇣
E

Eankle

⌘�g2


1+
⇣

Eankle
Es

⌘Dg
�

1+
⇣

E
Es

⌘Dg
��1

;E > Eankle

(4.1)

The spectrum, the fit and the optimized parameters are plotted in Fig. 5. An ankle is found at
Eankle =(5.08±0.06(stat.)±0.8(syst.))⇥1018 eV, while the suppression is at Es =(3.9±0.2(stat.)±
0.8(syst.))⇥1019 eV. The energy E1/2 at which the integral spectrum drops by a factor of two below
what would be the expected with no steepening is E1/2 = (2.26±0.08(stat.)±0.4(syst.))⇥1019 eV.
The spectral indexes are: g1 = 3.293±0.002(stat.)±0.05(syst.), g2 = 2.53±0.02(stat.)±0.1(syst.)
while Dg = 2.5±0.1(stat.)±0.4(syst.).

5. Summary

We have presented an update of the energy spectrum above 3⇥1017 eV as obtained using the
Pierre Auger Observatory. An improved FD reconstruction caused an increase in the FD energy of
less than 4%, while the systematic uncertainties previously estimated by the Auger Collaboration

15
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F. Fenu, ICRC 2017

reason for fall-off at highest energies?
- maximum rigidity of accelerators?
- interactions with CMB?
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Energy spectrumTA & PAO
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Fluorescence yield

[Rosado, Blanco & Arqueros, 
Astropart. Phys,  arXiv:1401.4310]

Auger

TA

TA & PAO
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➡  Good rationale to understand the global difference 
and so to apply a global rescaling

Invisible energy

23

TA & PAO
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Rescaled energy spectrum

➡ Astrophysical effect or systematic uncertainties?
24
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Focus on the common field of  view

➡ Remove distortions induced from 
different directional exposures in 

case of  anisotropies:

• Possibly, different intensities in 
different regions of  the sky >10 EeV

• But same intensity in the common 
field of  view

• If  anisotropies, possible distortions 
by the directional exposure functions 

TA & PAO
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Results in the common sky—shifted energies
TA & PAO
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Composition: The elongation rate

6/19/18 10
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Figure 4: The mean (left) and the standard deviation (right) of the measured Xmax distributions as a function
of energy compared to air-shower simulations for proton and iron primaries.

the tails of the Xmax distributions.
Between 1017.2 and 1018.33 eV the observed elongation rate (rate of change of hXmaxi) is

(79±1) g/cm2/decade (Fig. 4, left). This value, being larger than that expected for a constant mass
composition (⇠60 g/cm2/decade), indicates that the mean primary mass is becoming lighter with
increasing energy. At 1018.33±0.02 eV the elongation rate becomes significantly smaller ((26± 2)
g/cm2/decade) indicating that the composition is becoming heavier with increasing energy. The
fluctuations of Xmax (Fig. 4, right) decrease above 1018.3 eV, also indicating a composition becom-
ing heavier with increasing energy.

The mean value of lnA, hlnAi, and its variance, s2(lnA), determined from Eqs. (1.1) and (1.2),
are shown in Fig. 5. For the parameters hXmaxip, fE and hs2

shi, the EPOS-LHC [7], QGSJetII-
04 [8] and Sibyll2.3 [9] hadronic interaction models are used. The unphysical negative values
obtained for s2(lnA) result from the corresponding hadronic model predicting s(Xmax) values (for
pure compositions) that are larger than the observed ones. An average value of s2(lnA) ' 1.2 to
2.6 has been estimated in [10] using the correlation between Xmax and S1000 (the signal recorded
at 1000 m). This range for s2(lnA) is valid for the three hadronic models and for the energy
range lg(E/eV) = 18.5 to 19.0. The average s2(lnA) from Fig. 5, for the same energy range, is
(0.8±0.4) for EPOS-LHC, (�0.7±0.4) for QGSJetII-04, (0.6±0.4) for Sibyll2.3. The QGSJetII-
04 and Sibyll2.3 models failed to provide consistent interpretation, and EPOS-LHC is marginally
consistent.

For the three models, similar trends with energy for hlnAi and s2(lnA) are observed. The
primary mass is decreasing with energy reaching minimum values at 1018.33±0.02 eV, and then
it starts to increase again towards higher energies. The spread of the masses is almost constant
until ⇡ 1018.3 eV after which it starts to decrease. Together with the behavior of hlnAi, this is an
indication that the relative fraction of protons becomes smaller for energies above ⇡1018.3 eV.

The expected Xmax distributions for p, He, N and Fe have been parametrized [11] using a
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The low inelastic cross sections and higher values for the elasticity assumed in model
3a have implications on the mass composition derived from Xmax measurements at energies
above 107 GeV as pointed out above. With the low cross sections also intermediate and heavy
elements are important in this energy region. In the energy region between 107 and 108 GeV
a relatively heavy composition has been also found by Alvarez-Muñiz et al (2002b), namely
consisting of 85% Fe, 10% CNO, 4% He and 1% protons. Similar values are calculated with
the poly-gonato model at 4 × 107 GeV: 86% heavy and ultra-heavy (9 ! Z ! 92), 9% CNO
(6 ! Z ! 8), 4% He (2 ! Z ! 5), and <1% protons. A key issue of the present investigations
is that cosmic rays above 108 GeV, i.e. the ad hoc component, contain a significant contribution
of particles heavier than protons. A mass composition heavier than protons only in this region
is also obtained by Erlykin and Wolfendale (2002).

5. Mean logarithmic mass

Many scientists characterize the mass composition of high-energy cosmic rays by the mean
logarithmic mass. It is defined as

〈ln A〉 ≡
∑

i

ri ln Ai, (6)

with the relative fraction ri of nuclei with mass Ai . Knowing the average depth of the shower
maximum for protons X

p
max and iron nuclei XFe

max from simulations, the mean logarithmic mass
can be derived in the superposition model from the measured values Xmeas

max using

〈ln A〉 = Xmeas
max − X

p
max

XFe
max − X

p
max

· ln AFe. (7)

The corresponding 〈ln A〉 values for the variations of QGSJET 01, obtained from the
data presented in figure 9, are plotted versus the primary energy in figure 12 for models 1
and 2 as well as for models 3 and 3a in figure 13. The average 〈ln A〉 increases as the cross
sections decrease from model 1 to model 3. For the original QGSJET the results of many
experiments exhibit a (strong) decrease of 〈ln A〉 up to about 4×106 GeV and an increase above
this energy. The energy of this dip in the 〈ln A〉 values coincides with the energy of the
knee in the all-particle energy spectrum. The dip becomes less striking with lower inelastic
cross sections and higher values for the elasticity. For model 3a only a modest dip can
be recognized. At 4 PeV the average values increase from 〈ln A〉 = 1.2 for model 1 to
〈ln A〉 = 1.6 for model 3a. Around 108 GeV the average logarithmic mass compared with
model 1 is about !〈ln A〉 ≈ 0.5 larger for model 3 and !〈ln A〉 ≈ 0.7 larger for model 3a.
These examples illustrate how strong the interpretation of air shower measurements depends
on model parameters such as the inelastic cross sections or elasticities used. At Tevatron
energies the cross sections vary within the error range given by the experiments and at
108 GeV the proton–air cross sections of models 1 and 3 differ only by about 10%, but the
general trend of the emerging 〈ln A〉 distributions proves to be significantly different.

At this point the circle closes. If we assume in the energy region from 107 to 108 GeV a
small proton fraction only, the cross sections have to be corrected and lowered to the region
of values for model 3. In turn a heavier composition is obtained for model 3 as has been
demonstrated in figure 13. Thus, at least qualitatively the arguments are consistent.

Results from the balloon experiments JACEE (Shibata 1999) and RUNJOB
(Apanasenko et al 2001) are presented in figures 12–14 (filled points) for comparison. No
hint for a decreasing mean logarithmic mass is indicated by these measurements. The solid
lines shown in the figures are predictions according to the poly-gonato model for the galactic
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Figure 2. Top: fitted spectra, as function of reconstructed energy, compared to experimental counts.
The sum of horizontal and vertical counts has been multiplied by 10 for clarity. Bottom: the distri-
butions of Xmax in the fitted energy bins, best fit minimum, SPG propagation model, EPOS-LHC
UHECR-air interactions. Partial distributions are grouped according to the mass number as follows:
A = 1 (red), 2 ≤ A ≤ 4 (grey), 5 ≤ A ≤ 22 (green), 23 ≤ A ≤ 38 (cyan), total (brown).

5.2 The effect of experimental systematics

The data on which the fit is performed are affected by different experimental systematic
uncertainties. In this section we analyze their effect on the fit parameters.

The main systematic effects derive from the energy scale in the spectrum [4], and the
Xmax scale [5]. The uncertainty on the former is assumed constant ∆E/E = 14% in the
whole energy range considered, while that on composition ∆Xmax is asymmetric and slightly
energy dependent, ranging from about 6 to 9 g/cm2. As described in section 3 two approaches
are used to take into account the experimental systematics in the fit.
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5.2 The effect of experimental systematics

The data on which the fit is performed are affected by different experimental systematic
uncertainties. In this section we analyze their effect on the fit parameters.

The main systematic effects derive from the energy scale in the spectrum [4], and the
Xmax scale [5]. The uncertainty on the former is assumed constant ∆E/E = 14% in the
whole energy range considered, while that on composition ∆Xmax is asymmetric and slightly
energy dependent, ranging from about 6 to 9 g/cm2. As described in section 3 two approaches
are used to take into account the experimental systematics in the fit.
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Figure 1. Deviance
√
D −Dmin, as function of γ and log10(Rcut/V). The dot indicates the position

of the best minimum, while the dashed line connects the relative minima of D (valley line). In the
inset, the distribution of Dmin in function of γ along this line.

necting (γ, log10(Rcut/V )) minima (dashed line in the figure), corresponding in each point to
the best fit of the other parameters (J0 and fA).

From the figure we see that there is a very definite correlation between γ and Rcut:
this correlation is a quite general feature of the combined fit, appearing in all the different
variations of the reference fit discussed below. Considering the deviance distribution it is
immediate to note that there are two regions of local minima: one, which contains the best
minimum, corresponds to a low value of Rcut and a spectral index γ ≈ 1; this minimum
region is quite extended towards smaller values of γ at a slowly decreasing Rcut. In figure 2
we present the spectrum data we actually fit and the Xmax distributions together with the
fitted functions, while in figure 3 the fit results are compared for reference to the all-particle
spectrum and Xmax momenta. The essential features of such a model have been discussed
elsewhere [19, 20] and, using a similar approach to that of this work, in [21], the general
features being a low maximum rigidity around log10(Rcut/V) = 18.5, a hard spectrum and a
composition dominated by Helium and heavier elements.

There is also a second relative minimum, which appears less extended, around the
pair γ = 2.04 and log10(Rcut/V) = 19.88. For nuclei injected with these parameters the
effects of interactions during propagation are dominant, as it is demonstrated by copious
production of high energy secondaries (in particular Hydrogen). This is the reason why in
this region the fit to composition is quite bad, as reported in table 1 and in figure 4, withXmax

simulated distributions almost always larger than experimentally observed; this solution, in
the reference model, can be excluded at the 7.5σ level.
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
atmosphere, obtained with the best-fit parameters for the reference model using the procedure de-
scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

log10(Rcut/V) −0.59 +0.00 +0.93 +0.84 +0.86

Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include
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scribed in section 3. Partial spectra are grouped as in figure 2. For comparison the fitted spectrum
is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
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range where the brown lines are solid is included in the fit.

H He N Si γ

He −0.78

N −0.61 −0.01

Si −0.43 −0.08 +0.75

γ −0.26 −0.32 +0.80 +0.89

log10(Rcut/V) −0.59 +0.00 +0.93 +0.84 +0.86

Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include
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Figure 3. Top: simulated energy spectrum of UHECRs (multiplied by E3) at the top of the Earth’s
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is reported together with the spectrum in [4] (filled circles). Bottom: average and standard deviation
of the Xmax distribution as predicted (assuming EPOS-LHC UHECR-air interactions) for the model
(brown) versus pure 1H (red), 4He (grey), 14N (green) and 56Fe (blue), dashed lines. Only the energy
range where the brown lines are solid is included in the fit.
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Table 2. Correlation coefficients among fit parameters (SPG model, EPOS-LHC UHECR-air inter-
actions) as derived from the mock simulated sets.

Including the systematics as nuisance parameters in the fit, we obtain the results in
table 3. Here the average value and uncertainty interval of the model parameters include
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Fig. 11. Mean logarithmic mass for the three different EG-CR models combined with the WR-CR (C/He = 0.4) model. Data
are the same as in Figure 8. Results obtained using WR-CR (C/He = 0.1) model are shown in Appendix B.

ters and the minimal model, and is partially an artefact of
the simplified propagation approach applied to this model.
We expect it to be much smoother for realistic propagation.
At energies below ∼ 109 GeV, both the PCS and the UFA
models produce similar results which are in better agree-
ment with the observed trend of the composition, but do
not introduce a significant improvement over the canonical
extra-galactic component used in Section 4. In all the three
cases for the EG-CR model, the CNO group dominates the
composition of Galactic cosmic rays at the transition region
from Galactic to extra-galactic cosmic rays. A clear distinc-
tion between the models would be possible from a detailed
measurement of the five major mass groups shown in Figure
10, in which they all have their characteristic “fingerprint”:
for example, around 109 GeV the minimal model is domi-
nated by the CNO group, the PCS model by helium, and
the UFA model by protons.

Results obtained using the WR-CR (C/He = 0.1) sce-
nario are given in Appendix B. The main difference from the
results of the C/He = 0.4 scenario is the significant dom-
inance of helium up to the transition energy region from
Galactic to extra-galactic cosmic rays (see Figures B.1 and
B.2).

6. Discussions

Our study has demonstrated that cosmic rays below
∼ 109 GeV can be predominantly of Galactic origin. Above
109 GeV, they are most likely to have an extra-galactic ori-
gin. We show that both the observed all-particle spectrum
and the composition at high energies can be explained if the
Galactic contribution consists of two components: (i) SNR-
CRs which dominates the spectrum up to ∼ 107 GeV, and
(ii) GW-CRs or preferably WR-CRs which dominates at
higher energies up to ∼ 109 GeV. When combined with an
extra-galactic component expected from strong radio galax-
ies or a source population with similar cosmological evolu-

tion, the WR-CR scenarios predict a transition from Galac-
tic to extra-galactic cosmic rays at around (6−8)×108 GeV,
with a Galactic composition mainly dominated by helium or
the CNO group, in contrast to most common assumptions.
In the following, we discuss our results for the SNR-CRs,
GW-CRs, and WR-CRs in the context of other views on
the Galactic cosmic rays below 109 GeV, the implication of
our results on the strength of magnetic fields in the Galac-
tic halo and Wolf-Rayet stars, and also the case of a steep
extra-galactic component extending below the second knee.

6.1. SNR-CRs

The maximum contribution of the SNR-CRs to the all-
particle spectrum is obtained at a proton cut-off energy
of ∼ 4.5 × 106 GeV (see Figure 2). Such a high energy is
not readily achievable under the standard model of dif-
fusive shock acceleration theory in supernova remnants
for magnetic field values typical of that in the interstel-
lar medium (see e.g., Lagage & Cesarsky 1983). However,
numerical simulations have shown that the magnetic field
near supernova shocks can be amplified considerably up to
∼ 10− 100 times the mean interstellar value (Lucek & Bell
2000; Reville & Bell 2012). This is also supported by ob-
servations of thin X-ray filaments in supernova remnants
which can be explained as due to rapid synchrotron losses of
energetic electrons in the presence of strong magnetic fields
(Vink & Laming 2003; Parizot et al. 2006). Such strong
fields may lead to proton acceleration up to energies close
to the cut-off energy obtain in our study (Bell 2004).

The main composition of cosmic rays predicted by the
SNR-CRs alone looks similar to the prediction of the poly-
gonato model (Hörandel 2003a). Both show a helium dom-
inance over proton around the knee, and iron taking over
at higher energies at ∼ 107 GeV in the SNR-CRs and at
∼ 6× 106 GeV in the poly-gonato model. The helium dom-
inance is more significant in the SNR-CRs which is due to
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which reaches a maximum mean mass at ∼ 6 × 107 GeV,
and becomes gradually lighter up to the ankle. However,
in the narrow energy range of ∼ (1 − 4) × 108 GeV, the
behaviour of the GW-CR model seems to agree with the
measurements from TUNKA, LOFAR and Yakutsk exper-
iments which show a nearly constant composition that is
different from the behaviour observed by the Pierre Auger
Observatory at these energies. Understanding the system-
atic differences between the different measurements at these
energies will be important for further testing of the GW-CR
model. Up to around the ankle, the WR-CR models show
an overall better agreement with the measurements than
the GW-CR model. At around (3− 5)× 107 GeV, the WR-
CR models seem to slightly under predict the KASCADE
measurements, and they are more in agreement with the
TUNKA measurements. Cosmic-ray composition measured
by experiments like KASCADE, which measures the parti-
cle content of air showers on the ground, is known to have a
large systematic difference from the composition measured
with fluorescence and Cherenkov light detectors using Xmax

measurements (Hörandel 2003b). The large discrepancy be-
tween the model predictions and the data above the ankle is
due to the absence of heavy elements in the EG-CR model
considered in our calculation. The effect of choosing other
models of EG-CRs will be discussed in the next section.

5. Test with different models of extra-galactic
cosmic rays

Despite of the dominance of the ankle-transition model
in the general discussion, it has often been pointed out
that the essential high-energy features of the cosmic ray
spectrum, i.e. the ankle and, in part, even the second
knee, can be explained by propagation effects of extra-

galactic protons in the cosmologically evolving microwave
background (Hillas 1967; Berezinsky & Grigorieva 1988;
Berezinsky et al. 2006; Hillas 2005; Aloisio et al. 2012,
2014). While the most elegant and also most radical formu-
lation of this hypothesis, the so-called “proton-dip model”,
is meanwhile considered disfavoured by the proton fraction
at the ankle measured by the Pierre Auger Observatory
(Aab et al. 2014), the light composition below the ankle re-
cently reported by the LOFAR measurement (Buitink et al.
2016) and a potential “light ankle” at about 108 GeV found
by the KASCADE-Grande experiment (Apel et al. 2013)
have reinstated the interest in such models, and led to a
number of ramifications, all predicting a more or less sig-
nificant contribution of extra-galactic cosmic rays below the
ankle. As such a component can greatly modify the model
parameters, in particular the maximum energy, for the ad-
ditional Galactic component – if not removing its necessity
altogether – we study this effect using the WR-CR models,
which show an overall best agreement with the data below
the ankle, as a Galactic paradigm.

Before, however, discussing a stronger extra-galactic
component below the ankle, we want to think about the
minimal extra-galactic contribution we can have, if we as-
sume the largely heavy spectrum above the ankle is all
extra-galactic and consider their propagation over extra-
galactic distances. To construct this “minimal model”, we
follow di Matteo et al. (2015) and use the Monte-Carlo sim-
ulation code CRPropa 3.0 (Batista et al. 2016), which takes
into account all important interaction processes undergone
by EG-CRs while propagating through the CMB and the
extra-galactic background light, and also the energy loss as-
sociated with the cosmological expansion. The effects of un-
certainties in the simulations are discussed in Batista et al.
(2015). We assume the sources to be uniformly distributed
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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

wi cos ai

ba ¼ 2
N

XN

i¼1

wi sin ai ð1Þ

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

XN

i¼1
wi. The weights, wi , 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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3*104 CRsE>8*1018 eV

Anisotropy detected at >5.2 sigma
dipole amplitude 6.5%COSMIC RAYS

Observation of a large-scale anisotropy
in the arrival directions of cosmic
rays above 8 × 1018 eV
The Pierre Auger Collaboration*†

Cosmic rays are atomic nuclei arriving from outer space that reach the highest energies
observed in nature. Clues to their origin come from studying the distribution of their
arrival directions. Using 3 × 104 cosmic rays with energies above 8 × 1018 electron
volts, recorded with the Pierre Auger Observatory from a total exposure of 76,800 km2

sr year, we determined the existence of anisotropy in arrival directions. The anisotropy,
detected at more than a 5.2s level of significance, can be described by a dipole with an
amplitude of 6:5þ1:3

"0:9 percent toward right ascension ad = 100 ± 10 degrees and declination
dd = "24þ12

"13 degrees. That direction indicates an extragalactic origin for these ultrahigh-
energy particles.

P
articles with energies ranging from below
109 eV up to beyond 1020 eV, known as cos-
mic rays, constantly hit Earth’s atmosphere.
The flux of these particles steeply decreases
as their energy increases; for energies above

10 EeV (1 EeV ≡ 1018 eV), the flux is about one
particle per km2 per year. The existence of cosmic
rayswith suchultrahigh energies has been known
for more than 50 years (1, 2), but the sites and
mechanisms of their production remain a mys-
tery. Information about their origin can be ob-
tained from the study of the energy spectrum
and the mass composition of cosmic rays. How-
ever, the most direct evidence of the location of
the progenitors is expected to come from studies
of the distribution of their arrival directions. In-
dications of possible hot spots in arrival direc-
tions for cosmic rays with energies above 50 EeV
have been reported by the Pierre Auger and Tel-
escope Array Collaborations (3, 4), but the statis-
tical significance of these results is low.We report
the observation, significant at a level ofmore than
5.2s, of a large-scale anisotropy in arrival direc-
tions of cosmic rays above 8 EeV.
Above 1014 eV, cosmic rays entering the atmo-

sphere create cascades of particles (called exten-
sive air-showers) that are sufficiently large to reach
the ground. At 10 EeV, an extensive air-shower
(hereafter shower) contains ~1010 particles spread
over an area of ~20 km2 in a thin disc moving
close to the speed of light. The showers contain an
electromagnetic component (electrons, positrons,
and photons) and a muonic component that can
be sampled using arrays of particle detectors.
Charged particles in the shower also excite ni-
trogen molecules in the air, producing fluores-
cence light that can be observed with telescopes
during clear nights.
The Pierre AugerObservatory, located near the

city of Malargüe, Argentina, at latitude 35.2°S, is
designed to detect showers produced by primary

cosmic rays above 0.1 EeV. It is a hybrid system, a
combination of an array of particle detectors and
a set of telescopes used to detect the fluorescence
light. Our analysis is based on data gathered from
1600 water-Cherenkov detectors deployed over
an area of 3000 km2 on a hexagonal grid with
1500-m spacing. Each detector contains 12metric
tons of ultrapure water in a cylindrical container,
1.2mdeepand 10m2 inarea, viewedby three9-inch
photomultipliers. A full description of the obser-
vatory, together with details of the methods used
to reconstruct the arrival directions and energies
of events, has been published (5).
It is difficult to locate the sources of cosmic

rays, as they are charged particles and thus in-
teract with themagnetic fields in our Galaxy and
the intergalactic medium that lies between the
sources and Earth. They undergo angular deflec-
tionswith amplitude proportional to their atomic
number Z, to the integral along the trajectory of
themagnetic field (orthogonal to the direction of
propagation), and to the inverse of their energy
E. At E ≈ 10 EeV, the best estimates for the mass
of the particles (6) lead to a mean value for Z be-
tween 1.7 and 5. The exact number derived is
dependent on extrapolations of hadronic physics,
which are poorly understood because they lie
well beyond the observations made at the Large
Hadron Collider. Magnetic fields are not well
constrained bydata, but if we adopt recentmodels
of the galactic magnetic field (7, 8), typical values
of the deflections of particles crossing the galaxy
are a few tens of degrees forE/Z= 10 EeV, depend-
ing on the direction considered (9). Extragalactic
magnetic fields may also be relevant for cosmic
rays propagating through intergalactic space (10).
However, even if particles from individual sources
are strongly deflected, it remains possible that an-
isotropies in the distribution of their arrival di-
rectionswill be detectable on large angular scales,
provided the sources have a nonuniform spatial
distribution or, in the case of a single dominant
source, if the cosmic-ray propagation is diffusive
(11–14).

Searches for large-scale anisotropies are con-
ventionally made by looking for nonuniformities
in the distribution of events in right ascension
(15, 16) because, for arrays of detectors that op-
erate with close to 100% efficiency, the total expo-
sure as a function of this angle is almost constant.
The nonuniformity of the detected cosmic-ray flux
in declination (fig. S1) imprints a characteristic
nonuniformity in the distribution of azimuth
angles in the local coordinate systemof the array.
From this distribution it becomes possible to ob-
tain information on the three components of a
dipolar model.

Event observations, selection,
and calibration

We analyzed data recorded at the Pierre Auger
Observatory between 1 January 2004 and 31
August 2016, from a total exposure of about
76,800 km2 sr year. The 1.2-m depth of the water-
Cherenkov detectors enabled us to record events
at a useful rate out to large values of the zenith
angle, q.We selected eventswith q <80° enabling
the declination range −90° < d < 45° to be ex-
plored, thus covering 85% of the sky.We adopted
4 EeV as the threshold for selection; above that
energy, showers falling anywhere on the array
are detectedwith 100% efficiency (17). The arrival
directions of cosmic rays were determined from
the relative arrival times of the shower front at
each of the triggered detectors; the angular res-
olution was better than 1° at the energies con-
sidered here (5).
Twomethods of reconstruction have beenused

for showers with zenith angles above and below
60° (17, 18). These have to account for the effects
of the geomagnetic field (17, 19) and, in the case
of showers with q < 60°, also for atmospheric ef-
fects (20) because systematic modulations to the
rates could otherwise be induced (see supple-
mentary materials). The energy estimators for
both data sets were calibrated using events de-
tected simultaneously by the water-Cherenkov
detectors and the fluorescence telescopes, with
a quasi-calorimetric determination of the energy
coming from the fluorescencemeasurements. The
statistical uncertainty in the energy determina-
tion is <16% above 4EeV and <12%above 10 EeV,
whereas the systematic uncertainty on the abso-
lute energy scale, common to both data sets, is
14% (21). Evidence that the analyses of the events
with q < 60° and of those with 60° < q < 80° are
consistentwith each other comes from the energy
spectra determined for the two angular bands.
The spectra agree within the statistical uncer-
tainties over the energy range of interest (22).
We consider events in twoenergy ranges, 4EeV<

E < 8 EeV and E ≥ 8 EeV, as adopted in previous
analyses [e.g., (23–25)]. The bin limits follow those
chosenpreviously in (26, 27). Themedian energies
for these bins are 5.0EeVand 11.5EeV, respectively.
In earlier work (23–25), the event selection re-
quired that the station with the highest signal
be surrounded by six operational detectors—a
demanding condition. The number of triggered
stations is greater than four for 99.2%of all events
above 4 EeV and for 99.9% of events above 8 EeV,

RESEARCH

The Pierre Auger Collaboration, Science 357, 1266–1270 (2017) 22 September 2017 1 of 5

*Author names and affiliations appear at the end of this paper.
†Email: auger_spokespersons@fnal.gov

on Septem
ber 22, 2017

 
http://science.sciencem

ag.org/
D

ow
nloaded from

 

6

Reconstruction of the dipole above 8 EeV
Combination of the Rayleigh analyzes to extract the dipole amplitude:

in right ascension → sensitive only to the orthogonal component to the Earth’s axis
in azimuth angle   → projection along the Earth’s axis

Longitude l = 233°, Latitude b = -13°

Amplitude                    d=6.5−0.9

+1.3
%

Implication on the origin of the UHECR:

  Dipole direction far away from the Galactic center (~125°). Above 40 EeV, no anisotropies associated 
with Galactic plane or Galactic center
  2MRS dipole x GMF deflection → observed dipole? 
  

Galactic center

Galactic plane

Extragalactic origin of the highest energy cosmic rays
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Extragalactic tested population

Starburst galaxies Active Galactic Nuclei

M82 Centaurus A

Intense star formation + winds

23 objects from Fermi-LAT observations 
within 250 Mpc with a radio flux at 

1.4GHz > 0.3 Jy

Nearby galaxies

e.g.: NGC253, M82, NGC4945, NGC1068

Jets and radiolobes

17 objects from 2FHL catalog within 
250 Mpc

(Fermi-LAT, > 50 GeV) 

More distant galaxies 

e.g.: Centaurus A, Mkn421, Mkn501 
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Search for Intermediate-scale UHECR AnisotropiesSearch for Intermediate-scale UHECR Anisotropies
Active Galactic Nuclei

• 2FHL AGNs

• flux proxy: �(> 50 GeV)

• 17 objects within 250 Mpc

Star-forming of Starburst Galaxies

• Fermi-LAT search list
(Ackermann+2016)

• �(> 1.54, GHz) > 0.3 Jy

• flux proxy: �(> 1.54, GHz)

• 23 objects within 250 Mpc

Likelihood ratio analysis
• smearing angle  
• H0: isotropy
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Indication of anisotropy in arrival directions of ultra-heigh-
energy cosmic rays through comparison to the flux pattern of 

extragalactic gamma-ray sources4
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Figure 2. TS profile above 39EeV (Top) and 60EeV (Bottom) over the fit parameters for SBG-only and �AGN-only models (Left)
and for composite models including both SBGs and �AGNs with the same free search radius (Right). The lines indicate the
1 - 2� regions.

�AGNs, a larger attenuation reducing contributions from dis-
tant 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%) affects the maximum TS by ±1 unit for
�AGNs, ±0.3 for SBGs.

Penalizing for the energy scan, the maximum TS obtained
for SBGs and �AGNs within scenario A correspond to 4.0�
and 2.7� deviations from isotropy, respectively. As shown in
Fig. 2, left, the maximum deviation for �AGNs is found at
an angular scale of 7+4

-2
� and a 7±4% fraction of anisotropic

events. For SBGs, a stronger deviation from isotropy is un-
covered at an intermediate angular scale of 13+4

-3
� and an

anisotropic fraction of 10± 4%. 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 sce-
nario A, we obtain maximum TS of 18.2 (3.2�) above 39EeV
and 15.1 (2.7�) above 38EeV, respectively (see Fig. 1, right).
These correspond to values of the best-fit parameters of 12+6

-4
�

and 7+4
-3 % for Swift-BAT, 13+7

-4
� and 16+8

-7 % for 2MRS.

The different degrees of anisotropy obtained from each cat-
alog can be understood from Fig. 3, top, showing a UHECR
hotspot in the direction of the Centaurus A / M 83 / NGC 4945
group. The �AGN model (> 60EeV) and Swift-BAT model
(> 39EeV) are dominated by Centaurus A, which is 7� and
13� away from NGC 4945 and M 83, respectively. The
starburst model additionally captures the UHECR excess
close to the Galactic South pole, interpreted as contributions
from NGC 1068 and NGC 253, yielding an increase in the
anisotropy signal from ⇠3 to 4�. Additional diffuse contri-
butions 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 com-
posite model combining contributions from �AGNs 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
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starburst

AGN

SBG fraction: 9.7% 
search radius: 12.9° 
pre-trail p-value: 3.8*10-6 
post-trial p-value: 3.6*10-5 
post-trial significance: 4.0 sigma

search radius: 6.9° 
pre-trail p-value: 5.1*10-4 
post-trial p-value: 3.1*10-3 
post-trial significance: 2.7 sigma

UHECRS AND EXTRAGALACTIC GAMMA-RAY SOURCES 3
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Figure 1. TS scan over the threshold energy for SBGs and AGNs (Left) and Swift-BAT and 2MRS sources (Right), including
attenuation (light-dashed lines) or not (darker-solid lines).

et al. 2016). We also consider two other scenarios match-
ing the data reasonably well: EPOS-LHC with � = 2 (B) and
Sibyll 2.1 with � = -1.5 (C). These scenarios differ in the
composition and maximum rigidities attainable at the sources.
For each scenario and a chosen energy threshold, we evaluate
the flux attenuation factor due to propagation for each source
and correct its expected UHECR flux accordingly.

The two extragalactic gamma-ray populations under study
and the relative weight of each source are provided in Table 2.
The relative contributions accounting for the directional expo-
sure of the Observatory are shown in the last column. Because
SBGs are mostly nearby, attenuation from them is much less
important than from the more distant blazars in the �AGN
sample. Taking into account attenuation, ⇠90% of the ac-
cumulated flux from SBGs emerges from a ⇠10Mpc-radius
region, while the radius goes up to ⇠150Mpc for �AGNs.
For both the 2MRS and Swift-BAT flux-limited samples, the
90% radius is ⇠70Mpc.

4. ANALYSIS AND RESULTS

4.1. Maximum-likelihood analysis

We build the UHECR sky model as the sum of an isotropic
component plus the anisotropic contribution from the sources.
For the anisotropic component, each source is modeled as a
Fisher distribution (Fisher 1953), the equivalent of a Gaussian
on the sphere. Its distribution is centered on the coordinates of
the source, the integral being set by its flux attenuated above
the chosen energy threshold, and the angular width – or search
radius3 – being a free parameter common to all sources. No
shift of the centroid position is considered, avoiding depen-
dence 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.

3 Inverse square root of Fisher’s concentration parameter.

The model map thus depends on two variables aimed at max-
imizing 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 maxi-
mized 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 simula-
tions that the TS for isotropy follows a �2 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 1EeV up to 80EeV, esti-
mating 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 40EeV,
where the observed flux reaches half the value expected from
lower-energy extrapolations, but as shown in Fig. 1, there is
a maximum in the significance close to this starting point.
Therefore we have evaluated the TS down to 20EeV.

The TS is maximum for SBGs above 39EeV (894 events),
with or without attenuation. For �AGNs, the TS is maximum
above 60EeV (177 events) after accounting for attenuation.
As shown in Fig. 1, left, attenuation mildly impacts SBGs
which are nearby: we obtain TS=24.9/25.5/25.7 for scenar-
ios A/B/C, respectively. The impact is more pronounced for

A. Aab et al. ApJ 835 (2018) L29
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8

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 39EeV (Left) and �AGNs above 60EeV (Right). The excess maps (best-fit isotropic component sub-
tracted) 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.

starburst AGN

SBG fraction: 9.7% 
search radius: 12.9° 
pre-trail p-value: 3.8*10-6 
post-trial p-value: 3.6*10-5 
post-trial significance: 4.0 sigma

search radius: 6.9° 
pre-trail p-value: 5.1*10-4 
post-trial p-value: 3.1*10-3 
post-trial significance: 2.7 sigma
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Indication of anisotropy in arrival directions of ultra-heigh-
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extragalactic gamma-ray sources
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CRPropa [ 29].

than 1018

to pion-photoproduction. Fig. 2.1

just below 10 20

CR

Origin of cosmic rays 
multi messenger technique

(charged) cosmic rays

neutrinos

gamma rays
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Figure 2. Correlation between the discriminating observables used in the multivariate analysis for the
energy range 1018 < E� < 1019 eV: the red stars and the blue circles are the proton and photon simu-
lated events, respectively. Events are selected applying the criteria in section 4. For a better visibility
of the plot only 5% of events are plotted and a shift of 0.25 is applied to Nstat for proton events.

with CORSIKA version 7.4002 adopting the most up-to date hadronic interaction models,
EPOS LHC [50] and QGSJET-II-04 [51]. A total of 25000 showers have been generated
for each hadronic model and primary type. Each shower is resampled 5 times, each time
with a di↵erent impact point at ground uniformly distributed within an area enclosing the
array and a border such that the trigger e�ciency of each surface station is less than 1%
outside it [47]. Events are processed through the O✏ine software [52] which includes a
detailed simulation of the FD and the light propagation from the shower to the FD camera
and a Geant4-based [53] simulation of the SD. A time-dependent approach developed for
the energy spectrum in [32] is used for a realistic estimate of the detection e�ciency and the
discrimination performance. In this approach, the actual status of the FD and the SD, as well
as the atmospheric conditions, are taken into account and the events are distributed according
to the on-time of the hybrid detector. As validations of the procedure, figure 1 demonstrates
the comparison between data and simulations for two reconstructed observables (zenith angle,
left, and the shower-axis distance from the telescope, right) in two energy intervals. Figure 2
shows the correlation between the discriminating observables Xmax, Sb, Nstat for selected
samples of well reconstructed photons (blue circles) and protons (red stars) events, the latter
ones being the main source of background for this study.

4 Data set

The analysis presented in this work uses hybrid data collected between January 2005 and
December 2013. Selection criteria are applied to ensure a good geometry and profile re-
construction and a reliable measurement of the discriminating observables. These cuts are
detailed below.

Trigger and detector levels. The initial data set (trigger level) consists of all events
passing the very loose trigger requirements of the data acquisition [30]. Consequently it
includes a fraction of events that are not due to air-shower events (e.g. lightning or low energy
events with a random-coincidence station) and are thus discarded. Data periods without good
FD or SD working conditions, mostly during the construction phase of the observatory (e.g.,
camera calibrations in the FD and unstable conditions of the SD trigger) are rejected.
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Figure 3. Left: curve of the background rejection e�ciency against the signal e�ciency for di↵erent
algorithms and observables. Right: distribution of the Boosted Decision Tree observables for signal
(photon, blue), background (proton, red) and data (black). For simulations both the training and the
test samples are shown. The cut at the median of the photon distribution is indicated by the dashed
line. QGSJET-II-04 used as high-energy hadronic interaction model.

Atmosphere. To minimize biases from possible distortions of the longitudinal profile pro-
duced by clouds, a measurement of the cloud coverage by infrared camera or by the lidar
system is required to be available and to be lower than 25%. Time periods without informa-
tion on the aerosol content of the atmosphere or with poor viewing conditions are excluded
requiring that the measured vertical aerosol optical depth (VAOD), integrated from the
ground to 3 km, is smaller than 0.1.

The selection e�ciencies with respect to the full set of recorded events are given in
table 1. The final data set among which photon candidates are searched for contains 8178
events with energy E� larger than 1018 eV.

5 Analysis

To identify a possible photon signal among the large background due to hadronic primaries, a
multivariate analysis is performed adopting di↵erent algorithms. The Boosted Decision Tree
(BDT) has been found to provide the best separation. This method has also the advantage
of being more stable against the inclusion of observables with weak discriminating power.
The variable ranking gives Xmax as the strongest variable followed by Sb and Nstat. To take
into account the energy and angular dependences of these three observables, the energy and
zenith angle are included in the multivariate analysis. A test excluding the least significant
discriminating observable, Nstat, has been performed to evaluate its impact on the separation
power. The background rejection versus signal e�ciency for the BDT using all observables
and for the case excluding Nstat are drawn in figure 3 (left). For a photon selection e�ciency
✏� = 50% the use of Nstat reduces the background contamination by more than a factor 2,
from 0.37% to 0.14%. Thus the analysis is performed considering all discussed observables.
In the preliminary analysis presented in [19], a Fisher method trained only with Xmax and
Sb and optimized in three di↵erent energy ranges was adopted for the sake of simplicity. For
comparison, the performance of the Fisher algorithm is also illustrated in figure 3 (left). The
background rejection e�ciency is found to be around 99% for ✏� = 50%. In the multivariate
analysis events are weighted according to a power law spectrum E�� with � = 2. The
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Figure 6. Upper limits on the integral photon flux derived from 9 years of hybrid data (blue arrows,
Hy 2016) for a photon flux E�2 and no background subtraction. The limits obtained when the
detector systematic uncertainties are taken into account are shown as horizontal segments (light blue)
delimiting a dashed-filled box at each energy threshold. Previous limits from Auger: (SD [20] and
Hybrid 2011 [19]), for Telescope Array (TA) [59], AGASA (A) [60], Yakutsk (Y) [61] and Haverah
Park (HP) [62] are shown for comparison. None of them includes systematic uncertainties. The
shaded regions and the lines give the predictions for the GZK photon flux [14, 16] and for top-down
models (TD, Z-Burst, SHDM I [63] and SHDM II [21]).

6 Results

Since the number of selected photon candidates is compatible with the background expecta-
tion, upper limits (UL) on the integral photon flux at 95% confidence level (C.L.) are derived
as:

�0.95
UL (E� > E0) =

N0.95
� (E� > E0)

E�(E� > E0|E��
� )

(6.1)

where N0.95
� is the Feldman-Cousins upper limit at 95% CL on the number of photon candi-

dates assuming zero background events and E� is the integrated exposure above the energy
threshold E0, under the assumption of a power law spectrum E�� (if not di↵erently stated
� = 2 as in previous publications [17]):

E� =
1

cE

Z

E�

Z

T

Z

S

Z

⌦

E��

� ✏(E� , t, ✓,�, x, y) dS dt dEd⌦ (6.2)

with ✏ being the overall e�ciency for photons as a function of energy (E�), time (t), zenith
angle (✓), azimuth (�) and position (x,y) of the impact point at ground. cE is a normalization
coe�cient: cE =

R
E��dE. ⌦ is the solid angle and the area S encloses the array and

corresponds to the generation area used for the simulations. The hybrid exposure after
photon selection criteria is shown in figure 5 (left).

Using equation (6.1) and the analysis trained on photon and proton QGSJET-II-04
simulations, with spectral index � = 2, upper limits to the integral photon flux are set to
0.027, 0.009, 0.008, 0.008, 0.007 km�2 sr�1 yr�1 for energy thresholds of 1, 2, 3, 5 and 10
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center region of �J 0.034int
UL km−2 yr−1. As can be seen in

Figure 2, the current photon flux upper limit can severely constrain
the allowed parameter space for a flux continuation to EeV
energies. This extrapolation takes into account interactions with the
cosmic microwave background (dominating) and with radio
(Protheroe & Biermann 1996) and infrared (Gilmore et al. 2012)
photon fields. Furthermore, assuming a power law with an
exponential cutoff of the form �dN dE
' q ��( ( )E E Eexp1 cut an upper limit of the cutoff energy

�E 2.0 EeVcut can be placed by setting ¨ ' q�(E
E

E
1

1

2

� �( )E E dE Jexp cut int
UL with �E 10 eV1

17.3 and �E2

10 eV18.5 and solving for Ecut. The corresponding cutoff spectrum
is also given by the dashed line in Figure 2.

6. Discussion

No target class reveals compelling evidence for photon-
emitting sources in the EeV energy regime. For the 12 sets, the
minimum combined weighted probability (w is 0.12. With 12
trials, one expects a (w-value at least that small to occur by
chance, with 78% confidence. The minimum unweighted
(-value, 0.14, is similarly not statistically significant. There
is also no evidence for one outstanding target in any target set.
The minimum penalized p-value p* in the 12 sets is 0.221. The
null result holds also against the hypothesis that only a subset
of some target class contributes a photon flux. This has been
tested by calculating combined (-values scanning only over
the most significant, i.e., the smallest p-value, targets in the
catalog.

The results presented in this paper complement previous
results published by the Pierre Auger Collaboration searching
for neutrons at higher energies using SD data (Abreu et al.
2012a; Aab et al. 2014d), and photons using hybrid data (Aab
et al. 2014c), by restricting the photon search to 12 predefined
target classes. Flux upper limits from photon point sources
constrain the continuation of measured TeV fluxes to EeV
energies, as shown for the particular case of the Galactic center
introducing an upper limit of the cutoff photon energy
of �E 2.0 EeVcut .

The discovery of photon fluxes from any target set or
individual targets in this study would have proved that EeV
protons are being accelerated at discrete sources within the
galaxy or its neighborhood. The null results reported here leave
open the possibility that EeV protons, as observed on Earth,
are of extragalactic origin. Some support for that hypothesis
was noted in the large-scale anisotropy analysis of Auger data
(Abreu et al. 2013). It is important to note, however, that the
absence of detectable photon fluxes, as reported here, does not
exclude the production of EeV protons within the galaxy. The
derived flux limits are time-averaged values. EeV photons might
be produced in transient sources, such as gamma-ray bursts or
supernovae, or aligned in jets not pointing to us. An alternative
explanation is that EeV protons escape from a source more freely
than protons that produce TeV photon fluxes, and the production

Table 1
Combined Unweighted Probabilities ( and Weighted Probabilities (w for the 12 Target Sets

Class No. (w ( R.A. Decl. Obs Exp Exposure Flux UL E-flux UL p p*

(°) (°) (km2 yr) (km−2 yr−1) (eV cm−2 s−1)

msec PSRs 67 0.57 0.14 286.4 4.0 5 (7, 9*) 1.433 236.1 0.043 0.077 0.010 0.476
γ-ray PSRs 75 0.97 0.98 312.8 −8.5 6 (8, 10*) 1.857 248.1 0.045 0.080 0.007 0.431
LMXB 87 0.13 0.74 258.1 −40.8 6 (8, 11*) 2.144 233.9 0.046 0.083 0.014 0.718
HMXB 48 0.33 0.84 285.9 −3.2 4 (7, 9*) 1.460 235.2 0.036 0.066 0.040 0.856
H.E.S.S. PWN 17 0.92 0.90 266.8 −28.2 4 (8, 10*) 2.045 211.4 0.038 0.068 0.104 0.845
H.E.S.S. other 16 0.12 0.52 258.3 −39.8 5 (8, 10*) 2.103 233.3 0.040 0.072 0.042 0.493
H.E.S.S. UNID 20 0.79 0.45 257.1 −41.1 6 (8, 10*) 2.142 239.2 0.045 0.081 0.014 0.251
Microquasars 13 0.29 0.48 267.0 −28.1 5 (8, 10*) 2.044 211.4 0.045 0.080 0.037 0.391
Magnetars 16 0.30 0.89 257.2 −40.1 4 (8, 10*) 2.122 253.8 0.031 0.056 0.115 0.858
Gal. Center 1 0.59 0.59 266.4 −29.0 2 (8, 8*) 2.048 218.9 0.024 0.044 0.471 0.471
LMC 3 0.52 0.62 84.4 −69.2 2 (8, 9*) 2.015 180.3 0.030 0.053 0.463 0.845
Cen A 1 0.31 0.31 201.4 −43.0 3 (8, 8*) 1.948 214.1 0.031 0.056 0.221 0.221

Note.In addition, information on the most significant target from each target set is given. The number of observed (Obs) and expected (Exp) events and the
corresponding exposure are shown. The numbers in brackets in the observed number of events column indicate the numbers of events needed for a T3 observation
unpenalized and penalized (*). Upper limits (UL) are computed at the 95% confidence level. The last two columns indicate the p-value unpenalized (p) and penalized
(p*). Due to the discrete distribution of p-values arising in isotropic simulations, ( can differ from p in the sets that contain only a single target.

Figure 2. Photon flux as a function of energy from the Galactic center region.
Measured data by H.E.S.S. are indicated, as well as the extrapolated photon
flux at Earth in the EeV range, given the quoted spectral indices (Abramowski
et al. 2016; conservatively the extrapolation does not take into account the
increase of the p–p cross-section toward higher energies). The Auger limit is
indicated by a green line. A variation of the assumed spectral index by ±0.11
according to systematics of the H.E.S.S. measurement is denoted by the light
green and blue band. A spectral index with cutoff energy � ·E 2.0 10 TeVcut
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is indicated as well.
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HESS: Acceleration of Petaelectronvolt 
protons in the Galactic Centre

Nature 531, 476 (2016)

Sgr A* Sgr A*

a b

Figure 1: VHE �-ray image of the Galactic Centre region. The colour scale indicates counts per 0.02�⇥0.02� pixel.
Left panel: The black lines outline the regions used to calculate the CR energy density throughout the central molecular
zone. A section of 66� is excluded from the annuli (see Methods). White contour lines indicate the density distribution
of molecular gas, as traced by its CS line emission30. The inset shows the simulation of a point-like source. Right
panel: Zoomed view of the inner ⇠ 70 pc and the contour of the region used to extract the spectrum of the diffuse
emission.
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HESS: Acceleration of Petaelectronvolt 
protons in the Galactic Centre

Nature 531, 476 (2016)

Here we report deep gamma-ray observations with arcminute angular 
resolution of the Galactic Centre regions, which show the expected 
tracer of the presence of PeV particles within the central 10 parsec of 
the Galaxy. We argue that the supermassive black hole Sagittarius A* is 
linked to this PeVatron. Sagittarius A* went through active phases in the 
past, as demonstrated by X-ray outbursts and an outflow from the 
Galactic Center. Although its current rate of particle acceleration is not 
sufficient to provide a substantial contribution to Galactic cosmic rays, 
Sagittarius A* could have plau- sibly been more active over the last ~ 
106−7 years, and therefore should be considered as a viable alternative 
to supernova remnants as a source of PeV Galactic cosmic rays.
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Figure 3: VHE �-ray spectra of the diffuse emission and HESS J1745-290. The Y axis shows fluxes multiplied by
a factor E2, where E is the energy on the X axis, in units of TeVcm�2s�1. The vertical and horizontal error bars show
the 1� statistical error and bin size, respectively. Arrows represent 2� flux upper limits. The 1� confidence bands of
the best-fit spectra of the diffuse and HESS J1745-290 are shown in red and blue shaded areas, respectively. Spectral
parameters are given in Methods. The red lines show the numerical computations assuming that �-rays result from
the decay of neutral pions produced by proton-proton interactions. The fluxes of the diffuse emission spectrum and
models are multiplied by 10.
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center region of �J 0.034int
UL km−2 yr−1. As can be seen in

Figure 2, the current photon flux upper limit can severely constrain
the allowed parameter space for a flux continuation to EeV
energies. This extrapolation takes into account interactions with the
cosmic microwave background (dominating) and with radio
(Protheroe & Biermann 1996) and infrared (Gilmore et al. 2012)
photon fields. Furthermore, assuming a power law with an
exponential cutoff of the form �dN dE
' q ��( ( )E E Eexp1 cut an upper limit of the cutoff energy

�E 2.0 EeVcut can be placed by setting ¨ ' q�(E
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17.3 and �E2

10 eV18.5 and solving for Ecut. The corresponding cutoff spectrum
is also given by the dashed line in Figure 2.

6. Discussion

No target class reveals compelling evidence for photon-
emitting sources in the EeV energy regime. For the 12 sets, the
minimum combined weighted probability (w is 0.12. With 12
trials, one expects a (w-value at least that small to occur by
chance, with 78% confidence. The minimum unweighted
(-value, 0.14, is similarly not statistically significant. There
is also no evidence for one outstanding target in any target set.
The minimum penalized p-value p* in the 12 sets is 0.221. The
null result holds also against the hypothesis that only a subset
of some target class contributes a photon flux. This has been
tested by calculating combined (-values scanning only over
the most significant, i.e., the smallest p-value, targets in the
catalog.

The results presented in this paper complement previous
results published by the Pierre Auger Collaboration searching
for neutrons at higher energies using SD data (Abreu et al.
2012a; Aab et al. 2014d), and photons using hybrid data (Aab
et al. 2014c), by restricting the photon search to 12 predefined
target classes. Flux upper limits from photon point sources
constrain the continuation of measured TeV fluxes to EeV
energies, as shown for the particular case of the Galactic center
introducing an upper limit of the cutoff photon energy
of �E 2.0 EeVcut .

The discovery of photon fluxes from any target set or
individual targets in this study would have proved that EeV
protons are being accelerated at discrete sources within the
galaxy or its neighborhood. The null results reported here leave
open the possibility that EeV protons, as observed on Earth,
are of extragalactic origin. Some support for that hypothesis
was noted in the large-scale anisotropy analysis of Auger data
(Abreu et al. 2013). It is important to note, however, that the
absence of detectable photon fluxes, as reported here, does not
exclude the production of EeV protons within the galaxy. The
derived flux limits are time-averaged values. EeV photons might
be produced in transient sources, such as gamma-ray bursts or
supernovae, or aligned in jets not pointing to us. An alternative
explanation is that EeV protons escape from a source more freely
than protons that produce TeV photon fluxes, and the production

Table 1
Combined Unweighted Probabilities ( and Weighted Probabilities (w for the 12 Target Sets

Class No. (w ( R.A. Decl. Obs Exp Exposure Flux UL E-flux UL p p*

(°) (°) (km2 yr) (km−2 yr−1) (eV cm−2 s−1)

msec PSRs 67 0.57 0.14 286.4 4.0 5 (7, 9*) 1.433 236.1 0.043 0.077 0.010 0.476
γ-ray PSRs 75 0.97 0.98 312.8 −8.5 6 (8, 10*) 1.857 248.1 0.045 0.080 0.007 0.431
LMXB 87 0.13 0.74 258.1 −40.8 6 (8, 11*) 2.144 233.9 0.046 0.083 0.014 0.718
HMXB 48 0.33 0.84 285.9 −3.2 4 (7, 9*) 1.460 235.2 0.036 0.066 0.040 0.856
H.E.S.S. PWN 17 0.92 0.90 266.8 −28.2 4 (8, 10*) 2.045 211.4 0.038 0.068 0.104 0.845
H.E.S.S. other 16 0.12 0.52 258.3 −39.8 5 (8, 10*) 2.103 233.3 0.040 0.072 0.042 0.493
H.E.S.S. UNID 20 0.79 0.45 257.1 −41.1 6 (8, 10*) 2.142 239.2 0.045 0.081 0.014 0.251
Microquasars 13 0.29 0.48 267.0 −28.1 5 (8, 10*) 2.044 211.4 0.045 0.080 0.037 0.391
Magnetars 16 0.30 0.89 257.2 −40.1 4 (8, 10*) 2.122 253.8 0.031 0.056 0.115 0.858
Gal. Center 1 0.59 0.59 266.4 −29.0 2 (8, 8*) 2.048 218.9 0.024 0.044 0.471 0.471
LMC 3 0.52 0.62 84.4 −69.2 2 (8, 9*) 2.015 180.3 0.030 0.053 0.463 0.845
Cen A 1 0.31 0.31 201.4 −43.0 3 (8, 8*) 1.948 214.1 0.031 0.056 0.221 0.221

Note.In addition, information on the most significant target from each target set is given. The number of observed (Obs) and expected (Exp) events and the
corresponding exposure are shown. The numbers in brackets in the observed number of events column indicate the numbers of events needed for a T3 observation
unpenalized and penalized (*). Upper limits (UL) are computed at the 95% confidence level. The last two columns indicate the p-value unpenalized (p) and penalized
(p*). Due to the discrete distribution of p-values arising in isotropic simulations, ( can differ from p in the sets that contain only a single target.

Figure 2. Photon flux as a function of energy from the Galactic center region.
Measured data by H.E.S.S. are indicated, as well as the extrapolated photon
flux at Earth in the EeV range, given the quoted spectral indices (Abramowski
et al. 2016; conservatively the extrapolation does not take into account the
increase of the p–p cross-section toward higher energies). The Auger limit is
indicated by a green line. A variation of the assumed spectral index by ±0.11
according to systematics of the H.E.S.S. measurement is denoted by the light
green and blue band. A spectral index with cutoff energy � ·E 2.0 10 TeVcut
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Figure 7. Maps in Equatorial and Galactic coordinates showing the arrival directions of the IceCube
cascades (black dots) and tracks (diamonds), as well as those of the UHECRs detected by the Pierre
Auger Observatory (magenta stars) and Telescope Array (orange stars). The circles around the
showers indicate angular errors. The black diamonds are the HESE tracks while the blue diamonds
stand for the tracks from the through-going muon sample. The blue curve indicates the Super-Galactic
plane.

at 22�, with the TA post-trial p-value being 9.3⇥ 10�4 and that of Auger being 4.1⇥ 10�2.
Thus, when considering the entire UHECR data set, this minimum gets reinforced.

The results of the likelihood stacking method are summarized in table 3. The most
significant deviation from the isotropic flux is found for the magnetic deflection parameter
D = 6� for the cascade sample. The observed pre-trial p-value is 2.7 ⇥ 10�4. Due to this
rather small value the post-trial p-value calculation based on generating background-only
samples and counting the fraction of those more significant than the result is not feasible.
We then conservatively apply a trial factor of 3 to account for the 3 values of the magnetic
deflection parameter D used in the analysis.3 The obtained post-trial p-value is 8.0⇥ 10�4.

3This approach is conservative since when using generated background-only samples it was observed that

the significances obtained for D = 3�, 6�, and 9� are strongly correlated. When these simulations were used

to obtain trial factors for less significant pre-trial p-values we obtained trial factor values smaller than 2.
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Abstract

On 2017 August 17 a binary neutron star coalescence candidate (later designated GW170817) with merger time
12:41:04 UTC was observed through gravitational waves by the Advanced LIGO and Advanced Virgo detectors. The
Fermi Gamma-ray Burst Monitor independently detected a gamma-ray burst (GRB 170817A) with a time delay of
_1.7 s with respect to the merger time. From the gravitational-wave signal, the source was initially localized to a sky
region of 31 deg2 at a luminosity distance of �

�40 8
8 Mpc and with component masses consistent with neutron stars. The

component masses were later measured to be in the range 0.86 to 2.26 :M . An extensive observing campaign was
launched across the electromagnetic spectrum leading to the discovery of a bright optical transient (SSS17a, now with
the IAU identification of AT 2017gfo) in NGC 4993 (at _40 Mpc) less than 11 hours after the merger by the One-
Meter, Two Hemisphere (1M2H) team using the 1 m Swope Telescope. The optical transient was independently
detected by multiple teams within an hour. Subsequent observations targeted the object and its environment. Early
ultraviolet observations revealed a blue transient that faded within 48 hours. Optical and infrared observations showed a
redward evolution over ∼10 days. Following early non-detections, X-ray and radio emission were discovered at
the transient’s position _9 and _16 days, respectively, after the merger. Both the X-ray and radio emission likely
arise from a physical process that is distinct from the one that generates the UV/optical/near-infrared emission. No
ultra-high-energy gamma-rays and no neutrino candidates consistent with the source were found in follow-up searches.
These observations support the hypothesis that GW170817 was produced by the merger of two neutron stars in
NGC 4993 followed by a short gamma-ray burst (GRB 170817A) and a kilonova/macronova powered by the
radioactive decay of r-process nuclei synthesized in the ejecta.

Key words: gravitational waves – stars: neutron

1. Introduction

Over 80 years ago Baade & Zwicky (1934) proposed the idea
of neutron stars, and soon after, Oppenheimer & Volkoff (1939)
carried out the first calculations of neutron star models. Neutron
stars entered the realm of observational astronomy in the 1960s by
providing a physical interpretation of X-ray emission from
ScorpiusX-1(Giacconi et al. 1962; Shklovsky 1967) and of
radio pulsars(Gold 1968; Hewish et al. 1968; Gold 1969).

The discovery of a radio pulsar in a double neutron star
system by Hulse & Taylor (1975) led to a renewed interest in
binary stars and compact-object astrophysics, including the
development of a scenario for the formation of double neutron
stars and the first population studies (Flannery & van den

Heuvel 1975; Massevitch et al. 1976; Clark 1979; Clark et al.
1979; Dewey & Cordes 1987; Lipunov et al. 1987; for reviews
see Kalogera et al. 2007; Postnov & Yungelson 2014). The
Hulse-Taylor pulsar provided the first firm evidence(Taylor &
Weisberg 1982) of the existence of gravitational waves(Ein-
stein 1916, 1918) and sparked a renaissance of observational
tests of general relativity(Damour & Taylor 1991, 1992;
Taylor et al. 1992; Wex 2014). Merging binary neutron stars
(BNSs) were quickly recognized to be promising sources of
detectable gravitational waves, making them a primary target
for ground-based interferometric detectors (see Abadie et al.
2010 for an overview). This motivated the development of
accurate models for the two-body, general-relativistic dynamics
(Blanchet et al. 1995; Buonanno & Damour 1999; Pretorius
2005; Baker et al. 2006; Campanelli et al. 2006; Blanchet
2014) that are critical for detecting and interpreting gravita-
tional waves(Abbott et al. 2016c, 2016d, 2016e, 2017a, 2017c,
2017d).
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Abstract

The Advanced LIGO and Advanced Virgo observatories recently discovered gravitational waves from a binary
neutron star inspiral. A short gamma-ray burst (GRB) that followed the merger of this binary was also recorded by
the Fermi Gamma-ray Burst Monitor (Fermi-GBM), and the Anti-Coincidence Shield for the Spectrometer for the
International Gamma-Ray Astrophysics Laboratory (INTEGRAL), indicating particle acceleration by the source.
The precise location of the event was determined by optical detections of emission following the merger. We
searched for high-energy neutrinos from the merger in the GeV–EeV energy range using the ANTARES, IceCube,
and Pierre Auger Observatories. No neutrinos directionally coincident with the source were detected within ±500 s
around the merger time. Additionally, no MeV neutrino burst signal was detected coincident with the merger. We
further carried out an extended search in the direction of the source for high-energy neutrinos within the 14 day
period following the merger, but found no evidence of emission. We used these results to probe dissipation
mechanisms in relativistic outflows driven by the binary neutron star merger. The non-detection is consistent with
model predictions of short GRBs observed at a large off-axis angle.

Key words: gamma-ray burst: general – gravitational waves – neutrinos

1. Introduction

The observation of binary neutron star mergers with multiple
cosmic messengers is a unique opportunity that enables the
detailed study of the merger process and provides insight into
astrophysical particle acceleration and high-energy emission
(e.g., Faber & Rasio 2012; Bartos et al. 2013; Berger 2014;
Abbott et al. 2017a). Binary neutron star mergers are prime
sources of gravitational waves (GWs; e.g., Abadie et al. 2010),
which provide information on the neutron star masses and spins
(e.g., Veitch et al. 2015). Kilonova/macronova observations of
the mergers provide further information on the mass ejected by
the disruption of the neutron stars (e.g., B. Abbott et al. 2017,
in preparation; Metzger 2017).

Particle acceleration and high-energy emission by compact
objects are currently not well understood (e.g., Mészáros 2013;
Kumar & Zhang 2015) and could be deciphered by combined
information on the neutron star masses, ejecta mass, and
gamma-ray burst (GRB) properties, as expected from multi-
messenger observations. In particular, the observation of high-
energy neutrinos would reveal the hadronic content and
dissipation mechanism in relativistic outflows (Waxman &
Bahcall 1997). A quasi-diffuse flux of high-energy neutrinos of
cosmic origin has been identified by the IceCube observatory
(Aartsen et al. 2013a, 2013b). The source population producing
these neutrinos is currently not known.

On 2017 August 17, the Advanced LIGO (Aasi et al. 2015) and
Advanced Virgo (Acernese et al. 2015) observatories recorded a
GW signal, GW170817, from a binary neutron star inspiral (Abbott
et al. 2017b). Soon afterward, Fermi-GBM and INTEGRAL

detected a short GRB, GRB 170817A, from a consistent location
(Abbott et al. 2017a; Goldstein et al. 2017; Savchenko et al. 2017).
Subsequently, ultraviolet, optical, and infrared emission was
observed from the merger, consistent with kilonova/macronova
emission. Optical observations allowed the precise localization of
the merger in the galaxy NGC 4993, at equatorial coordinates

J2000.0 13 09 48. 085h m sB �( ) , J2000.0 23 22 53. 343E � � n a ´( )
(Abbott et al. 2017c; Coulter et al. 2017a, 2017b), and at a
distance of ∼40Mpc. At later times, X-ray and radio emissions
were also observed (Abbott et al. 2017c), consistent with the
expected afterglow of a short GRB at high viewing angles (e.g.,
Abbott et al. 2017a).
High-energy neutrino observatories continuously monitor

the whole sky or a large fraction of it, making them well suited
for studying emission from GW sources, even for unknown
source locations or for emission prior to or after the GW
detection (Adrián-Martínez et al. 2016a; Albert et al. 2017a). It
is also possible to rapidly analyze the recorded data and inform
other observatories in the case of a coincident detection,
significantly reducing the source localization uncertainty
compared to that provided by GW information alone.
In this Letter, we present searches for high-energy neutrinos

in coincidence with GW170817/GRB 170817A by the three
most sensitive high-energy neutrino observatories: (1) the
ANTARES neutrino telescope (hereafter ANTARES; Ageron et al.
2011), a 10 megaton-scale underwater Cherenkov neutrino
detector located at a depth of 2500 m in the Mediterranean Sea;
(2) the IceCube Neutrino Observatory (hereafter IceCube;
Aartsen et al. 2017), a gigaton-scale neutrino detector installed
1500 m deep in the ice at the geographic South Pole,
Antarctica; and (3) the Pierre Auger Observatory (hereafter
Auger; Aab et al. 2015b), a cosmic-ray air-shower detector
consisting of 1660 water-Cherenkov stations spread over an
area of ∼3000 km2. All three detectors joined the low-latency
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Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 
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The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Horizontal air showers49 traverse a big amount of atmosphere until they are detected as illustrated in Fig 9, 
left. The thickness of the atmosphere in horizontal direction amounts to about 40 times the column density of 
the vertical atmosphere. Thus, the e/m shower component is mostly absorbed and only muons are detected 
with the WCDs of the SD. The atmosphere is transparent for radio emission in our band (30-80 MHz) and 
radio measurements are an ideal tool for a calorimetric measurement of the e/m component in horizontal air 
showers (HAS). HAS have a large footprint on the ground, covering several km2, as illustrated in Fig. 9, 
right, which depicts a shower measured with AERA. For this example shower, 46 AERA stations measured a 
radio signal above the noise level. These measurements indicate that HAS will be well measured with RDs 
on a 1500 m grid, having a sufficient number of stations (>5) with signals above the noise level in order to 
reconstruct the e/m component with an accuracy of ~20%. 

 
Figure 9: Left: Schematic view of a horizontal air shower. Right: Horizontal air shower measured 

simultaneously with AERA and the SD at the PAO.49 

Section b. Methodology 

The work plan described above shall be implemented through 5 sub projects. 
 

 
Figure 10: An upgraded SD station, consisting of the water Cherenkov detector, the scintillator mounted on 

top, and the proposed SALLA radio antenna (this proposal - red), mounted to the mechanical structure of the 
scintillator. 

 
* Sub project #1: Antenna design, pre-amplifier, mechanical mounting - PI, PD 1, engineer. 
We aim to install radio antennas at SD positions in the 1500 m array and the 750 m dense sub-array. The an-
tennas will be mounted on top of the WCD. Mechanically, we will attach the antennas to the mounting of the 
scintillators of the PAO upgrade. These mountings are a contribution of RU Nijmegen/Nikhef and the rele-
vant experts are in-house. We aim to use Short Aperiodic Loaded Loop (SALLA) antennas50 as a dipole loop 
of 1.2 m diameter to record radio signals between 30 and 80 MHz. The SALLA has been developed to pro-
vide a minimal design that matches the need for both, ultra-wideband sensitivity, and low costs for produc-
tion and maintenance of the antenna in a large-scale radio detector. The compact structure of the SALLA 
makes the antenna robust and easy to manufacture. The response of these antennas has been measured as part 
of the AERA R&D program20, their characteristics is well known and suitable for our purpose. In particular, 
the antenna is almost insensitive to the ground conditions, i.e. ideal to be placed on top of an existing SD 
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The Pierre Auger Observatory (POA) in Argentina is the largest observatory for cosmic rays15,16. It compri-
ses of a surface-detector array17 and a fluorescence detector18 as illustrated in Fig. 3, left. The surface detec-
tor (SD) is equipped with over 1600 water-Cherenkov detectors (WCDs) arranged in a triangular grid with 
1500 m spacing, detecting photons and charged particles at ground level. This 3000-km2 array is overlooked 
by 24 fluorescence telescopes grouped in units of six at four locations on its periphery. Each telescope covers 
30° in azimuth and elevations range from 1.5° to 30° above the horizon. The fluorescence detector (FD) 
measures the ultraviolet fluorescence light induced by the energy deposit of charged particles in the atmos-
phere and thus measures the longitudinal development of air showers. Whereas the surface detector has a 
duty cycle near 100%, the fluorescence telescopes operate only during dark nights and under favourable 
meteorological conditions, leading to a reduced duty cycle of about 12%. 
Recent enhancements of the PAO include a sub-array of surface-detector stations with a spacing of 750 m 
and three additional fluorescence telescopes with a field of view from 30° to 60°, co-located at the Coihueco 
fluorescence detector site, in Fig. 3, left on the left side of the array. Co-located with these enhancements is 
the Auger Engineering Radio Array (AERA).19,20,21 It comprises 153 autonomously operated antenna 
stations, covering an area of 17 km2. It records the radio emission from extensive air showers in the 
frequency range from 10 – 80 MHz at nearly 100% duty cycle. Two antenna types are employed: logarithmic 
periodic dipole antennas and butterfly antennas. An AERA station, equipped with a butterfly antenna is 
shown in Fig. 3, right. 
At present, the Auger Collaboration is preparing a major upgrade of the observatory10 in order to elucidate 
the elemental composition and the origin of the flux suppression at the highest energies, to search for a flux 
contribution of protons up to the highest energies, and to study air showers and hadronic multi-particle pro-
duction. The upgrade comprises of a plastic scintillator plane above the existing water Cherenkov detectors 
to sample the shower particles with two detectors, having different responses to muons and electromagnetic 
particles; an upgrade of the electronics of the surface detector stations, with a faster sampling rate and an 
increased dynamic range; an underground muon detector to provide a direct measurement of muons in air 
showers, covering an area of 24 km2, co-located with the enhancements (described above) and AERA; and a 
change of the operation mode for the fluorescence telescopes, increasing their duty cycle to 20%. 
 

 
Figure 3: Left: The PAO10. Each dot corresponds to one of the 1600 SD stations. The FD sites are shown, 

each with the field of view of its six telescopes. The Coihueco site hosts the low-energy extension HEAT. The 
750 m dense sub-array and AERA are located a few km from Coihueco.  Right: An AERA station; from top to 

bottom can be recognized: the communications antenna, the physics antenna – recording the air shower 
signals, and the solar panels with the electronics box underneath. 

 
Radio detection of air showers with LOFAR and AERA. In addition to the standard air shower detection 
techniques, recently a new and complementary method to measure air showers has been established by my 
group: the radio detection of air showers. In the last years we have established the radio technique as a tool to 
infer cosmic-ray properties. LOFAR combines a high antenna density and a fast sampling of the measured 
voltage traces in each antenna. This yields very detailed information for each measured air shower. 
Therefore, we have measured the properties of the radio emission with high precision22,23,24. At the PAO we 
cross-calibrate the radio technique with established detection methods. In the following some highlights of 
recent results are reviewed, which form the basis for the proposed AdG. Most results are obtained in the 
frequency range from 30 to 80 MHz. 
We have used the LORA particle detector array in the LOFAR core to measure the all-particle energy 
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇠ E�1 and a low cutoff energy of Ecut ⇠ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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matrix
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇥ E�1 and a low cutoff energy of Ecut ⇥ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇥ E�1 and a low cutoff energy of Ecut ⇥ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇥ E�1 and a low cutoff energy of Ecut ⇥ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Figure 2.10: Examples of fluxes of different mass groups for describing the Auger spectrum and
composition data. Shown are the fluxes of different mass groups that are approximations of one
maximum-rigidity scenario (left panel) and one photo-disintegration scenario (right panel). The col-
ors for the different mass groups are protons – blue, helium – gray, nitrogen – green, and iron –
red. The model calculations were done with SimProp [30], very similar results are obtained with
CRPropa [29].

this model the all-particle flux consists mainly of extragalactic protons at all energies higher
than 1018 eV. The suppression of the spectrum at the highest energies is attributed solely
to pion-photoproduction. Fig. 2.1 (right) shows the best fit of this model to the Auger flux
data; it shows that a maximum injection energy much higher than 1020 eV is only marginally
compatible with the Auger data within the systematic uncertainties. A source cutoff energy
just below 1020 eV would improve the description of the spectrum data. Such a low source
cutoff energy would also imply that part of the observed suppression of the all-particle flux
would be related to the details of the upper end of source spectra. And, of course, new par-
ticle physics would be needed to describe the Xmax data with a proton-dominated flux.

Representative examples of descriptions of the latest Auger flux data within the maximum-
rigidity and photo-disintegration models are shown in Fig. 2.10. A numerical fit was made to
optimize the description of the all-particle flux and the Xmax distributions in the different en-
ergy intervals. For sake of simplicity we have assumed homogeneously distributed sources
injecting identical power-law spectra of energy-independent mass composition. The index
of the injection power law, the maximum energy of the particles injected by the sources, and
the source composition were free parameters. Even after accounting for the systematic un-
certainties, it is difficult to obtain a satisfactory description of the flux and composition data
of the Auger Observatory with these approximations. The best description is obtained for
a hard source spectrum dN/dE ⇥ E�1 and a low cutoff energy of Ecut ⇥ 1018.7 eV for pro-
tons at the source. The cutoff energies of the other primaries are taken to scale in proportion
to their charge. This parameter set corresponds to a good approximation to a “maximum-
rigidity scenario.” A somewhat better description of the Auger data, in particular the Xmax
fluctuations at high energy, can be obtained if an additional light component is assumed to
appear in a limited energy range.

The quality of data description is shown in Fig. 2.11 as function of the two-dimensional
parameter space of the injection index and maximum proton energy. There is a wide range
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Karl-Heinz Kampert – University Wuppertal UHECR2014, Springdale (Utah), Oct. 2014

Key Elements of Upgrade

16

1) New Electronics for Surface Detector 
  ! faster sampling, better triggers, larger dynamic range,  
  more channels 

2) Enhanced Muon-Counting in Surface Detector 
 Two options (out of five originally) under study: 
  a) introduce vertical segmentation of tanks 
  b) add scintillator on top of each tank 

3) Extended operation of fluorescence telescopes 
 may double observation time 

4) High Precision Array with shielded muon detectors

Karl-Heinz Kampert – University Wuppertal UHECR2014, Springdale (Utah), Oct. 2014

4 m2 ASCII prototype

23

Karl-Heinz Kampert – University Wuppertal UHECR2014, Springdale (Utah), Oct. 2014

High Precision Array

29

AMIGA GRANDE Electronics: Closer to 
the Core 

!"#$%&'#(&)
*('&+)

!"#

Scintillators shielded by 
tank and concrete…

… or by 1.5 m soil

Two options 
considered
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2013 ICRC, contribution #712, F. Suarez 
2014, JINST 9 T04003,  O. Wainberg et al. 

2011, JINST 6 P06006, M. Platino et al. 

AMIGA: BURIED SCINTILLATOR CONCEPT (MD) 

" 25 radiation 
lengths in 
local soil 

MD is an SD 
slave detector 

•  No electromagetic contamination 
•  Ethreshold for muons of  1 GeV 

320 MHz 
sampling 
(3.125 ns) 
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SD and MD reconstruction 

E > 1019 eV  &  ! = 40 o 

AMIGA: MD+SD EVENT EXAMPLE 

First data from MD prototype hexagon demonstrate the potential of a dedicated 
muon detector observing (singing) alongside the SD and the FD 
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AMIGA
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Testing the performance of AugerPrime
AugerPrime Engineering ArrayAugerPrime Engineering Array
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• design finalized and tested

• 180 SSDs to be shipped 2017

• finish construction by 2019

• data taking until 2025
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Performance of scintillator upgradeTesting the performance of AugerPrime
AugerPrime Engineering ArrayAugerPrime Engineering Array
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Testing the performance of AugerPrime
AugerPrime Engineering ArrayAugerPrime Engineering Array
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PAO & TA
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Pure protons vs mixed composition: a controversy?

➡ Straightforward comparison? Controversy?
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Comparing apples and oranges
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Comparing Xmax from Auger and TA—AUGERMIX
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Results between 18.2<log10(E/eV)<19.0
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Systematic uncertainties

TA: 20.3 g/cm2 
Auger: -10/+8 g/cm2

➡ Shift needed so that 
the means of  the 

distributions match
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Results between 18.2<log10(E/eV)<19.0
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Xmax compatibility table— 18.2<log10(E/eV)<19.0

➡ Within systematic uncertainties


