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Hybrid Detection of UHECR: Pierre Auger Observatory
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• 27 Telescopes to measure light trace of 
   EAS in atmosphere 
• integrated light intensity → CR energy 
• 13% duty cycle 

• 1660 Water Cherenkov detectors on 
   1.5 km grid to measure footprint of 
   particles at ground 
• 100% duty cycle 
• cross calibrated with FD-telescopes 
   with hybrid events

• 153 radio antennas for em-radiated energy 
• 18 km2 area 
• 100% duty cycleCentral campus with 

visitors center

Nucl. Instr. Meth. A798 (2015) 172

3000 km2 area
Argentina (Malargüe)

• 1400 m altitude
• 35° S, 69° W
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Auger Hybrid Observatory
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...1660 stations in total

Three 9“ PMT

12000 ltr water

solar panel

GPS

battery

electronics

local trigger


40 MHz digit. 10 W

Water Cherenkov Station

XP 1805

communication
ISM band (0.9 GHz)
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Counting detector stations

1500 m

Official stamp
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24 telescopes (6 per site)

12 m2 mirrors, Schmidt optics

30°x30° deg field of view

440 PMTs/camera

10 MHz FADC readout

Camera with 440 PMTs

UV optical filterLight Spot as seen by Camera opt. Filter

(MUG-6)
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A quadruple event

4 Telescopes + 20 km2 Footprint
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Calibrating the Primary Energy
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Central campus with 
visitors center

Nucl. Instr. Meth. A798 (2015) 172
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fluorescence yield 
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Calibrating the Primary Energy
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Nucl. Instr. Meth. A798 (2015) 172

 [eV]FDE
1710 1810 1910 2010

SD
 e

ne
rg

y 
es

tim
at

or

1−10

1

10

210

310

 [VEM]38S
19N

 [VEM]35S

500 1000 1500 2000 2500 3000 3500 4000
1

10

210

310

core distance (m)

no
. o

f p
ar

tic
le

s (
V

EM
)

Preliminary energy
estimate ~ 1020  eV

Fit of particle density as a fct 
of distance from shower core 
→ ρ(r)

Normalise Stot to specific zenith 
angle → S38, etc 

Note, this way the surface 
detector array is calibrated by the 
fluorescence telescopes, based 

on lab measurements!

infi
lled

 ar
ray

 (7
50 

m)

sta
ndard array (1

500 m)

very i
nclin

ed sh
owers

Stot =

Z
2⇡r⇢(r)dr

<latexit sha1_base64="Cly+KmmRPkGcTCBLp5LDHjd8dDE="></latexit><latexit sha1_base64="lPHHKnnxk9IhvuzULuWiU1pbh70="></latexit><latexit sha1_base64="lPHHKnnxk9IhvuzULuWiU1pbh70="></latexit><latexit sha1_base64="lPHHKnnxk9IhvuzULuWiU1pbh70="></latexit><latexit sha1_base64="RLDGu/FFuclLz6wiVnRyMjxtwHA="></latexit>



Karl-Heinz Kampert – Bergische Universität Wuppertal Francesco Romano School, Monopoli, Sept 2023

Calibrating the Primary Energy
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The End of the CR Energy Spectrum
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Is this the maximum 
energy of cosmic
accelerators or
the famous GZK 
effect?
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1966: „End to the CR Spectrum ?“
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Greisen,

Zatsepin & Kuz‘min

Linsley‘s event 
                  (observed 1962    


          PRL 1963)

John Linsley @ Volcano Ranch
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Picture: DESY,

Science Communication Lab

GZK-effect: energy losses in the CMB
(predicted 1966 by Greisen, Zatsepin, Kuz’min)

1020 eV

1019 eV

⬅︎ discovered 1965

nγ=412 cm-3
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Picture: DESY,

Science Communication Lab

Nuclei suffer photo disintegration:
A + γCMB → (A − 1) + n . . .

p

CMB

p
π 

photo-pion production
p+ �CMB ! � ! p+ ⇡0! �

! n+ ⇡+! ⌫
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GZK-effect: energy losses in the CMB
(predicted 1966 by Greisen, Zatsepin, Kuz’min)
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Simulation of GZK-effect 
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– Fe-sources

pγ → Δ → p+π 

Fe+γ → „Cr“ + p + n

– p-sources

The cut-off shape is reasonably well described

However, …
the composition is neither protons nor Fe
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Increasingly Heavy Composition 
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Auger Highlights Antonella Castellina
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan), A � 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-
netic fields; they point back to their sources, making them ideal messengers in targeted searches.
While photons cover travel distances of the order of ⇠ 4.5 Mpc at 1 EeV, neutrinos allow us to
probe sources up to cosmological distances. Their fluxes depend on the properties of the sources
and on the composition of the primary beam. A copious production of n and g can be expected,
e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects
and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to
the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point
to a mixed composition.
The selection of photons in Auger is based on the fact that photon-induced showers present a more
elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing
the involvement of a lower number of SD stations in the events, and a reduced production of muons
with respect to hadronic showers [20].
Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers
above ⇠ 60�, the electromagnetic component is indeed almost completely absorbed in the atmo-
sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with
similar arrival directions, the first interaction would happen lower in the atmosphere, producing a
considerable amount of electrons and photons at the ground. Two main categories of events are
considered: Earth-skimming, induced by nt travelling from below the Earth crust in directions be-
tween 90� and 95� and producing a t lepton which can then generate a shower above the SD, and
downward-going events due to neutrinos of any flavour. Thanks to the larger grammage and to the

8
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Figure 6: Left: The simulated energy spectrum (multiplied by E3) at the top of the Earth’s at-
mosphere obtained with the best fit parameters (see text): all-particle (brown curve), A = 1 (red),
2  A  4 (grey), 5  A  22 (green), 23  A  38 (cyan), A � 39 (blue). The combined energy
spectrum as measured by Auger (Fig.3, right) is shown for comparison with the black dots. Right:
The first two moments of the Xmax distributions as predicted for the model (brown curve) versus
pure compositions. Only the energy range indicated by the solid brown line is included in the fit.
The measured mean XSD

max are shown with purple triangles for comparison.

propagation from their sources to Earth. Neither are deflected in the Galactic or intergalactic mag-
netic fields; they point back to their sources, making them ideal messengers in targeted searches.
While photons cover travel distances of the order of ⇠ 4.5 Mpc at 1 EeV, neutrinos allow us to
probe sources up to cosmological distances. Their fluxes depend on the properties of the sources
and on the composition of the primary beam. A copious production of n and g can be expected,
e.g., if the suppression of the UHECR flux above a few tens of EeV is due to propagation effects
and if the proton component is dominant. On the contrary, an explanation of the cutoff as due to
the exhaustion of the sources would lead to much lower fluxes of neutral particles and would point
to a mixed composition.
The selection of photons in Auger is based on the fact that photon-induced showers present a more
elongated profile in the atmosphere, and thus a larger Xmax, a steeper lateral distribution, causing
the involvement of a lower number of SD stations in the events, and a reduced production of muons
with respect to hadronic showers [20].
Neutrinos are looked for based on the selection of horizontal showers. In hadronic-induced showers
above ⇠ 60�, the electromagnetic component is indeed almost completely absorbed in the atmo-
sphere, and only muons are detected in the SD. On the contrary, in the case of neutrino events with
similar arrival directions, the first interaction would happen lower in the atmosphere, producing a
considerable amount of electrons and photons at the ground. Two main categories of events are
considered: Earth-skimming, induced by nt travelling from below the Earth crust in directions be-
tween 90� and 95� and producing a t lepton which can then generate a shower above the SD, and
downward-going events due to neutrinos of any flavour. Thanks to the larger grammage and to the
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Emax,CR ∝ ZCR ⋅ (R × B)source
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GZK effect or Maximum Source energy ?
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An astrophysical interpretation
Global fit of a model to spectrum and mass measured at Earth

- now extended to below the ankle with two possible scenarios 

PoS(ICRC2021)311

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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- Fit for injected mass fractions , spectral index  and rigidity cutoff 
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- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios
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different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 0 71.7 595.2 666.9

+14% 64.9 609.3 674.2
-14% 53.5 581.3 634.8

0 0 60.1 554.8 614.9
+14% 70.6 548.8 619.5
-14% 79.1 714.2 793.3

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the energy and !max scales.

.

Following the same approach used in [2], we take
into account the uncertainty on the energy scale and on
the !max scale by shifting all the measured energies and
!max values by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst in both directions, as shown in Tab. 3. The bands represent the maximal variations induced
by considering all the possible combinations of shifts. The shaded area in the right plot indicates the region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ∼ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to !cut for values above ∼ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different nuclear species at the top of atmosphere, grouped according to
their mass number: " = 1 (red), 2 ≤ " ≤ 4 (grey), 5 ≤ " ≤ 22 (green), 23 ≤ " ≤ 38 (cyan), " ≥ 39 (blue).
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Figure 2: The first two moments of the #max distributions in each energy bin along with their expected values and the
predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
#max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ∼ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to !cut for values above ∼ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different nuclear species at the top of atmosphere, grouped according to
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Figure 2: The first two moments of the #max distributions in each energy bin along with their expected values and the
predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
#max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

σsys(E)/E = 14 %
σsys(Xmax) = 6 ÷ 9 g cm−2
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. Effect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

! 3.49 ± 0.02 −1.98 ± 0.10 3.48 ± 0.04 −1.9 ± 0.2 3.66 ± 0.05 −0.93 ± 0.09 3.51 ± 0.06 −0.86 ± 0.10
log10 ("cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
#H (%) 49.87 $ (10−7) 49.39 0.44 44.17 0.38 40.85 $ (10−9)
#He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
#N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
#Si (%) $ (10−6) 7.32 $ (10−7) 4.64 $ (10−5) 2.91 $ (10−6) 11.15
#Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
%HIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
&HIM 1.0 0.78 0.69 0.52
&! ('! ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
&"max ('"max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
&tot (' ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff of the LE component. If the
HE population has a strong positive evolution (e.g. " = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ∼ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties effect, so it is more
difficult to draw a conclusion about a favoured configuration. However, when we consider the values
" = 0, 3.5 for the HE component and " = −3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ∼ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (# < 0), a rather low rigidity cutoff and a mass
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties effect, so it is more
difficult to draw a conclusion about a favoured configuration. However, when we consider the values
" = 0, 3.5 for the HE component and " = −3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ∼ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (# < 0), a rather low rigidity cutoff and a mass
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. Effect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

! 3.49 ± 0.02 −1.98 ± 0.10 3.48 ± 0.04 −1.9 ± 0.2 3.66 ± 0.05 −0.93 ± 0.09 3.51 ± 0.06 −0.86 ± 0.10
log10 ("cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
#H (%) 49.87 $ (10−7) 49.39 0.44 44.17 0.38 40.85 $ (10−9)
#He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
#N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
#Si (%) $ (10−6) 7.32 $ (10−7) 4.64 $ (10−5) 2.91 $ (10−6) 11.15
#Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
%HIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
&HIM 1.0 0.78 0.69 0.52
&! ('! ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
&"max ('"max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
&tot (' ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff of the LE component. If the
HE population has a strong positive evolution (e.g. " = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ∼ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties effect, so it is more
difficult to draw a conclusion about a favoured configuration. However, when we consider the values
" = 0, 3.5 for the HE component and " = −3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ∼ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (# < 0), a rather low rigidity cutoff and a mass
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Models configuration: Talys, Gilmore, EPOS-LHC

Scenario A Scenario B

Fit results in the two scenarios

Scenario B
Gal. contribution +  

EG component of pure p 
Two EG mixed 
components

June 26, 2021

�pd Talys, PSB XYZ
EBL Gilmore, Dominguez XYZ
HIM EPOS-LHC, Sibyll2.3d, QGSJetIIv4 XYZ

Galactic contribution (at Earth) N+Si -

J0,gal [eV�1 km�2 sr�1 yr�1] (1.07 ± 0.06) · 10�13 -

log
10

(Rcut,gal/V) 17.48 ± 0.02 -

fN(%) 93.0 ± 0.5 -

EG components (at the sources) Low energy High energy Low energy High energy

L0 [1045 erg Mpc�3 yr�1] 7.28 0.44 17.0 0.45

� 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10

log
10

(Rcut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01

IH (%) 100 (fixed) 0.0 49.87 0.0

IHe (%) - 27.17 10.92 28.60

IN (%) - 69.86 36.25 69.05

ISi (%) - 0.0 0.0 0.0

IFe (%) - 2.97 2.96 2.35

DJ (NJ ) 49.5 (24) 60.1 (24)

DXmax
(NXmax

) 593.8 (329) 554.8 (329)

D (N) 643.3 (353) 614.9 (353)

Talys, Gilmore PSB, Gilmore Talys, Dominguez PSB, Dominguez

LE HE LE HE LE HE LE HE

L0 [1045erg Mpc�3yr�1] 17.0 0.45 16.8 0.44 21.7 0.71 22.1 0.71

� 3.49 ± 0.02 �1.98 ± 0.10 3.49 ± 0.03 �1.95 ± 0.16 3.67 ± 0.06 �0.95 ± 0.12 3.70 ± 0.05 �0.94 ± 0.12

log
10

(Rcut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.06 18.23 ± 0.02 18.03 ± 0.02 18.22 ± 0.02

IH (%) 49.87 0.0 51.15 0.91 45.48 0.61 45.67 0.79

IHe (%) 10.92 28.60 12.68 49.09 6.13 20.25 8.55 48.79

IN (%) 36.25 69.05 33.25 43.89 45.03 73.70 42.10 40.57

ISi (%) 0.0 7.32 0.0 4.23 0.0 2.75 0.0 7.99

IFe (%) 2.96 2.35 2.93 1.87 3.36 2.69 3.67 1.86

�HIM 1.0 (lim.) 1.0 (lim.) 0.96+0.04
�0.16 0.94+0.06

�0.14

DJ (NJ ) 60.1 (24) 53.0 (24) 44.7 (24) 43.0 (24)

DXmax
(NXmax

) 554.8 (329) 562.8 (329) 586.3 (329) 591.6 (329)

D (N) 614.9 (353) 615.8 (353) 631.0 (353) 634.6 (353)
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energy ⇢0 = 1016.85 eV, the normalisation �0,gal and the Z-dependent rigidity cuto� log10('cut,gal)
are free fit parameters. Our data cannot be described by a Galactic contribution with heavier mass
compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is assumed.
In the latter scenario we assume only one additional mixed extragalactic component at low energies,
similar to the above-ankle one, but characterised by di�erent physical parameters.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�; the fit is
actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to an
arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results. Left: the estimated contributions
from the two extragalactic components (red: low-energy component, blue: high-energy component). Right:
the partial fluxes related to di�erent nuclear species at the top of atmosphere, grouped according to their
mass number: � = 1 (red), 2  �  4 (grey), 5  �  22 (green), 23  �  38 (cyan), � � 39 (blue).
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Figure 2: The first two moments of the distributions in each energy bin along with their expected values and
the predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the

4

Predicted fluxes at Earth

Differences between the two scenarios within the systematic uncertainties  
→ further investigations of the Galactic contribution to possibly define a 

favoured scenario 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
m

Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.

11ICRC21 311 (2021)

GZK, i.e. propagation effect Maximum source energy

P He

CNO

Fe

p+ �CMB ! � ! p+ ⇡0! �
! n+ ⇡+! ⌫
smoking

gun…

This realisation will make
astronomy more difficult
(note CR deflections ~ Z)
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ντ

Inclined+showers++
&+UHE+neutrinos+

•  Protons+&+nuclei+ini?ate+showers+
high+in+the+atmosphere.++
–  Shower+front+at+ground:++

•  mainly+composed+of+muons+
•  electromagne?c+component+
absorbed+in+atmosphere.+

•  Neutrinos+can+ini?ate+“deep”+
showers+close+to+ground.+
–  Shower+front+at+ground:+

electromagne?c+++muonic+
components+

6+
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Searching+for+neutrinos+�+
searching+for+inclined+showers+

+with+electromagne?c+component+

EeV Neutrinos detectable 
in inclined air showers hadronic induced shower 

at large zenith angles

→ no em-component 
    („old“ shower)

tau-neutrino in Earth 
skimming event 
produces 
up-going young shower

neutrino induced shower 
at large zenith angles

→ normal em-component 
    („young“ shower)
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With+the+SD,+we+can+dis?nguish+muonic+from+electromagne?c+shower+fronts+
(using+the+?me+structure+of+the+signals+in+the+water+Cherenkov+sta?ons).+„young“ shower

5 EeV, distance to shower axis ~1km
zenith angle ~80°

5 EeV, distance to shower axis ~1km
zenith angle ~22°
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With+the+SD,+we+can+dis?nguish+muonic+from+electromagne?c+shower+fronts+
(using+the+?me+structure+of+the+signals+in+the+water+Cherenkov+sta?ons).+„old“ shower

Area over Peak by itself 
provides already a very 
powerful discrimination 

Area over Peak of signal traces (AoP)

CR

neutrino
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Exposure
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7

ply to get rid of the larger background nucleonic showers482

in the zenith angle bin 60� < ✓ < 75�.483

The relative contributions of the three channels to484

the total expected event rate for a di↵erential flux485

behaving with energy as dN⌫(E⌫)/dE⌫ / E�2

⌫ are486

ES:DGH:DGL⇠0.84:0.14:0.02 respectively, where the487

event rate is obtained as:488

Nevt =

Z

E⌫

dN⌫

dE⌫
(E⌫) Etot(E⌫) dE⌫ (1)489

C. Systematic uncertainties490

Several sources of systematic uncertainty have been491

considered. Some of them are directly related to the492

Monte Carlo simulation of the showers, i.e., generator493

of the neutrino interaction either in the Earth or in the494

atmosphere, parton distribution function, air shower de-495

velopment, and hadronic model.496

Other uncertainties have to do with the limitations on497

the theoretical models needed to obtain the interaction498

cross-section or the ⌧ energy loss at high energies. In the499

Earth-skimming analysis the model of energy loss for the500

⌧ is the dominant source of uncertainty, since it deter-501

mines the energy of the emerging ⌧s after propagation502

in the Earth; the impact of this on the downward-going503

analysis is much smaller since ⌧ energy losses are only504

relevant for ⌫⌧ interacting in the mountains, a channel505

that is estimated to contribute only ⇠ 15% to the total506

exposure.507

The uncertainty on the shower simulation, that stems508

mainly from the di↵erent shower propagation codes and509

hadronic interaction models that can be used to model510

the high energy collisions in the shower, contributes sig-511

nificantly in the ES and DG channels.512

The presence of mountains around the Observatory –513

which would increase the target for neutrino interactions514

in both cases – is explicitly simulated and accounted for515

when obtaining the exposure of the SD to downward-516

going neutrino-induced showers, and as a consequence517

does not contribute directly to the systematic uncertain-518

ties. However, it is not accounted for in the Earth-519

skimming channel and instead we take the topography520

around the Observatory as a source of systematic uncer-521

tainty.522

In the three channels the procedure to incorporate the523

systematic uncertainties is the same. Di↵erent combi-524

nations of the various sources of systematic uncertainty525

render di↵erent values of the exposure and a systematic526

uncertainty band of relative deviation from a reference527

exposure (see below) can be constructed for each chan-528

nel and for each source of systematic uncertainty. For529

a given source of uncertainty the edges of the ES, DGH530

and DGL bands are weighted by the relative importance531

of each channel as given before and added linearly or532

quadratically depending on the source of uncertainty. In533

Table II we give the dominant sources of systematic un-534

certainty and their corresponding combined uncertainty535

Source of systematic Combined uncertainty band

Simulations ⇠ +4%, -3%

⌫ cross section & ⌧ E-loss ⇠ +34%, -28%

Topography ⇠ +15%, 0%

Total ⇠ +37%, -28%

Table II. Main sources of systematic uncertainties and their
corresponding combined uncertainty bands (see text for de-
tails) representing the e↵ect on the event rate defined in
Eq. (1). The uncertainty due to “Simulations” includes: inter-
action generator, shower simulation, hadronic model, thinning
and detector simulator. The uncertainty due to “⌧ energy-
loss” does not a↵ect the DGL channel and only a↵ects the
DGH ⌫⌧ with ✓ & 88� going through the mountains surround-
ing the Pierre Auger Observatory. The uncertainty due to
“Topography” only a↵ects the ES channel.

bands obtained in this way. The combined uncertainty536

band is then incorporated in the value of the limit itself537

through a semi-Bayesian extension [21] of the Feldman-538

Cousins approach [22].539

In the calculation of the reference exposure the ⌫-540

nucleon interaction in the atmosphere for DG neutrinos541

(including CC and NC channels) is simulated with HER-542

WIG [23]. In the case of ⌫⌧ CC interactions, a dedicated,543

fast and flexible code is used to simulate the ⌧ lepton544

propagation in the Earth and/or in the atmosphere. The545

⌧ decay is performed with the TAUOLA package [24]. In546

all cases we adopted the ⌫-nucleon cross-section in [25].547

In a second step, the AIRES code [26] is used to simulate548

the propagation of the particles produced in the high en-549

ergy ⌫ interaction or in the ⌧ lepton decay. The types,550

energies, momenta and times of the particles reaching the551

SD level are obtained. The last stage is the simulation of552

the SD response (PMT signals and FADC traces). This553

involves a modification of the “standard” sampling pro-554

cedure in [27] to regenerate particles in the SD stations555

from the “thinned” air shower simulation output, that556

was tailored to the highly inclined showers involved in557

the search for neutrinos. Light production and propa-558

gation inside the station is based on GEANT4 [28] with559

the modifications to account for the evolution of the light560

decay time explained above. These two latter changes561

roughly compensate each other, with the net result be-562

ing a few percent decrease of the exposure with respect563

to that obtained with the standard thinning procedure564

and a constant average value of the light decay time.565

IV. RESULTS566

Using the combined exposure in Fig. 3 and assuming a567

di↵erential neutrino flux dN(E⌫)/dE⌫ = k · E�2

⌫ as well568

as a ⌫e : ⌫µ : ⌫⌧ = 1 : 1 : 1 flavour ratio, an upper limit569

on the value of k can be obtained as:570

k =
NupR

E⌫
E�2

⌫ Etot(E⌫) dE⌫
. (2)571

Earth-Skimming ντ 
dominates exposure
(loss at higher energies due to
τ decays high in the atmosphere) 

ES

DG
νµ DG

Relative contribution to expected 
event rate:

Earth Skimming: ~84%
Down Going (75°-90°)∶ ~ 14%
Down Going (60°-75°)∶ ~ 2%

νe DG

To translate a non-observation into upper flux limits, you need to
know the acceptance (sensitivity) of your experiment and the
observation (exposure) time
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Bounds on a diffuse Flux of EeV Neutrinos
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GZK effect should have 
given us 2-10 neutrinos

Observed: None

Auger Collaboration, JCAP10 (2019) 022
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Bounds on a diffuse Flux of EeV Photons
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Auger Collaboration, JCAP04 (2017) 009, M. Niechciol ICRC2023

Photons can be identified by deep Xmax  
and low muon number

γ p 

data 

expectations for
proton sources

Upper Limits on the Diffuse Flux of UHE Photons

28 July 2023Marcus Niechciol (Pierre Auger Collaboration) / ICRC 2023 (Nagoya, Japan) 8
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210 Auger SD 433 m + UMD (2023), U.L. at 95 % C.L.
Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2023), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

GZK proton I (Kampert et al. 2011)
GZK proton II (Gelmini, Kalashev & Semikoz 2022)
GZK mixed (Bobrikova et al. 2021)
CR interactions in Milky Way (Berat et al. 2022)
SHDM Ia (Kalashev & Kuznetsov 2016)
SHDM Ib (Kalashev & Kuznetsov 2016)
SHDM II (Kachelriess, Kalashev & Kuznetsov 2018)

• No primary UHE photon could be 

unambiguously identified so far

• Most stringent limits on the 

diffuse flux of photons over a wide 

energy range come from Auger

• Predictions of some cosmogenic 
models (e.g., involving GZK 

interactions) are within reach

• Limits also useful to constrain BSM 

models involving SHDM particles
[Pierre Auger Coll., PRL 130 (2023) 061001]
[Pierre Auger Coll., PRD 107 (2023) 042002]

[Pierre Auger Coll., ApJ 933 (2022) 125]
[P. Savina (Pierre Auger Coll.), PoS (ICRC 2021) 373]

[Pierre Auger Coll., JCAP 05 (2023) 021]
[Pierre Auger Coll., Universe 8 (2022) 579]

Extension to lower energies shown by Nicolás González in CRI7-04,PoS (ICRC 2023) 238
Similarly, photon upper limits start to constrain

cosmogenic photon fluxes of p-sources



Karl-Heinz Kampert – Bergische Universität Wuppertal Francesco Romano School, Monopoli, Sept 2023

GZK effect or Maximum Source energy ?
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An astrophysical interpretation
Global fit of a model to spectrum and mass measured at Earth

- now extended to below the ankle with two possible scenarios 

PoS(ICRC2021)311

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ⇠ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the e�ects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(⇢ > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of di�erent components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ⇠ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of =  5 representative nuclear
species �, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cuto�:

� (⇢) =
’
�

5� · �0 ·
✓
⇢

⇢0

◆�W
·
8>><
>>:

1, ⇢ < /� · 'cut;

exp
⇣
1 � ⇢

/� ·'cut

⌘
, ⇢ > /� · 'cut.

(1)

where �0 is the normalisation factor, /� is the atomic number of each species � and 5� is the
fraction of � at the energy ⇢0 = 1017.5 eV.

fpd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these e�ects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections fpd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of -max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.

2

Extragalactic sources - assume rigidity-dependent cut-off at source

- uniformly distributed identical sources (except for local over-density  Mpc)

- Injected mass, five representative groups of 

- propagation energy losses included, source evolution dependence checked

- Fit for injected mass fractions , spectral index  and rigidity cutoff 

d < 30
A

fA γ Rcut

Below the ankle

- two scenarios explored (incl. extragalactic contribution)

- Minimal difference in mass predictions from scenarios

Interpretation of flux and composition data (i)

14

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

different mass groups have small overlap and the composition becomes heavier as the energy
increases. The estimated non-negligible Fe fraction at the sources is actually required only by the
energy spectrum fit, since it contributes at the highest energies where the mass composition data
are not available, as already noted in [17].

3. Effect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin affect both the energy and the !max mea-
surements. The uncertainty on the energy scale is assumed to be Δ"/" = 14% in the whole
considered energy range [18]. For the !max scale we consider an asymmetric and slightly energy-
dependent uncertainty, ranging from 6 to 9 g cm−2 [13]. An additional systematic effect could also
arise from the uncertainties on the !max resolution and acceptance parameters [13], but we verified
that their impact on the fit results is here negligible.

Δ!max Δ"/" #! #"max #

-14% 52.5 578.3 630.9
−1$syst 0 71.7 595.2 666.9

+14% 64.9 609.3 674.2
-14% 53.5 581.3 634.8

0 0 60.1 554.8 614.9
+14% 70.6 548.8 619.5
-14% 79.1 714.2 793.3

+1$syst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The effect on the deviance of the
±1 #syst shifts in the energy and !max scales.

.

Following the same approach used in [2], we take
into account the uncertainty on the energy scale and on
the !max scale by shifting all the measured energies and
!max values by one systematic standard deviation in each
direction. We consider all the possible combinations of
these shifts and their effect on the deviance value is sum-
marised in Tab. 3. The dominant effect in terms of predic-
tions at Earth is the one arising from the !max uncertainty;
as for the estimated best fit parameters, they are not much
modified when the experimental systematic uncertainties
are considered.

The maximal variations on the predicted fluxes at Earth, obtained by considering all the
configurations of Tab. 3, are shown in Fig. 3. The rather large uncertainty on the predicted total
fluxes (brown band) is due to the ±14% shifts in the energy scale, but it significantly affects only

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the effect on
the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the energies and/or the
!max distributions of 1 #syst in both directions, as shown in Tab. 3. The bands represent the maximal variations induced
by considering all the possible combinations of shifts. The shaded area in the right plot indicates the region where the
!max measurements are grouped in one single energy bin because of the low statistics and thus the mass composition
predictions are mainly driven by the energy spectrum fit.
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are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ∼ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to !cut for values above ∼ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different nuclear species at the top of atmosphere, grouped according to
their mass number: " = 1 (red), 2 ≤ " ≤ 4 (grey), 5 ≤ " ≤ 22 (green), 23 ≤ " ≤ 38 (cyan), " ≥ 39 (blue).
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Figure 2: The first two moments of the #max distributions in each energy bin along with their expected values and the
predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
#max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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are free fit parameters. Our data cannot be described by a Galactic contribution with heavier
mass compositions, e.g. the deviance reaches ∼ 1000 if a composition dominated by silicon is
assumed. In the second scenario we assume only one additional mixed extragalactic component
at low energies, similar to the above-ankle one, but characterised by different physical parameters.
Even if this scenario exhibits a lower deviance, the difference is comparable to the systematic
uncertainties effect illustrated in the next sections; in the future a more detailed investigation of the
assumptions on the Galactic contribution could possibly help to establish a favoured scenario.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cutoff, which are also
related to a larger estimated source emissivity with respect to the one of the HE component; the fit
is actually degenerate with respect to !cut for values above ∼ 1019 eV, thus fixing this parameter to
an arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results in the scenario with two mixed extragalactic
components. Left: the estimated contributions from the two extragalactic components (red: LE component, blue: HE
component). Right: the partial fluxes related to different nuclear species at the top of atmosphere, grouped according to
their mass number: " = 1 (red), 2 ≤ " ≤ 4 (grey), 5 ≤ " ≤ 22 (green), 23 ≤ " ≤ 38 (cyan), " ≥ 39 (blue).

18.0 18.5 19.0 19.5 20.0
(E/eV)

10
log

700
710
720
730
740
750
760
770
780
790
800

]
-2

 [g
 c

m
〉

m
ax

X〈

H He
N

Si

Fe

EPOS-LHC

18.0 18.5 19.0 19.5 20.0
(E/eV)

10
log

15
20
25
30
35
40
45
50
55
60
65

]
-2

) [
g 

cm
m

ax
(X

σ

H

He

N
Si
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In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
#max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. Effect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.
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! 3.49 ± 0.02 −1.98 ± 0.10 3.48 ± 0.04 −1.9 ± 0.2 3.66 ± 0.05 −0.93 ± 0.09 3.51 ± 0.06 −0.86 ± 0.10
log10 ("cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
#H (%) 49.87 $ (10−7) 49.39 0.44 44.17 0.38 40.85 $ (10−9)
#He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
#N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
#Si (%) $ (10−6) 7.32 $ (10−7) 4.64 $ (10−5) 2.91 $ (10−6) 11.15
#Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
%HIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
&HIM 1.0 0.78 0.69 0.52
&! ('! ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
&"max ('"max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
&tot (' ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in

6

Combined fit of the energy spectrum and mass composition across the ankle Eleonora Guido

Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff of the LE component. If the
HE population has a strong positive evolution (e.g. " = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ∼ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties effect, so it is more
difficult to draw a conclusion about a favoured configuration. However, when we consider the values
" = 0, 3.5 for the HE component and " = −3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ∼ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (# < 0), a rather low rigidity cutoff and a mass
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abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. Effect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering different combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their effect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter #HIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as $ =
#HIM · $EPOS + (1 − #HIM) · $Sibyll. The introduction of #HIM leads to an additional deviance term
%HIM = (#HIM − 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

! 3.49 ± 0.02 −1.98 ± 0.10 3.48 ± 0.04 −1.9 ± 0.2 3.66 ± 0.05 −0.93 ± 0.09 3.51 ± 0.06 −0.86 ± 0.10
log10 ("cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
#H (%) 49.87 $ (10−7) 49.39 0.44 44.17 0.38 40.85 $ (10−9)
#He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
#N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
#Si (%) $ (10−6) 7.32 $ (10−7) 4.64 $ (10−5) 2.91 $ (10−6) 11.15
#Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
%HIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
&HIM 1.0 0.78 0.69 0.52
&! ('! ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
&"max ('"max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
&tot (' ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using different combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter #HIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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Figure 3: Left: the combined effect of the experimental uncertainties on the energy spectrum. Right: the
effect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the !max distributions of 1 "syst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Figure 4: Left: the effect of the uncertainties from models on the energy spectrum. Right: the effect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff of the LE component. If the
HE population has a strong positive evolution (e.g. " = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ∼ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties effect, so it is more
difficult to draw a conclusion about a favoured configuration. However, when we consider the values
" = 0, 3.5 for the HE component and " = −3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ∼ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (# < 0), a rather low rigidity cutoff and a mass
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abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three different evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for ! < 1 (" = 3.5 and " = 5, respectively), and a
TDE-like evolution with " = −3 for small ! [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution effect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cutoff of the LE component. If the
HE population has a strong positive evolution (e.g. " = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ∼ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties effect, so it is more
difficult to draw a conclusion about a favoured configuration. However, when we consider the values
" = 0, 3.5 for the HE component and " = −3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ∼ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
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1. Introduction

The existence of ultra-high-energy cosmic rays (UHECRs), the ones reaching Earth with
energies above ∼ 1018 eV, was proven in the early 1960s and recent measurements point to a
predominant flux component of extragalactic origin at these energies [1]. In the still open quest for
the sources of these particles, the large ground-based experiments built in the last few decades, like
the Pierre Auger Observatory, have been helping in shedding light on such open questions.

In this analysis we simultaneously fit a simple astrophysical model to both the energy spectrum
and the mass composition data measured at the Pierre Auger Observatory, considering energies
from 1017.8 eV to include the region across the ankle. At this first stage, the effects of the potentially
relevant interactions occurring in the acceleration sites are not considered, limiting the study to
constrain the physical parameters related to the energy spectrum and the mass composition of
particles escaping the environments of extragalactic sources. In a previous publication [2], a model
consisting of one single population of extragalactic sources was fitted to the data above the ankle
(! > 1018.7 eV). Here, since we want to interpret also the ankle region, we assume the presence of
one (or more) additional contribution(s) at low energies, so that the ankle feature results from the
superposition of different components. Each extragalactic component originates from a population
of identical sources, uniformly distributed in the comoving volume except for a local overdensity
for distances smaller than ∼ 30 Mpc. The overdensity is considered as a cluster centred around
our Galaxy, following [3], which provides a good approximation to nearby densities if compared
to the distributions of stellar mass and star formation (SF) rate over the full sky illustrated in [4].
Each component is given by the superposition of the contributions of " ≤ 5 representative nuclear
species #, chosen among 1H, 4He, 14N, 28Si, 56Fe, ejected according to a power-law spectrum with
a rigidity-dependent broken exponential cutoff:

$ (!) =
∑
!

%! · $0 ·
(
!

!0

)−"
·



1, ! < &! · 'cut;
exp

(
1 − #

$! ·%cut

)
, ! > &! · 'cut.

(1)

where $0 is the normalisation factor, &! is the atomic number of each species # and %! is the
fraction of # at the energy !0 = 1017.5 eV.

&pd Talys [6], PSB [7] XYZ
EBL Gilmore [8], Dominguez [9] XYZ
HIM EPOS-LHC [10], Sibyll2.3d [11], QGSJetIIv4 [12] XYZ

Table 1: The propagation models used in this analysis. The
bold letters define the label ’XYZ’. For instance, ‘TGE’ stands for
Talys, Glimore and EPOS-LHC models.

The energy spectrum and mass com-
position of the particles escaping from the
sources are modified during the propaga-
tion in the intergalactic medium (IGM) by
the adiabatic energy losses and the interac-
tions with background photons. We take
into account these effects by using SimProp [5] simulations, where the uncertain quantities, i.e.
the photodisintegration cross sections (pd and the EBL spectrum, are treated with phenomenolog-
ical models. Besides, since a direct measurement of the mass composition is not possible on an
event-by-event basis, we use the distribution of )max as an estimator of the mass distribution in each
energy bin. The conversion to the mass distribution depends on the chosen hadronic interaction
model (HIM), which is thus another source of uncertainty. The various propagation models used in
this analysis are shown in Tab. 1. We choose the configuration labelled as “TGE” as our reference
and the impact of the models on the fit results will be discussed in Sec. 4.
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Mass composition at Earth

Rcut = 1.4 . . .1.6×1018 V

Extragalactic index very hard, but no really good handle on this parameter

Flux suppression superposition

of injection maximum energy 
and propagation energy losses

(Eleonora Guido)

Mass and spectrum at Earth
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Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

σsys(E)/E = 14 %
σsys(Xmax) = 6 ÷ 9 g cm−2
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Figure 3: Left: the combined e�ect of the experimental uncertainties on the energy spectrum. Right: the
e�ect on the relative abundances at the top of atmosphere. The uncertainties are considered by shifting the
energies and/or the -max distributions of 1 fsyst in both directions, as shown in Tab. 3. The bands represent
the maximal variations induced by considering all the possible combinations of shifts. The shaded area in
the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.

4. E�ect of the uncertainties from models

We also investigate the impact on the fit results of changing the propagation models and the
hadronic interaction model. In all the cases we repeat the fit considering di�erent combinations of
propagation models, labelled as ’XY’ according to Tab. 1. The results thus obtained are written in
Tab. 5 and their e�ect on the predicted fluxes at Earth is shown in Fig. 4.

As concerns the hadronic interaction model, we verified that QGSJetIIv4 cannot properly
describe our data and is thus excluded from this analysis. Since we want to keep open the option
that our data are better described by an intermediate model between EPOS-LHC and Sibyll2.3d
instead of exactly one of them, we introduce an additional nuisance parameter XHIM, limited
between 0 and 1, which defines the value of each HIM-dependent Gumbel parameter as ? =
XHIM · ?EPOS + (1 � XHIM) · ?Sibyll. The introduction of XHIM leads to an additional deviance term
⇡HIM = (XHIM � 0.5)2/(0.5)2.

TG PG TD PD
LE HE LE HE LE HE LE HE

W 3.49 ± 0.02 �1.98 ± 0.10 3.48 ± 0.04 �1.9 ± 0.2 3.66 ± 0.05 �0.93 ± 0.09 3.51 ± 0.06 �0.86 ± 0.10
log10 ('cut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.04 18.23 ± 0.01 17.95 ± 0.06 18.21 ± 0.01
�H (%) 49.87 $ (10�7) 49.39 0.44 44.17 0.38 40.85 $ (10�9)
�He (%) 10.92 28.60 14.52 49.29 7.45 20.21 14.64 47.99
�N (%) 36.25 69.05 33.28 43.84 45.17 73.80 39.57 38.29
�Si (%) $ (10�6) 7.32 $ (10�7) 4.64 $ (10�5) 2.91 $ (10�6) 11.15
�Fe (%) 2.96 2.35 2.80 1.78 3.21 2.69 4.94 2.58
XHIM 1.0 (lim.) 0.94 ± 0.17 0.92 ± 0.15 0.86 ± 0.13
⇡HIM 1.0 0.78 0.69 0.52
⇡� (#� ) 60.1 (24) 51.9 (24) 44.3 (24) 51.7 (24)
⇡-max (#-max ) 555.8 (329) 564.8 (329) 587.5 (329) 593.2 (329)
⇡tot (# ) 615.9 (353) 616.7 (353) 631.8 (353) 645.0 (353)

Table 5: Best fit results obtained by using di�erent combinations of propagation models. The uncertainty
due to the hadronic interaction model choice is considered by fitting the nuisance parameter XHIM.

For all the considered combinations of propagation models our data appear to be better described
by either EPOS-LHC or intermediate models compatible with it. The lowest deviance is obtained in
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the right plot indicates the energy region where no mass composition information is available and thus the
predictions are only extrapolated from the energy spectrum fit.
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Experimental systematic uncertainties:

• Large band around the total flux due to the energy scale uncertainty 
→ impact mainly on the estimated J0 (and emissivity of sources)  

• The strongest impact on the predictions is the one from the Xmax scale

Systematic uncertainties from models:

Hadronic interaction model: Sibyll2.3d/EPOS-LHC/intermediate models 
(with a nuisance parameter)
Propagation models: Talys/PSB; Gilmore/Dominguez 
(fit repeated considering different model configurations)

• EPOS-LHC or models compatible with it are 
always preferred
→ HIM choice: stronger impact on D 
and on the predictions at Earth

The dominant effect on the the predicted fluxes and on the 
deviance is the one from the experimental uncertainties
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.

5. Source evolution

All the results presented in the previous sections are obtained by assuming no cosmolog-
ical evolution for the populations of extragalactic sources. We perform the fit also assuming
three di�erent evolution scenarios: we consider a SF-like [18] evolution, an AGN-like one [19],
which have a positive source evolution for I < 1 (< = 3.5 and < = 5, respectively), and a
TDE-like evolution with < = �3 for small I [20]. Since there is no physical reasons to as-
sume that the two populations of sources have the same cosmological evolution, all the possible
combinations are considered and the results in terms of total deviance are summarised in Fig. 5.

Figure 5: Deviance as a function of the
cosmological evolution of the two popula-
tions.

In the case of the LE component, a positive (negative) evolu-
tion produces a hardening (softening) of the energy spectrum
at the sources to compensate the larger amount of low (high)
energy particles. As for the HE component, the cosmologi-
cal evolution e�ect is balanced by the interplay between the
modification of the energy spectrum at the sources and/or the
adjustment of the rigidity cuto� of the LE component. If the
HE population has a strong positive evolution (e.g. < = 5), the
hardening of the energy spectrum at the sources is not enough
to compensate the increased amount of low-energy particles,
hence the LE component is suppressed below ⇠ 1018 eV to
attempt the description of the whole energy range with the HE component alone; the deviances are
very high, so that such scenarios are excluded by our data at high significance. In all the other
scenarios, the impact on the fit results is within the systematic uncertainties e�ect, so it is more
di�cult to draw a conclusion about a favoured configuration. However, when we consider the values
< = 0, 3.5 for the HE component and < = �3, 0 for the LE one, we obtain the lowest deviances.

6. Conclusions

In this study we performed a combined fit of the energy spectrum and mass composition data
from ⇠ 6 · 1017 eV. The region above the ankle is described by an extragalactic component ejected
at the sources with a very hard energy spectrum (W < 0), a rather low rigidity cuto� and a mass
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Figure 4: Left: the e�ect of the uncertainties from models on the energy spectrum. Right: the e�ect on the relative
abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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Models configuration: Talys, Gilmore, EPOS-LHC

Scenario A Scenario B

Fit results in the two scenarios

Scenario B
Gal. contribution +  

EG component of pure p 
Two EG mixed 
components

June 26, 2021

�pd Talys, PSB XYZ
EBL Gilmore, Dominguez XYZ
HIM EPOS-LHC, Sibyll2.3d, QGSJetIIv4 XYZ

Galactic contribution (at Earth) N+Si -

J0,gal [eV�1 km�2 sr�1 yr�1] (1.07 ± 0.06) · 10�13 -

log
10

(Rcut,gal/V) 17.48 ± 0.02 -

fN(%) 93.0 ± 0.5 -

EG components (at the sources) Low energy High energy Low energy High energy

L0 [1045 erg Mpc�3 yr�1] 7.28 0.44 17.0 0.45

� 3.30 ± 0.05 �1.47 ± 0.12 3.49 ± 0.02 �1.98 ± 0.10

log
10

(Rcut/V) 24 (lim.) 18.19 ± 0.02 24 (lim.) 18.16 ± 0.01

IH (%) 100 (fixed) 0.0 49.87 0.0

IHe (%) - 27.17 10.92 28.60

IN (%) - 69.86 36.25 69.05

ISi (%) - 0.0 0.0 0.0

IFe (%) - 2.97 2.96 2.35

DJ (NJ ) 49.5 (24) 60.1 (24)

DXmax
(NXmax

) 593.8 (329) 554.8 (329)

D (N) 643.3 (353) 614.9 (353)

Talys, Gilmore PSB, Gilmore Talys, Dominguez PSB, Dominguez

LE HE LE HE LE HE LE HE

L0 [1045erg Mpc�3yr�1] 17.0 0.45 16.8 0.44 21.7 0.71 22.1 0.71

� 3.49 ± 0.02 �1.98 ± 0.10 3.49 ± 0.03 �1.95 ± 0.16 3.67 ± 0.06 �0.95 ± 0.12 3.70 ± 0.05 �0.94 ± 0.12

log
10

(Rcut/V) 24 (lim.) 18.16 ± 0.01 24 (lim.) 18.16 ± 0.02 18.04 ± 0.06 18.23 ± 0.02 18.03 ± 0.02 18.22 ± 0.02

IH (%) 49.87 0.0 51.15 0.91 45.48 0.61 45.67 0.79

IHe (%) 10.92 28.60 12.68 49.09 6.13 20.25 8.55 48.79

IN (%) 36.25 69.05 33.25 43.89 45.03 73.70 42.10 40.57

ISi (%) 0.0 7.32 0.0 4.23 0.0 2.75 0.0 7.99

IFe (%) 2.96 2.35 2.93 1.87 3.36 2.69 3.67 1.86

�HIM 1.0 (lim.) 1.0 (lim.) 0.96+0.04
�0.16 0.94+0.06

�0.14

DJ (NJ ) 60.1 (24) 53.0 (24) 44.7 (24) 43.0 (24)

DXmax
(NXmax

) 554.8 (329) 562.8 (329) 586.3 (329) 591.6 (329)

D (N) 614.9 (353) 615.8 (353) 631.0 (353) 634.6 (353)
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energy ⇢0 = 1016.85 eV, the normalisation �0,gal and the Z-dependent rigidity cuto� log10('cut,gal)
are free fit parameters. Our data cannot be described by a Galactic contribution with heavier mass
compositions, e.g. the deviance reaches ⇠ 1000 if a composition dominated by silicon is assumed.
In the latter scenario we assume only one additional mixed extragalactic component at low energies,
similar to the above-ankle one, but characterised by di�erent physical parameters.

In both the scenarios the high-energy (HE) component exhibits a very hard energy spectrum
at the sources, a relatively low maximum rigidity and a mixed mass composition, dominated by
medium-mass nuclei. On the other hand, the additional low-energy (LE) extragalactic component,
either light or mixed, has a very soft energy spectrum and a very high rigidity cuto�; the fit is
actually degenerate with respect to 'cut for values above ⇠ 1019 eV, thus fixing this parameter to an
arbitrarily high value, such as 1024 eV, provides the same best fit results.
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Figure 1: The measured energy spectrum and the estimated best fit results. Left: the estimated contributions
from the two extragalactic components (red: low-energy component, blue: high-energy component). Right:
the partial fluxes related to di�erent nuclear species at the top of atmosphere, grouped according to their
mass number: � = 1 (red), 2  �  4 (grey), 5  �  22 (green), 23  �  38 (cyan), � � 39 (blue).
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Figure 2: The first two moments of the distributions in each energy bin along with their expected values and
the predictions for pure compositions of 1H (red), 4He (grey), 14N (green), 28Si (cyan), 56Fe (blue).

In Fig. 1 and in Fig. 2 the best fit results obtained in the scenario with two mixed extragalactic
components are shown with the observed energy spectrum and the first two moments of the measured
-max distributions. The observed mass composition below the ankle is mixed and dominated by
protons and medium-mass nuclei, such as nitrogen. Above the ankle the contributions from the
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Predicted fluxes at Earth

Differences between the two scenarios within the systematic uncertainties  
→ further investigations of the Galactic contribution to possibly define a 

favoured scenario 

Result:  V, with very hard source spectral index, 
, not well constrained in the model.  No strong dependence on 

source evolution . 
 
In this simple model, the spectral instep feature is associated with 
helium from nearer sources.  The flux suppression is a superposition 
of source exhaustion and propagation energy losses.

Rcut ∼ 1.5 × 1018

γ < 1
m

Bands describe experimental uncertainties (in E and Xmax), dominate over model systematics.
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GZK, i.e. propagation effect Maximum source energy

P He

CNO

Fe

p+ �CMB ! � ! p+ ⇡0! �
! n+ ⇡+! ⌫
smoking

gun…

This realisation will make
astronomy more difficult
(note CR deflections ~ Z)
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Towards identifying 
the sources of UHECR
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Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 

 280 
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Flux Map above 8 EeV
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Evolution with Energy: 4-8 EeV
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Evolution with Energy: 16-32 EeV
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Evolution with Energy: >32 EeV
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Evolution with Energy: >38 EeV
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Auger Collaboration,  G. Golup (ICRC 2023)

map smoothed with 27° top-hat
Galactic coordinates
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Evolution with Energy: >45 EeV
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map smoothed with 25° top-hat
Galactic coordinates

17.5 18.0 18.5 19.0 19.5 20.0
lg( E /eV )

1037

1038

E3
J(
E
) /

eV
2
km

−
2
sr

−
1
yr

−
1

Auger (ICRC 2017)

γ1 = 3.293 ± 0.002 ± 0.05
γ 2 =

2.53
± 0.02

± 0.1

Eankle = ( 5.08 ± 0.06 ± 0.8) EeV

E s = ( 39± 2 ± 8) EeV

E1/2 = ( 23± 1 ± 4) EeV

E ankle = ( 5.08± 0.06± 0.8) EeV

γ2 =
2.53

± 0.02
± 0.1

γ1 = 3.293± 0.002± 0.05

Es = ( 39± 2± 8) EeV
E1/ 2 = ( 23± 1± 4) EeV

 OBSERVATORY 

 

Active core → AGN
also considered as Starburst Galaxy

Auger Collaboration,  G. Golup (ICRC 2023)

Directional 
correlation with 
Centaurus A at >4σ 
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UHECR Source Candidates: The usual Suspects…
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Neutron Stars
GRBs

AGN Schematics

AGN with lobes

Starburst Galaxies

Galaxy Clusters
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Hillas Plot: B vs Size of Accelerators
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UHECR Luminosity and Acceleration Requirements
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Towards understanding the Universe at its highest energies 
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Idea:  • investigate possibility of SBGs / ɣ-AGNs / Cen A as sources of over-densities
• build one coherent model for injection → propagation → detection 
• describe arrival directions + spectrum + composition data at the same time

E=1019.3 eV

E=1019.6 eV

E=1019.9 eV

Result of likelihood fit to measured E-spectrum, Composition, and Sky-Map
when taking a catalog of all Starburst Galaxies (SBG)

Terese Bister, ICRC2023
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Figure 7. Same as fig. 3 but including experimental systematic uncertainties as nuisance parameters.

di↵erent observables. Here, the general trends that have been described above are visible,
for example, that the models with strong source evolution are disfavored. This is mostly due
to a poor description of the energy spectrum (blue). Also, when comparing the models with
and without systematics, one can see that the likelihood ratio improves consistently when
systematic shifts are allowed, mainly due to a better description of the shower maximum
depth distributions (grey), but also the energy spectrum shows an improvement for the cases
with strong evolution. The arrival direction likelihood (green) is almost independent of the
source evolution and the systematics, and is always the largest for the SBG catalog.

For a more quantitative comparison, we use the test statistic calculated as 2 times the
likelihood ratio between a model and the respective reference model with the same evolution
and (no) systematics:

TStot =
X

obs=E,Xmax,ADs

2(log Lm=x � log Lm=x
ref

)obs. (4.1)

Hence, the test statistic describes the improvement of adding a specific catalog to a model
compared to just homogeneous sources. The values for the test statistic of each model are
given in table 3. Apparently, the arrival directions observable contributes most to the total
test statistic, and is hence very important for the di↵erentiation of di↵erent models. This
is as expected from a simulation study [17]. But, from this analysis, it also becomes clear
that the exact values of TS should be treated with caution as they can vary considerably and
depend on e.g. the distribution of the arrival directions in an energy bin.

Cen A, m = 0.0 Cen A, m = 3.4 SBG, m = 3.4 �AGN, m = 5.0 �AGN+EGMF**, m = 5.0

+ syst + syst + syst + syst + syst

TStot 22.8 17.3 22.2 19.1 27.6 25.6 23.9* 9.8* 34.3* 33.2*

TSE �0.1 �1.4 �0.4 �1.1 �5.2 �4.5 26.8 3.9 18.2 8.4

TSXmax 1.9 0.2 1.8 1.0 6.2 2.0 �0.8 6.4 4.4 14.7

TSADs 20.9 18.7 20.8 19.0 26.6 27.1 �2.1 �3.0 11.7 8.6

Table 3. Overview of test statistic values for the tested models. In the case with systematics, the
contribution from eq. (3.6) is taken into account additionally in TStot. * Note that the test statistic
of each model is always calculated with respect to the reference model with the same source evolution
and (no) systematics. This implies that e.g. the test statistics of the �-AGN model is large only due
to the poor fit of the reference model with m = 5.0 (compare to fig. 8). **Note also that the model
with EGMF has an additional fit parameter �e compared to the other models (see section 4.2).

– 21 –

Cen A, m = 0 (flat) Cen A, m = 3.4 (SFR) SBG, m = 3.4 (SFR)

posterior MLE posterior MLE posterior MLE

� �0.89+0.37
�0.33 �0.65 �1.19+0.45

�0.39 �1.41 �1.02+0.43
�0.36 �1.25

log10(Rcut/V) 18.20+0.04
�0.05 18.23 18.21+0.04

�0.05 18.20 18.24+0.04
�0.06 18.22

f0 0.07+0.01
�0.05 0.029 0.07+0.01

�0.05 0.031 0.19+0.07
�0.11 0.23

�0/
� 30.5+2.0

�20.2 14.4 27.4+4.2
�17.0 14.3 18.8+5.9

�3.6 21.9

IH 5.8+2.9
�2.6 ⇥ 10�2 4.2 ⇥ 10�4 1.2+0.2

�1.2 ⇥ 10�2 3.0 ⇥ 10�4 1.2+0.1
�1.2 ⇥ 10�2 1.0 ⇥ 10�4

IHe 2.7+0.4
�0.4 ⇥ 10�1 3.5 ⇥ 10�1 9.9+3.8

�2.9 ⇥ 10�2 1.2 ⇥ 10�1 1.1+0.3
�0.4 ⇥ 10�1 1.4 ⇥ 10�1

IN 5.6+0.4
�0.4 ⇥ 10�1 5.0 ⇥ 10�1 6.7+0.7

�0.7 ⇥ 10�1 6.8 ⇥ 10�1 7.2+0.6
�0.6 ⇥ 10�1 7.3 ⇥ 10�1

ISi 9.0+3.9
�3.4 ⇥ 10�2 1.4 ⇥ 10�1 1.5+0.5

�0.6 ⇥ 10�1 1.6 ⇥ 10�1 1.2+0.5
�0.5 ⇥ 10�1 9.8 ⇥ 10�2

IFe 2.3+0.9
�1.2 ⇥ 10�2 1.8 ⇥ 10�2 5.1+1.5

�1.8 ⇥ 10�2 4.4 ⇥ 10�2 4.7+1.3
�1.7 ⇥ 10�2 3.8 ⇥ 10�2

⌫E/� �1.24+0.68
�0.50 �1.35 0.23+0.42

�0.60 0.13 0.35+0.44
�0.65 0.40

⌫Xmax/� �0.94+0.29
�0.24 �0.97 �1.60+0.30

�0.25 �1.45 �1.55+0.26
�0.25 �1.33

log b �254.6 ± 0.1 �264.5 ± 0.2 �258.6 ± 0.2

Dsyst 2.8 2.1 1.9

DE (NJ = 14) 13.6 21.9 25.3

DXmax (NXmax = 74) 107.4 113.6 112.7

D 123.8 137.7 139.9

log LADs �9.4 �9.5 �13.5

log L �228.51 �235.3 �232.4

Table 2. Centaurus A and SBG models with experimental systematic uncertainties included as
nuisance parameters

increased, as is visible in fig. 6, which is because of the added freedom allowed by the two
additional fit parameters for the experimental systematic uncertainties.

As displayed in fig. 7, the measured mean shower maximum depth is now substantially
better described than without the shift of the Xmax scale.
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Figure 6. Same as fig. 2 (upper row) but including experimental systematic uncertainties as nuisance
parameters.

4.1.4 Evaluation of the model performances

How well each of the tested models describes the measured data can be quantified for ex-
ample by comparing the values of the likelihood function for the best-fit model parameters.
An overview of all likelihood values is given in fig. 8, including the contributions by the

– 20 –

Towards understanding the Universe at its highest energies 
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Idea:  • investigate possibility of SBGs / ɣ-AGNs / Cen A as sources of over-densities
• build one coherent model for injection → propagation → detection 
• describe arrival directions + spectrum + composition data at the same time

Result of likelihood fit to measured E-spectrum, Composition, and Sky-Map
when taking a Cen A model (σ=3.4)

Terese Bister, ICRC2023

E=1019.3 eV

E=1019.6 eV

E=1019.9 eV
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Towards understanding the Universe at its highest energies 
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Conclusion:
• The combined description of arrival directions + spectrum + composition 

works best with Starburst Galaxies (signal fraction ~20% at E=40 EeV) 
significance against isotropic sky: 4.5σ

• Blurring found at ~20°at a rigidity of 10 EV
• Maximum source rigidity: R=1018.8 V

Data expected sky from SBG
with composition and
energy spectrum from data
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Menu…

94Karl-Heinz Kampert – University Wuppertal

9) Multi-Messenger: Some examples

1) The Big Picture: A quick overview


2) Astrophysics and Detection of E<1014 eV Galactic CRs (very brief)


3) Air Showers and detection concepts at E>1014 eV


4) Transition from galactic to extragalactic CRs


5) The end of the CR-spectrum: Emax of extragalactic accelerators? 


6) Anisotropies: Hunting the UHECR sources


7) Multi-Messenger: Some examples


8) Related non-CR opportunities 


9) UHECR future: challenges and prospects
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•Cosmic Particle Acceleration


- How and where are cosmic rays accelerated?

- Does Nature impose any energy limits?

- How do CRs propagate through space?

- What is their impact on the environment?
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Neutron Star Merger GW 170817

observed also in broad range of
electromagnetic radiation
with strong bounds on 
HE neutrino emission
Joint publication by > 3000 authors (LHC scale)

Scientific Breakthrough of 2017

This was a very lucky event…!

2017: Big Bang of Multimessenger Astrophysics

Karl-Heinz Kampert – Bergische Universität Wuppertal BND School, Wuppertal, August 2023
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GW170817: Time Sequence

96

Figure 2. Timeline of the discovery of GW170817, GRB 170817A, SSS17a/AT 2017gfo, and the follow-up observations are shown by messenger and wavelength
relative to the time tc of the gravitational-wave event. Two types of information are shown for each band/messenger. First, the shaded dashes represent the times when
information was reported in a GCN Circular. The names of the relevant instruments, facilities, or observing teams are collected at the beginning of the row. Second,
representative observations (see Table 1) in each band are shown as solid circles with their areas approximately scaled by brightness; the solid lines indicate when the
source was detectable by at least one telescope. Magnification insets give a picture of the first detections in the gravitational-wave, gamma-ray, optical, X-ray, and
radio bands. They are respectively illustrated by the combined spectrogram of the signals received by LIGO-Hanford and LIGO-Livingston (see Section 2.1), the
Fermi-GBM and INTEGRAL/SPI-ACS lightcurves matched in time resolution and phase (see Section 2.2), 1 5×1 5 postage stamps extracted from the initial six
observations of SSS17a/AT 2017gfo and four early spectra taken with the SALT (at tc+1.2 days; Buckley et al. 2017; McCully et al. 2017b), ESO-NTT (at
tc+1.4 days; Smartt et al. 2017), the SOAR 4 m telescope (at tc+1.4 days; Nicholl et al. 2017d), and ESO-VLT-XShooter (at tc+2.4 days; Smartt et al. 2017) as
described in Section 2.3, and the first X-ray and radio detections of the same source by Chandra (see Section 3.3) and JVLA (see Section 3.4). In order to show
representative spectral energy distributions, each spectrum is normalized to its maximum and shifted arbitrarily along the linear y-axis (no absolute scale). The high
background in the SALT spectrum below 4500Å prevents the identification of spectral features in this band (for details McCully et al. 2017b).

4

The Astrophysical Journal Letters, 848:L12 (59pp), 2017 October 20 Abbott et al.

1.7 s after GWs

lasted 100 s !

still after weeks

Fermi-GBM sent an automated alert 
of an unspectacular  GRB at 12:41 UTC

excessive campaign during next days 
and weeks

13:08 UTC LIGO sent a a BNS alert that 
occurred <2 s before GRB  from same direction

m1 = (1.36 - 2.26) M☉
m2 = (0.86 - 1.36) M☉
Host galaxy: NGC 4993
distance: 40 Mpc
optical brightness after one day 
108 L☉ → kilonova powered by 
                radioactive decays
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GW170817: Physics across multiple aspects/fields

• General Relativity: gravitational waves
• Cosmology: independent Hubble constant determination
• Astronomy: Follow ups, multiwavelength
• Astrophysics: Compact objects, Neutron stars
• Nuclear Physics: r-process, equation of state
• Particle Physics: Neutrino oscillations
• Astroparticle Physics: Particle acceleration, UHE counterparts

97

Unique Event

→  Brought together different communities



Karl-Heinz Kampert – Bergische Universität Wuppertal Francesco Romano School, Monopoli, Sept 2023

Neutrino Upper Limits for GW170817

98

LIGO, ANTARES, IceCube, Auger,
The Astrophys. J. Lett. 850 (2017) L35

100 PeV, the upper limit on an E 2- power-law spectral fluence
is F E E0.23 GeV GeV cm2 1 2= ´ - - -( ) ( ) .

The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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The IceCube detector is also sensitive to outbursts of MeV
neutrinos via a simultaneous increase in all photomultiplier
signal rates. A neutrino burst signal from a galactic core-
collapse supernova would be detected with high precision
(Abbasi et al. 2011). The detector global dark rate is monitored
continuously, the influence of cosmic-ray muons is removed,
and low-level triggers are formed when deviations from the
nominal rate exceed pre-defined levels. No alert was triggered
during the ±500 s time window around the GW candidate. This
is consistent with our expectations for cosmic events such as
core-collapse supernovae or compact binary mergers that are
significantly farther away than Galactic distances.

2.3. Pierre Auger Observatory

With the surface detector (SD) of the Pierre Auger
Observatory in Malargüe, Argentina (Aab et al. 2015b), air
showers induced by ultra-high-energy (UHE) neutrinos can be

identified for energies above ∼1017 eV in the more numerous
background of UHE cosmic rays (Aab et al. 2015a). The SD
consists of 1660 water-Cherenkov stations spread over an area
of ∼3000 km2 following a triangular arrangement of 1.5 km
grid spacing (Aab et al. 2015b). The signals produced by the
passage of shower particles through the SD detectors are
recorded as time traces in 25 ns intervals.
Cosmic rays interact shortly after entering the atmosphere

and induce extensive air showers. For highly inclined
directions their electromagnetic component gets absorbed due
to the large grammage of atmosphere from the first interaction
point to the ground. As a consequence, the shower front at
ground level is dominated by muons that induce sharp time
traces in the water-Cherenkov stations. On the contrary,
showers induced by downward-going neutrinos at large zenith
angles can start their development deep in the atmosphere
producing traces that spread over longer times. These showers
have a considerable fraction of electrons and photons that
undergo more interactions than muons in the atmosphere,
spreading more in time as they pass through the detector. This
is also the case for Earth-skimming showers, mainly induced
by tau neutrinos (nt) that traverse horizontally below the
Earth’s crust, and interact near the exit point inducing a tau
lepton that escapes the Earth and decays in flight in the
atmosphere above the SD.
Dedicated and efficient selection criteria based on the

different time profiles of the signals detected in showers
created by hadronic and neutrino primaries, enable the search
for Earth-skimming as well as downward-going neutrino-
induced showers (Aab et al. 2015a). Deeply starting down-
ward-going showers initiated by neutrinos of any flavor can be
efficiently identified for zenith angles of 60°<θ<90° (Aab
et al. 2015a). For the Earth-skimming channel typically only
nt-induced showers with zenith angles 90°<θ<95° can
trigger the SD. This is the most sensitive channel to UHE
neutrinos, mainly due to the larger grammage and higher
density of the target (the Earth) where neutrinos are converted
and where tau leptons can travel tens of kilometers (Aab
et al. 2015a). The angular resolution of the Auger SD for
inclined showers is better than 2°.5, improving significantly as
the number of triggered stations increases (Bonifazi & Pierre
Auger Collaboration 2009).
Auger performed a search for UHE neutrinos with its SD in a

time window of ±500 s centered at the merger time of
GW170817 (Abbott et al. 2017c), as well as in a 14 day period
after it (Murase et al. 2009; Gao et al. 2013; Fang &
Metzger 2017).
The sensitivity to UHE neutrinos in Auger is limited to large

zenith angles, so that at each instant they can be efficiently
detected only from a specific fraction of the sky (Abreu et al.
2012; Aab et al. 2016). Remarkably, the position of the optical
counterpart in NGC 4993 (Abbott et al. 2017c; Coulter
et al. 2017b, 2017a) is visible from Auger in the field of view
of the Earth-skimming channel during the whole ±500 s
window as shown in Figure 1. In this time period, the source of
GW170817 transits from θ∼93°.3 to θ∼90°.4 as seen from
the center of the array. The performance of the Auger SD array
(regularly monitored every minute) is very stable in the ±500 s
window around GW170817, with an average number of active
stations amounting to ∼95.8±0.1% of the 1660 stations of
the SD array.

Figure 2. Upper limits (at 90% confidence level) on the neutrino spectral
fluence from GW170817 during a ±500 s window centered on the GW trigger
time (top panel), and a 14 day window following the GW trigger (bottom
panel). For each experiment, limits are calculated separately for each energy
decade, assuming a spectral fluence F E F E GeVup

2= ´ -( ) [ ] in that decade
only. Also shown are predictions by neutrino emission models. In the upper
plot, models from Kimura et al. (2017) for both extended emission (EE) and
prompt emission are scaled to a distance of 40Mpc and shown for the case of
the on-axis viewing angle ( jobs 1q q ) and selected off-axis angles to indicate
the dependence on this parameter. The shown off-axis angles are measured in
excess of the jet opening half-angle jq . GW data and the redshift of the host
galaxy constrain the viewing angle to 0 , 36obsq Î n n[ ] (see Section 3). In the
lower plot, models from Fang & Metzger (2017) are scaled to a distance of
40 Mpc. All fluences are shown as the per the flavor sum of neutrino and anti-
neutrino fluence, assuming equal fluence in all flavors, as expected for standard
neutrino oscillation parameters.
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On Sept. 22, 2017 a 290 TeV neutrino 
from the direction of TXS 0506-056 
was observed by IceCube

→ routinely an alert was sent  
     to the Global Coordinate 
     Network (GCN)

Science 361, 146 (2018)
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emission from that direction in data prior to 2017,
as discussed in a companion paper (26).

High-energy g-ray observations of
TXS 0506+056

On 28 September 2017, the Fermi Large Area
Telescope (LAT) Collaboration reported that the
direction of origin of IceCube-170922A was con-
sistent with a known g-ray source in a state of
enhanced emission (16). Fermi-LAT is a pair-
conversion telescope aboard the Fermi Gamma-
ray Space Telescope sensitive to g-rays with energies
from 20MeV to greater than 300 GeV (27). Since
August 2008, it has operated continuously, pri-
marily in an all-sky survey mode. Its wide field
of view of ~2.4 steradian provides coverage of the
entire g-ray sky every 3 hours. The search for pos-
sible counterparts to IceCube-170922Awas part of
the Fermi-LAT collaboration’s routinemultiwave-
length, multimessenger program.
Inside the error region of the neutrino event,

a positional coincidence was found with a pre-
viously cataloged g-ray source, 0.1° from the best-
fitting neutrino direction. TXS 0506+056 is a
blazar of BLLacertae (BLLac) type. Its redshift of
z ¼ 0:3365T0:0010was measured only recently
based on the optical emission spectrum in a
study triggered by the observation of IceCube-
170922A (28).

TXS 0506+056 is a known Fermi-LAT g-ray
source, appearing in three catalogs of Fermi
sources (23, 24, 29) at energies above 0.1, 50, and
10 GeV, respectively. An examination of the
Fermi All-Sky Variability Analysis (FAVA) (30)
photometric light curve for this object showed
that TXS 0506+056 had brightened consider-
ably in the GeV band starting in April 2017 (16).
Independently, a g-ray flare was also found by
Fermi ’s Automated Science Processing [ASP (25)].
Such flaring is not unusual for a BLLac object and
would not have been followed up as extensively if
the neutrino were not detected.
Figure 3 shows the Fermi-LAT light curve and

the detection time of the neutrino alert. The light
curve of TXS 0506+056 from August 2008 to
October 2017was calculated in bins of 28 days for
the energy range above 0.1 GeV. An additional
light curve with 7-day bins was calculated for the
period around the time of the neutrino alert. The
g-ray flux of TXS 0506+056 in each time bin was
determined through a simultaneous fit of this
source and the other Fermi-LAT sources in a
10° by 10° region of interest along with the
Galactic and isotropic diffuse backgrounds, using
a maximum-likelihood technique (25). The inte-
grated g-ray flux of TXS 0506+056 forE> 0.1 GeV,
averaged over all Fermi-LAT observations span-
ning 9.5 years, is ð7:6 T 0:2Þ $ 10%8 cm%2 s%1. The

highest flux observed in a single 7-day light curve
bin was ð5:3 T 0:6Þ $ 10%7 cm%2 s%1, measured in
the week 4 to 11 July 2017. Strong flux variations
were observed during the g-ray flare, themost prom-
inent being a flux increase from ð7:9 T 2:9Þ$
10%8 cm%2 s%1 in the week 8 to 15 August 2017
to ð4:0 T 0:5Þ $ 10%7 cm%2 s%1 in the week 15 to
22 August 2017.
The Astro-Rivelatore Gamma a Immagini Leg-

gero (AGILE) g-ray telescope (31) confirmed the
elevated level of g-ray emission at energies above
0.1 GeV from TXS 0506+056 in a 13-day window
(10 to 23 September 2017). The AGILEmeasured
fluxofð5:3 T 2:1Þ $ 10%7 cm%2 s%1 is consistentwith
the Fermi-LAT observations in this time period.
High-energy g-ray observations are shown in

Figs. 3 and4.Details on theFermi-LAT andAGILE
analyses can be found in (25).

Very-high-energy g-ray observations of
TXS 0506+056

Following the announcement of IceCube-170922A,
TXS 0506+056 was observed by several ground-
based Imaging Atmospheric Cherenkov Tele-
scopes (IACTs). A total of 1.3 hours of observations
in the direction of the blazar TXS 0506+056
were taken using the High-Energy Stereoscopic
System (H.E.S.S.) (32), located in Namibia, on
23 September 2017 [Modified Julian Date (MJD)
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Fig. 3. Time-dependent multiwavelength observations of TXS
0506+056 before and after IceCube-170922A. Significant variability of
the electromagnetic emission can be observed in all displayed energy
bands, with the source being in a high-emission state around the
time of the neutrino alert. From top to bottom: (A) VHE g-ray
observations by MAGIC, H.E.S.S., and VERITAS; (B) high-energy g-ray
observations by Fermi-LAT and AGILE; (C and D) x-ray observations by
Swift XRT; (E) optical light curves from ASAS-SN, Kiso/KWFC, and
Kanata/HONIR; and (F) radio observations by OVRO and VLA. The red

dashed line marks the detection time of the neutrino IceCube-170922A.
The left set of panels shows measurements between MJD 54700
(22 August 2008) and MJD 58002 (6 September 2017). The set of
panels on the right shows an expanded scale for time range
MJD 58002 to MJD 58050 (24 October 2017). The Fermi-LAT light
curve is binned in 28-day bins on the left panel, while finer 7-day bins
are used on the expanded panel. A VERITAS limit from MJD 58019.40
(23 September 2017) of 2:1$ 10%10 cm%2 s%1 is off the scale of the plot
and not shown.
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is 1.4s. If the IceCube-170922A event is removed,
no excess remains during this time period. This
agrees with the result of the rapid-response anal-
ysis (31) that is part of the IceCube alert program,
which found no other potential astrophysical
neutrinos from the same region of the sky during
±7 days centered on the time of IceCube-170922A.
We performed a time-integrated analysis at

the coordinates of TXS 0506+056 using the full
9.5-year data sample. The best-fitting parameters
for the flux normalization and the spectral index
areF100 = 0:8þ0:5

"0:4 # 10"16 TeV–1 cm–2 s–1 and g =
2.0 ± 0.3, respectively. The joint uncertainty on
these parameters is shown in Fig. 4A. The P value,
based on repeating the analysis at the same co-
ordinates with randomized datasets, is 0.002%
(4.1s), but this is an a posteriori significance
estimate because it includes the IceCube-170922A
event, whichmotivated performing the analysis at
the coordinates of TXS 0506+056. An unbiased

significance estimate including the event would
need to take into account the look-elsewhere effect
related to all other possible directions in the sky
that could be analyzed. It is expected that there
will be two or three directions somewhere in the
northern sky with this significance or greater,
resulting from the chance alignment of neutri-
nos (12). Here, we are interested in determining
whether there is evidence of time-integrated neu-
trino emission from TXS 0506+056 besides the
IceCube-170922A event.
If we remove the final data period IC86c, which

contains the event, and perform the analysis
again using only the first 7 years of data, we find
best-fitting parameters that are nearly unchanged:
F100 =0:9þ0:6

"0:5 # 10"16 TeV–1 cm–2 s–1 and g = 2.1 ±
0.3, respectively. The joint uncertainty on these
parameters is shown in Fig. 4B. The P value, using
only the first 7 years of data, is 1.6% (2.1s), based
on repeating the analysis at the same coordinates

with randomized datasets. These results indicate
that the time-integrated fit is dominated by the
same excess as found in the time-dependent
analysis above, having similar values for the
spectral index and total fluence (E2J100 = 2.0 ×
10–4 TeV cm–2 at 100 TeV over the 7-year period).
This excess is not significant in the time-integrated
analysis because of the additional background
during the rest of the 7-year period.

Blazars as neutrino sources

The signal identified during the 5-month period
in 2014–2015 consists of an estimated 13 ± 5
muon-neutrino events that are present in addi-
tion to the expected background. The analysis is
unbinned, but the mean background at the dec-
lination of TXS 0506+056 is useful for compar-
ison purposes; it is 5.8 events in a search bin of
radius 1° during a 158-day time window. (We use
the duration of the box-shaped time window re-
sult for convenience to calculate averages during
the flare.) The significance of the excess is due to
both the number of events and their energy
distribution, with higher-energy events increasing
the significance and leading to the best-fitting
spectral index of 2.1, in contrast to the lower-
energy atmospheric neutrino background with
spectral index ~3.7. At this declination in the sky,
the 68% central energy range inwhich IceCube is
most sensitive to point sources with E–2.1 spectra
is between 32 TeV and 3.6 PeV. Assuming that
the muon-neutrino fluence (E2J100 = 2:1þ1:0

"0:7#
10"4 TeV cm–2) is one-third of the total neu-
trino fluence, then the all-flavor neutrino energy
fluence is 4:2þ2:0

"1:4 # 10"3 erg cm–2 over this
energy range. With the recent measurement (32)
of the redshift of TXS 0506+056 as z = 0.3365 ±
0.0010, this energy fluence implies that the iso-
tropic neutrino luminosity is 1:2þ0:6

"0:4 # 1047 erg s–1

averaged over 158 days. This is higher than the
isotropic gamma-ray luminosity during the same
period, which is similar to the long-term luminosity
between 0.1 GeV and 100 GeV of 0.28 × 1047 erg
s–1 averaged over all Fermi-LAT observations of
TXS 0506+056 (20). Gamma rays are expected to
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Fig. 2. Time-independent weight of individual events during the IC86b period. Each vertical line
represents an event observed at the time indicated by calendar year (top) or MJD (bottom).
Overlapping lines are shifted by 1 to 2 days for visibility. The height of each line indicates the event
weight: the product of the event’s spatial term and energy term in the unbinned likelihood analysis
evaluated at the location of TXS 0506+056 and assuming the best-fitting spectral index g = 2.1
(30).The color for each event indicates an approximate value in units of TeVof the reconstructed muon
energy (muon energy proxy), which the analysis compares with expected muon energy distributions
under different hypotheses. [A distribution for the true neutrino energy of a single event can also
be inferred from the event’s muon energy (30).] The dashed curve and the solid bracket indicate the
best-fitting Gaussian and box-shaped time windows, respectively. The distribution of event weights
and times outside of the best-fitting time windows is compatible with background.

Fig. 3. Time-dependent analy-
sis results for the IC86b data
period (2012–2015).
(A) Change in test statistic,
DTS, as a function of the spectral
index parameter g and the fluence
at 100 TeV given by E2J100. The
analysis is performed at the
coordinates of TXS 0506+056,
using the Gaussian-shaped time
window and holding the time
parameters fixed (T0 = 13
December 2014, TW = 110 days).
The white dot indicates the best-
fitting values. The contours at
68% and 95% confidence level
assuming Wilks’ theorem (36) are
shown in order to indicate the statistical uncertainty on the parameter
estimates. Systematic uncertainties are not included. (B) Skymap showing
the P value of the time-dependent analysis performed at the coordinates of
TXS 0506+056 (cross) and at surrounding locations.The analysis is

performed on the IC86b data period, using the Gaussian-shaped time window.
At each point, the full fit for (F, g, T0, TW) is performed.The P value shown
does not include the look-elsewhere effect related to other data periods. An
excess of events is detected, consistent with the position of TXS 0506+056.
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IceCube then checked archives and found some neutrino excess (flare?) from TXS 0506-56 in 2015

These are two ‚independent‘ 3.5σ observations
⇒ is TXS 0506-56 a neutrino source? 
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As a result, for the Earth-skimming detection, the neutrino
arrival directions must be within a very small angular range of a
few degrees below the horizon. For these directions, the
effective area of the Observatory for detecting tau-flavor
neutrinos is very much enhanced relative to the search method
for downward-going neutrinos (DGH and DGL). This is the
reason why the Pierre Auger Collaboration could set the best
limit to UHE neutrinos from GW170817 (Albert et al. 2017),
the binary neutron star merger event detected in gravitational
waves and followed up in most bands of the electromagnetic
spectrum (Abbott et al. 2017). The instantaneous effective area
is highly dependent on the arrival zenith angle which is a
function of the source decl. and the hour angle, so that the
sensitivity of the Observatory is highly directional and time-
dependent (Aab et al. 2019b). This can be appreciated in
Figure 1 where the three wide colored bands span the
instantaneous effective area of the Observatory within the
zenith-angle intervals corresponding to the three search
channels. For the Earth-skimming channel the width is largest,
reflecting the rapid variation of effective area as the zenith
angle changes by only 5° from 90° to 95° reaching a maximum
at ∼91°.

The search for neutrinos from the direction of TXS 0506
+056 will be considered for periods much longer than a day.
Thus, the effective area for neutrino detection must be
integrated over time as the source position transits over
different zenith angles. In Figure 1 we have also shown the
daily average of the effective area for the Observatory in each
of the three search channels for the blazar decl. of 5°.7 (full
colored lines), where they are compared to the effective area of
the IceCube detector for the same source (Aartsen et al. 2018a).
Due to the location of the IceCube detector, the effective area
for a fixed position in space depends only on its decl. and is
otherwise independent of time for each configuration. The
width of the IceCube band here is due to the different
configurations achieved after different construction stages

(Aartsen et al. 2018a). The effective exposure can be
approximately calculated by multiplying the daily average of
the effective area for the corresponding decl., by the length of
the time period under consideration (Aab et al. 2019b). The
daily average depends strongly on decl. and this is partly
because the source is only “visible” in neutrinos during a
varying fraction of the day in each zenith-angle range. This
fraction is displayed in Figure 2 as a function of the decl. for
each of the three types of searches. The black arrow marks the
decl. of TX0506+056, indicating that the source is not at a
decl. that maximizes the observation time. This effect also
contributes to the large variations in effective area as a function
of the source decl. For periods much larger than a sidereal day
the approximation is very accurate because variations in
effective area with time have been relatively small since the
Observatory was completed in 2008 June.

3. Results and Discussion

All the data collected with the Pierre Auger Observatory
were searched for candidate neutrino events in the direction of
TXS 0506+056 with negative results. Instead of providing a
flux limit we calculate the expected flux that would have been
deduced if a single neutrino had been observed, assuming a
steady flux over a given period of time. This illustrates the
expected sensitivity to a given flux and can be easily converted
to a flux limit at 90% confidence multiplying it by a factor of
2.39 (Feldman & Cousins 1998). The results naturally depend
on the assumptions that are made with respect to the time
period over which the search is integrated. Two benchmark
scenarios have been discussed in the original article addressing
the correlated detection in neutrinos and in the HE and VHE
gamma-ray bands (Aartsen et al. 2018b). The first is of half a
year and it is motivated by the time window that gave the
largest significance to a search for an excess of neutrino-
compatible events in the archival data of IceCube, interpreted
as a neutrino flare (Aartsen et al. 2018a). The second period

Figure 1. Effective area of the Pierre Auger Observatory as a function of neutrino energy for each search channel. The shaded bands bound the instantaneous effective
area for each neutrino detection channel and indicate the variation with zenith angle in the corresponding range. TXS 0506+056 at a decl. δ;5°. 7 is viewed at the SD
of Auger for a limited amount of time (see Figure 2) and with a range of zenith angles from θ=60° to θ=95°, the sensitivity being largest below the horizon
(θ>90°). The full lines represent the effective area for the different detection channels when averaging over a full day, i.e., when including the periods during a day,
when the source cannot be seen. The instantaneous effective area of IceCube for the decl. of TXS 0506+056 is also shown for comparison. For IceCube at the South
Pole the zenith angle of TXS 0506+056 is practically constant over time and given by θ=90°+δ. The width of the gray band corresponds in this case to different
stages of IceCube construction and configuration, which depend on the period under consideration.
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TXS 0506-056 visibility on daily basis in ES channel of Auger for < 1 hrs but in an unfavourable direction

effective area in comparison to IceCube

IceCube

Auger

Auger Collaboration, ApJ 902 (2020) 105

fluxes that had been recorded to date from this source, and
which are also illustrated for comparison (Acero et al. 2015).
The sensitivity of the Auger Observatory to UHE neutrinos is
about an order of magnitude below extrapolations with E−2

spectra, partly due to the nonoptimal position of the source.
We have also compared the sensitivity of the Observatory to

the neutrino flux observed by IceCube between 2014 October
19 and 2015 February 6. The analysis of this period resulted in
constraints for the normalization and spectral index of the
observed fluence (Aartsen et al. 2018a). This period of
increased neutrino flux in IceCube was not coincident with a
VHE gamma-ray flare from the same source, although a
hardening of the spectrum in the GeV region was reported
(Padovani et al. 2018). In Figure 4 we display the 1σand
2σbands of the average flux obtained from the fluence reported
assuming an activity period of 110 days as obtained from the
IceCube data analysis using a Gaussian window. The bands are
calculated using the whole parameter space allowed at 68% and
95% confidence levels in the IceCube analysis. The extreme
values of the spectral index are γ∼1.75 and γ∼2.45 (∼1.5
and ∼2.7) for the 68% (95%) CL contour plot (Aartsen et al.
2018a). The figure also displays the average gamma-ray flux
obtained for this period illustrating the reported hardening
(Padovani et al. 2018). The results obtained indicate that the
Pierre Auger Observatory could only be expected to have
detected a signal if the flux extrapolated to the EeV regime with
spectral indices harder than γ∼1.5.

With the Pierre Auger Observatory it is also possible to
search for UHE photons (Aab et al. 2016, 2019c; Niechciol
et al. 2017). For a source as distant as TXS 0506+056, any
UHE photon flux that could have been produced is expected to
be strongly attenuated through interactions with the cosmic
photon-background fields, unless new physics would occur.
The data have been searched for UHE photons between 10 and

300 EeV in coincidence with IceCube-170922 A over a period
of half a year and also in coincidence with the 110 day interval
interpreted by Aartsen et al. (2018a) as a burst of neutrinos. No
event has been found with an angular distance to the source
below 2°. The shower with closest angular distance to the
source (2°.1) was observed for the latter period and the
corresponding value of the Principal Component (PC) for
photon discrimination (Rautenberg et al. 2019) is very low, so
that less than 0.1% of the simulated photons have a smaller PC
value. As a result, the probability of this event to be a
correlating photon is less than 6×10−5. Assuming an E−2

spectrum, the photon energy flux that would give one expected
photon event at the Observatory is ´ -1.8 10 12 ergcm−2s−1.
For the half a year period in 2017 the closest event, at an
angular distance of 3°.0, has an even lower probability to be a
photon, and the reference energy flux for one detected photon
becomes 1.0×10−12 ergcm−2s−1.
In summary, we have studied the implications of the

nonobservation of UHE neutrinos with the Pierre Auger
Observatory. The source is not located at one of the preferential
declinations for observation so the flux constraints that can be
obtained are rather limited. The neutrino flux from TXS 0506
+056 at hundreds of TeV sampled by IceCube with event
IceCube-170922 was converted to a flux using a half a year
period (Aartsen et al. 2018b). If the flux from the source had an
E−2 spectrum extending to the EeV and if it had remained
constant over the lifetime of the Observatory with the same
normalization, one neutrino event could be expected to have
been observed at the Pierre Auger Observatory. We have also
shown that the Observatory could have a chance to detect UHE
neutrinos produced between 2014 October and 2015 February
only in a case in which the spectrum extended to the EeV range
with a spectral index harder than γ∼1.5 (Aartsen et al.
2018a).

Figure 4. UHE neutrino flux sensitivities for the Pierre Auger Observatory (one event expected) assuming a constant flux during a period of 110 days from 2014
October 19 to 2015 February 6 in comparison to the measured photon flux (Padovani et al. 2018) and to the neutrino flux inferred with IceCube during the same period
with a spectral index of γ=2.1±0.2 (Aartsen et al. 2018a). The band shown for IceCube is obtained using the extreme values of γ (∼1.75, ∼2.45) from the given
1σ contour plot and (∼1.5 and ∼2.7) from the 2σ contour.
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Elves seen in 800 km distance, near BsAs

Fluorescence Telescope

Auger Collaboration, Earth and Space Sciences 7 (2020) 1
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The Pierre Auger Observatory:
studying atmospheric electricity 

with cosmic-ray detectors 

Roberta Colalillo for the Pierre Auger Collaboration
Università degli Studi di Napoli “Federico II” and INFN, Sezione di Napoli

colalillo@na.infn.it

Upward TGF

Downward TGF

Thunderstorms are the most energetic natural particle accelerators on Earth [1]. Very bright 
events are produced in coincidence with lightning and the Pierre Auger Observatory [2], the largest 
cosmic-ray detector in the world, proved to be a unique instrument to study these phenomena.

ELVES: transient luminous events occuring at the base of the ionosphere triggered by lightning in the 
troposhere [3].

TGFs: millisecond pulses of gamma rays usually observed by spacecrafts [5].

Cosmic Ray
E=1.44·1020 eV
θ=14.32°

long-signal stations
lightning stations
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center of the footprint

*
×

Downward 
TGF

~200 km2

Surface Detector (SD)
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2022

Terrestrial Gamma-ray Flashes (TGFs)Emission of Light and Very Low Frequency perturbations 
due to Electromagnetic Pulse Sources (ELVES)
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Each of the four histograms 
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of the stations with a signal

Cordoba
region
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ELVES appears as rapidly expanding rings.  
More than 95% of the observed ELVES are 250-
1000 km away, where the FoV of a telescope 
crosses the ionosphere and direct light from 
lightning is blocked by the limb of the Earth.

An ELVES projected at the emission layer at the 
base of the ionosphere, after correcting for the 
transit time from the emission layer to the FD. 
Colors represent the time evolution. 

Single Elves

Double Elves

Thanks to the Auger FD time resolution, the temporal structure in the light emission of ELVES can be observed 
very fine and data can be sorted in two categories studying the photon trace: single-peaked (b) and 
multipeaked  ELVES (c) [6].

ELVES are produced by the ElectroMagnetic Pulse (EMP) emitted during the lightning return stroke or in initial 
breakdown stages of the discharge. The production mechanism for two or more consecutive ELVES rings in less 
than 1 ms is not clear yet, but ground reflection is the most common explanation for double ELVES [4]. In picture 
(a), the geometric model for the calculation of the time gap between the first (light path: SED) and the second 
pulse (light path: S’ED) observed in a given pixel is shown.
By studying the time gap between pulses in each pixel, we found that a large fraction of double ELVES cannot 
be explained as ground reflection (bounce) of the EMP (d). The study of the ratio between the intensity of the 
two pulses is showing a variety of patterns, suggesting that multiple ELVES are due to several causes.
A new trigger on the HEAT telescopes allows us to observe closer lightning and better study double ELVES from 
low clouds that cannot be resolved in the other telescopes [7].

a

b

c

First 
pulse

Second 
pulse

D

= R
EB

 in (a)

The comparison of ELVES light curves with the signals from ENTLN antennas [12], deployed in Argentina in 2018, 
will allow us to correlate the feature of double ELVES with the polarity of intracloud lightning and return strokes.

Cosmic Ray
E=1.44·1020 eV
θ=14.32°
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×

Downward 
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Surface Detector (SD)

Fluorescence Detector (FD)

HEAT up
HEAT down

The presence of lightning stations, characterized by high-frequency noise, suggested that the observed 
“peculiar” events, so different from cosmic-ray events, happened during thunderstorms. By finding a correlation 
between our events and the lightning strikes collected by the World Wide Lightning Location Network [11], this 
hypothesis was verified. It was supported also by the measurements of the atmospheric monitoring instruments 
available at the Pierre Auger Observatory.
The Auger Water-Cherenkov Detectors have a high efficiency for gamma-ray detection. Auger is observing 
the brightest events (~ 104 MeV/m2) at the ground connected with lightning activity, most likely TGFs [10].
It is known that TGFs are produced by the Relativistic Runaway Electron Avalanche (RREA) process. When a 
“seed electron”, travelling in a thundercloud region that contains a strong electric field, gain more energy than 
that lost predominately due to ionization, we say that it “runaways” and activates the electron avalanche. It is not 
yet clear what provides the “seed electron”. The two main models, “Lightning Leader” and “Relativistic 
Feedback” can be constrained studying the rising edge of the long-lasting signals.   

Comparison with the expectation for 
a standard downward TGF with the 

source at 1 and 2 km above the 
ground [9]. This height is compatible 

with the source height obtained 
fitting the signal arrival time in the 

Auger detectors assuming a 
spherical propagation [8].

PMT1
PMT2
PMT3

PMT1
PMT2
PMT3

Saturated 
long signalOvershoot

The stations involved in the two events preceding the SD-ring are all 
in the footprint of the SD-ring and complete it. Also the stations of 
the following events are in the center of the footprint. The signal of 
these stations is due to an overshoot of the electronic that may 
trigger the stations and that is an hint of large saturated signals. 

The rate of TGF events is less than 2 events/year (about 30 events/year are expected) and most of them present 
a lack of signal at the center of the footprint (plot in the top box - SD-ring). It was verified that this signature has 
not a physics origin [10], but is due to the Auger trigger and acquisition chain optimized for cosmic-ray events. An 
algorithm to tag long-lasting signals has been recently developed using differences of integrals performed over 
predefined parts of the trace and it is now installed in the whole array. We expect to increase the TGF rate 
modifying the CDAS (Central Data Acquisition System) read-out logic to give priority to events which 
contain long-lasting signals. 

[1] J.R. Dwyer, M.A. Uman, Physics Reports 534 (2014) 147-241.
[2] Pierre Auger Coll., Nucl. Instrum. Meth. A 798 (2015) 172–213.
[3] U.S. Inan et al., Geophys.Res.Lett. 18 (1991) 705. 
[4] N. Liu et al., J. Geophys. Res. 122 (2017) 10563. 

[5] J.R. Dwyer, D.M. Smith, and S.A. Cummer, Space Sci. Rev. 173 (2012) 133–196.
[6] Pierre Auger Coll., Earth Space Sci. 7 (2020) e2019EA000582.
[7] A. Vásquez-Ramírez [for the Pierre Auger Coll.], PoS (ICRC2021)327.
[8] R. Colalillo [for the Pierre Auger Coll.], PoS(ICRC2017)314.

[9] R. Colalillo [for the Pierre Auger Coll.] and J.R. Dwyer, EGU22-12119, 
https://doi.org/10.5194/egusphere-egu22-12119, 2022. .
[10] R. Colalillo [for the Pierre Auger Coll.], PoS(ICRC2021)395.
[11] http://wwlln.net.
[12] https://www.earthnetworks.com.
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Counting rates of the 1600 
Water Cherenkov Stations 
during 7 hrs in March 2009

(1 min averages)
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The last 15 years have been a series of important discoveries
this list is very subjective and selective…

# of TeV sources vs time

1989 discovery of 
Crab Nebula

TeV Gamma-Astronomy

Several new types of sources,
good understanding of physics and source environments
However, holy grail „hadronic sources“ still open…

K. Kosack, ISAPP 2022
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Pion Decay

Spectral Energy Distribution for various processes:

Non-Thermal Emission 

9log Energy

En
er

gy
 F

lu
x 

lo
g 

E2
 d

N
/d

E

radio UV X-rays !-rays

Electron population

+ B field
+ photon field

Hadron Population

+ Target Material

What radiation do you get from a power-law of particles?

Challenge to clearly identify pion 
	 	 	 	 	 	 	 decay over IC



Karl-Heinz Kampert – Bergische Universität Wuppertal Francesco Romano School, Monopoli, Sept 2023

Resumé: What did we learn… 

110

The last 15 years have been a series of important discoveries
this list is very subjective and selective…

2012: First detection of astrophysical 
    neutrinos, IceCube, Science 342 (2013)

TeV Neutr.-Astronomy

Several 3.5σ indications
of bursting point sources

steady sources more
difficult because of 
huge horizon

⇒ Need more data

5

FIG. 4. Distributions of the deposited energies and declination angles of the observed events compared to model predictions.
Zenith angle entries for data (right) are the best-fit zenith position for each of the 28 events; a small number of events (Table I)
have zenith uncertainties larger than the bin widths in this figure. Energies plotted (left) are reconstructed in-detector visible
energies, which are lower limits on the neutrino energy. Note that deposited energy spectra are always harder than the spectrum
of the neutrinos that produced them due to the neutrino cross-section increasing with energy. The expected rate of atmospheric
neutrinos is shown in blue, with atmospheric muons in red. The green line shows our benchmark atmospheric neutrino flux (see
text), the magenta line the experimental 90% bound. Due to lack of statistics from data far above our cut threshold, the shape
of the distributions from muons in this figure has been determined using Monte Carlo simulations with total rate normalized
to the estimate obtained from our in-data control sample. Combined statistical and systematic uncertainties on the sum of
backgrounds are indicated with a hatched area. The gray line shows the best-fit E�2 astrophysical spectrum with a per-flavor
normalization (1:1:1) of E2�⌫(E) = 1.2 · 10�8 GeV cm�2 s�1 sr�1.

muon tracks, ruling out an increase in penetrating muon
background to the level required. Atmospheric neutrinos
are a poor fit to the data for a variety of reasons. The
observed events are much higher in energy, with a harder
spectrum (Fig. 4) than expected from an extrapolation of
the well-measured ⇡/K atmospheric background at lower
energies [9–11]: nine had reconstructed deposited ener-
gies above 100 TeV, with two events above 1 PeV, rela-
tive to an expected background from ⇡/K atmospheric
neutrinos of approximately 1 event above 100 TeV. Rais-
ing the normalization of this flux both violates previous
limits and, due to ⌫µ bias in ⇡ and K decay, predicts
too many muon tracks in our data (2/3 tracks vs. 1/4
observed).

Another possibility is that the high-energy events re-
sult from charmed meson production in air showers
[7, 12]. These produce higher energy events with equal
parts ⌫e and ⌫µ, matching our observed muon track frac-
tion reasonably well. However, our event rates are sub-
stantially higher than even optimistic models [12] and
the energy spectrum from charm production is too soft
to explain the data. More importantly, increasing charm
production to the level required to explain our observa-
tions violates existing experimental bounds [9]. As atmo-
spheric neutrinos produced by any mechanism are made
in cosmic ray air showers, downgoing atmospheric neu-

trinos from the southern sky will in general be accompa-
nied into IceCube by muons produced in the same par-
ent air shower. These accompanying muons will trigger
our muon veto, removing the majority of these events
from the sample and biasing atmospheric neutrinos to
the northern hemisphere. The majority of our events,
however, arrive from the south. This places a strong
model-independent constraint on any atmospheric neu-
trino production mechanism as an explanation for our
data.

By comparison, a neutrino flux produced in extrater-
restrial sources would, like our data, be heavily biased
toward showers because neutrino oscillations over as-
tronomical baselines tend to equalize neutrino flavors
[13, 14]. An equal-flavor E�2 neutrino flux, for exam-
ple, would be expected to produce only 1/5 track events
(see Materials and Methods). The observed zenith distri-
bution is also typical of such a flux: as a result of absorp-
tion in the Earth above tens of TeV energy, most events
(approximately 60%, depending on the energy spectrum)
from even an isotropic high-energy extraterrestrial pop-
ulation would be expected to appear in the Southern
Hemisphere. Although the zenith distribution is well ex-
plained (Fig. 4) by an isotropic flux, a slight southern
excess remains, which could be explained either as a sta-
tistical fluctuation or by a source population that is either

Neutrino Sky 2020

Galactic Plane 2023
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The last 15 years have been a series of important discoveries
this list is very subjective and selective…

2008: First detection of Flux suppression 
  by Auger and HiRes 
  PRL 101 (2008)

UHE Cosmic Rays

Waiting for 5σ source 
detection, yet (only 4.5σ’s so far)

⇒ challenge:
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FIG. 2: Upper panel: The differential flux J as a function of energy, with statistical uncertainties. Data are listed at [28]. Lower Panel: The
fractional differences between Auger and HiRes I data [3] compared with a spectrum with an index of 2.69.

the highest-energy region and from reductions of the systematic uncertainties in the energy scale which will allow the derivation
of a deconvolved spectrum.
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FIG. 3: 〈Xmax〉 and RMS(Xmax) compared with air shower simulations [20] using different hadronic interaction models[21].

ergy. If the properties of hadronic interactions do not
change significantly over less than two orders of magni-
tude in primary energy (< factor 10 in center of mass
energy), this change of ∆D10 =(82+35

−21) g/cm
2/decade

would imply a change in the energy dependence of the
composition around the ankle, supporting the hypothe-
sis of a transition from galactic to extragalactic cosmic
rays in this region.

The 〈Xmax〉 result of this analysis is compared to the
HiRes data [10] in Fig. 2. Both data-sets agree well
within the quoted systematic uncertainties. The χ2/Ndf
of the HiRes data with respect to the broken-line fit de-
scribed above is 20.5/14. This value reduces to 16.8/14
if a relative energy shift of 15% is applied, such as sug-
gested by a comparison of the Auger and HiRes energy
spectra [2].

The shower-to-shower fluctuations, RMS(Xmax), are
obtained by subtracting the detector resolution in
quadrature from the width of the observed Xmax dis-
tributions resulting in a correction of ≤6 g/cm2. As can
be seen in the right panel of Fig. 3, we observe a de-
crease in the fluctuations with energy from about 55 to
26 g/cm2 as the energy increases. Assuming again that
the hadronic interaction properties do not change much
within the observed energy range, these decreasing fluc-
tuations are an independent signature of an increasing
average mass of the primary particles.

For the interpretation of the absolute values of 〈Xmax〉
and RMS(Xmax) a comparison to air shower simulations
is needed. As can be seen in Fig. 3, there are considerable
differences between the results of calculations using dif-
ferent hadronic interaction models. These differences are
not necessarily exhaustive, since the hadronic interaction
models do not cover the full range of possible extrapola-
tions of low energy accelerator data. If, however, these
models provide a realistic description of hadronic inter-
actions at ultra high energies, the comparison of the data
and simulations leads to the same conclusions as above,

namely a gradual increase of the average mass of cosmic
rays with energy up to 59 EeV.
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tive staff in Malargüe. We are very grateful to the
following agencies and organizations for financial sup-
port: Comisión Nacional de Enerǵıa Atómica, Fun-
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isterium Baden-Württemberg, Helmholtz-Gemeinschaft
Deutscher Forschungszentren (HGF), Ministerium für
Wissenschaft und Forschung, Nordrhein-Westfalen, Min-
isterium für Wissenschaft, Forschung und Kunst, Baden-
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2010: Increasing Mass composition 
  PRL 104 (2010) 

2017: Establishing extragalactic  
    UHECR 
    Science 357 (2017)

8 
 

Galactic magnetic field, modelled as in (8). The tips of the arrows indicate the direction of the 
dipole of the flux arriving at the Earth, assuming a common value of E/Z = 5 EeV or 2 EeV 
for illustration. Given the inferred average values for Z ~ 1.7 to 5 at 10 EeV, these represent 
typical values of E/Z for the cosmic rays contributing to the observed dipole.  It is interesting 
that the agreement between the directions of the dipoles is improved by adopting reasonable 260 
assumptions about the charge composition and the deflections in the Galactic magnetic field. 
The deflections within the Galaxy will also lead to a lowering of the amplitude of the dipole 
to about 90% and 70% of the original value, for E/Z=5 EeV and 2 EeV respectively, for the 
direction considered. Note that the smaller amplitude present in the 4 EeV < E < 8 EeV bin 
might also be understood in terms of stronger magnetic deflections at lower energies.  265 

 
 

Fig. 3. 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 and the contours the 68% and 95% confidence-level regions. The 270 
dipole in the 2MRS galaxy distribution is indicated, while arrows show the deflections 
expected for a particular model of the Galactic magnetic field (8), for E/Z=5 EeV or 2 EeV. 

 

We have reported the observation of an anisotropy in the arrival direction of cosmic rays with 
energies above 8 EeV. The anisotropy is well-represented by a dipole with an amplitude of 275 
6.5!!.!!!.! % in the direction of right ascension αd=100±10° and declination δd=−24!!"!!"°. By 
comparing our results with phenomenological predictions, we find that the magnitude and 
direction of the anisotropy support the hypothesis of an extragalactic origin for the highest-
energy cosmic rays over the presumption that the particles originate within the Galaxy. 

 280 

 

proton-astronomy
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Pierre Auger: Open Data & Open Source
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https://opendata.auger.org
doi 10.5281/zenodo.4487613

• 10% cosmic ray data
• 100% atmospheric data
• Close to raw data and higher level reconstruction
• Surface and Fluorescence Detectors
• JSON and summary CSV files
• Python code for data analysis

Offline reconstruction 
framework is open source 

Try out your own ideas!
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significance map:

TA/Auger Anisotropy Working Group, UHECR18

Next ongoing steps
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UHECR: Ongoing …
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Telescope Array now upgraded to TA*4 (start operation 2024) 
→ increasing size from 700 km2 to 2800 km2 (focussed to higher energies)

Auger upgraded to AugerPrime (start operation 2023)
→ enhance composition capabilities to allow „proton astronomy“ 

 and enhance particle physics capabilities 
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Next…: Global Cosmic ray ObServatory (GCOS)

115

Distributed UHECR Observatory covering > 60,000 km2

Several highly attended workshops were conducted for 
conceptual design, targeted at 

- full efficiency at 10 EeV
- energy resolution <10%, muon resolution <10%
- Xmax better than 30 g/cm2

- angular resolution ~1°
- strong MM capabilities with photons and neutrinos 

⇒ source correlations at 5σ within one year of operation

The idea: optical separation of a Water Cherenkov Tank
A water volume responds di↵erent to photons, e± and µ±

photons electrons muons
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A. Letessier-Selvon, P. Billoir, M. Blanco, I. C. Mariş, M. Settimo
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Cosmic Ray Air Fluorescence Fresnel lens Telescope (CRAFFT)
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大阪電気通信大学寝屋川キャンパス
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寝屋川

ここ!!

で宇宙(天文)を学ぼう！

工学部　基礎理工学科 

講師　多米田　裕一郎
Y.Tameda “CRAFFT: Concept and Design” GCOS 2022

CRAFFT (Cosmic Ray Air Fluorescence Fresnel lens Telescope)

2

1.4m

1.0m

2.0m

8 in. PMT with UV transmitting filter. 
8° spacial filter for test observation.

Appearance of CRAFFT prototype.

For UHECR observation, we need a huge observatory with 
detectors which can measure Xmax such as FD. 
We need reduce the cost. 

Simple structure, without container 
Easy to deploy 
No obstacle between lens and focus 
Necessity of multiple observation for geometrical 
determination 
Worse S/N compared to multi pixels. 

Componen Product Specification Cost/
Structure MIWA Aluminum 950
Fresnel lens NTKJ, CF1200-B 1m2, f=1.2m 370
UV trans. Hoya, UL330 ~90%,300-360 3,000
PMT Hamamatsu, R5921 8 inch 2,000
FADC TokushuDenshiKairo, 80MHz, 12bit 290
Amplifier Lecroy, 612AM 1,000
HV CAEN, N1470AR 8kV, 3mA 1,600

Total ($) : 9210

F.O.V. 8° x 8° 
originaly 12° x 12° w/o spacial filter 
for 8 inch. PMT at the focus

Shading curtain inside.

Detection efficiency.

Y. Tameda
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GCOS Cyclops FD: Small elevation, large area, small pixelsGCOS Cyclops FD: Small Elevation Range, Large Area, Small Pixels
e.g. MACHETE Design J. Cortina et al. APP (2016) 46

• 2 MACHETE rings ! 360� ⇥ 10� FoV
• cost: ⇠ 10 M$ Trinity whitepaper arXiv:1907.08727

• 0.3� pixel, effective aperture 10 m2

• (S/N)FD _
p

A/⌦pix ! (S/N)Cyclops
�
(S/N)Auger =

p
10 m2/0.3�2

.p
3 m2/1.5�2 = 9

! optimization for GCOS needed & check dual use ⌫+UHECR

Nepomuk Otte PoS ICRC19

5

M. Unger
17

concepts for
simplified
fluorescence
telescopes
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POEMMA: Stereo Fluorescence Obs. from Space

11624 fgs@udel.edu
frank.schroeder@kit.edu

03 October 2022 UHECR in the next decades – summary of the Snowmass White Paper
UHECR, L’Aquila, Italy, Opening Session

POEMMA: stereo fluorescence observation from space
Two science cases: UHECR and neutrinos, both with full sky coverage
Good Xmax and ok energy resolution ( mediocre rigidity resolution) and very high aperture
Complementary to GRAND in many aspects: technology, space vs. ground, …



Karl-Heinz Kampert – Bergische Universität Wuppertal Francesco Romano School, Monopoli, Sept 2023

Neutrinos: IceCube-Gen2

117
Markus Ahlers (NBI) Neutrino Telescopes and Results

Vision: IceCube-Gen2

65

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 10

IceCube-Gen2
High energy 
• Find (more) neutrino point sources 

• Characterise spectrum, flux, and 
flavour composition of astrophysical 
neutrinos with higher precision 

• GZK neutrinos 

• Continue search for BSM physics

Low energy 
• Precision measurements of 

atmospheric neutrino oscillations:  
     νµ→ντ   
     Neutrino mass ordering 

• Characterise atmospheric flux 
(hadronic interactions) 

• Also continue search for BSM physics

A vision for the future of neutrino astroparticle physics at the South Pole

• Multi-component facility (low- and high-energy & multi-messenger) 

• In-ice optical Cherenkov array with 120 strings and 240m spacing 

• Surface array (scintillators & radio antennas) for PeV-EeV CRs & veto 

• Askaryan radio array for >10PeV neutrino detection

IceCube

DeepCore 
PINGU

High-Energy Array

| IceCube Upgrade and Gen2 | Summer Blot | TeVPA 2018 11

IceCube-Gen2
High energy facility

Surface array

High Energy 
Array

Radio array

In-Ice High Energy Array (HEA) 
• 120 strings with ~240 m spacing and 80 OMs each 
• 6.2 - 9.5 km3 instrumented volume (not yet fixed) 
Surface array 
• Under investigation: Air Cherenkov Telescope (IceAct) vs scintillator panels 
• Prototypes of both systems deployed and operating at the South Pole

PoS (ICRC2017) 991

Surface Array Radio Array

low unprecedented measurement of the evolution of the primary composition in the region
where a transition from galactic to extragalactic cosmic rays is predicted [302]. Under-
standing the flux of the most-energetic Galactic cosmic rays and the transition to extra-
galactic sources complements IceCube’s multi-messenger missions of understanding the
origin of cosmic rays. The drastically increased aperture for coincident events with the
in-ice detectors, furthermore, increases the potential to directly discover nearby sources
by PeV photons accordingly [293, 303]. A surface detector also opens up the possibility of
vetoing the background of cosmic-ray muon and even atmospheric neutrinos (see section
4.1.1). For example, a down-going PeV astrophysical neutrino interacting in the ice above
the deep array could be distinguished from a cosmic-ray induced PeV muon bundle, which
would be accompanied by a cosmic-ray shower of ⌅ 10 PeV. Extending the veto capability
to the whole sky and/or to lower energy to obtain a background-free sky would require a
footprint that extends significantly beyond the footprint of the high-energy array [304] and
instruments more densely between the Gen2 strings. Finally, a surface array will allow for
important cross-calibration of the in-ice neutrino arrays.
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(not to scale)
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Figure 30: (Left) Layout of a surface station for the enhancement of IceTop, which is the baseline design for the
Gen2 surface array: a station consists of 4 pairs of scintillation detectors and three radio antennas connected
to a common local data-acquisition in the center. (Right) Corresponding prototype detectors at IceTop; both
the scintillators and radio antennas are deployed on stands that can be lifted to avoid snow management.

4.3.3. Radio detectors

A number of radio test set-ups have been built at South Pole, most prominently the Askaryan
Radio Array (ARA). Similar to the proposed baseline design, ARA employs a phased-array
and has instrumented strings with two different kinds of antennas as deep as 200 meters.
The baseline design also foresees surface antennas to ensure a self-vetoing capability
of the array against air showers, a concept piloted in the ARIANNA experiment. In addi-
tion to the veto-capabilities, these surface antennas provide better polarization sensitivity
than down-hole antennas, which are limiting the achievable reconstruction accuracy of the
polarization of the signal and thereby the arrival direction. In designing surface antennas,
one is not constraint by borehole geometry and can obtain better gains and characteristics.
However, staying the surface reduces the effective volume, which is the rationale behind
combing the strengths of both in the baseline design.

As compared to the optical detection technique, the radio detection is not as mature. At the

47

surface stationstring layout
[IceCube-Gen2 White Paper, arXiv:2008.04323]Markus Ahlers
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GRAND: Giant Radio Array for Neutrino Detection
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Giant Radio Array for Neutrino Detection
UHECR as important second 
science case next to neutrinos
various sites worldwide

main ones in China

200,000 km2 total
inclined showers only

aperture of 100,000 km2 sr

Possibly Xmax measurement  
in addition to energy, but no 
muon detection at most sites

mediocre mass resolution

strengths is the high statistics
common sites with GCOS 
possible, but different 
requirements on accuracy
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LST
23 m
100 t

MST
12 m
80 t

SST
4 m
20 t

pSCT

TeV Gammas:
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Cherenkov Telescope Array (CTA)

120

CTA South
ESO, Chile

CTA North
ORM La Palma, Spain

CTA ARRAY SITES
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significance map:

TA/Auger Anisotropy Working Group, UHECR18

exciting times

ahead of you




