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A subjective view of GCOS

1. Why?

- I don’t know

Depends on other experimental/theoretical results

2. When?

- I don’t know

Depends on the community (after 2030)

3. How?

- I don’t know

Depends on expected performances
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Let us dream (or the very optimistic view)

Ingredients from the experimental point of view: energy, mass composition, direction, large statistics

Expected results for 2030 from current experiments:

- very good agreement between the air-shower measurements and simulations

- classes of sources are revealed

- mass composition dependency on the sky

- very good limits on UHE neutrinos productions

Impossible measurements for 2030 from current air-shower detectors

- measurement of the UHE neutrinos

- measurement of the UHE photons

- charged particle spectra for individual sources

- dark matter

- extragalactic and galactic magnetic fields

2



Anisotropies at small scales: correlations with cataloguesAnisotropy searches at highest energies – catalogs
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UHECR sky > 32 EeV viewed from the Pierre Auger Observatory Jonathan Biteau

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

�8 15�10
�6 18.2 6.7 � 10�4

Starbursts (radio) 38 25�11
�7 9�6

�4 24.8 3.1 � 10�5

All AGNs (X-rays) 41 27�14
�9 8�5

�4 19.3 4.0 � 10�4

Jetted AGNs (W-rays) 40 23�9
�8 6�4

�3 17.3 1.0 � 10�3

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

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

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

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

di�erent 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. E�ect of the experimental systematic uncertainties

The systematic uncertainties of instrumental origin a�ect both the energy and the -max mea-
surements. The uncertainty on the energy scale is assumed to be �⇢/⇢ = 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 e�ect 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.

�-max �⇢/⇢ ⇡� ⇡-max ⇡

-14% 52.5 578.3 630.9
�1fsyst 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

�1fsyst 0 80.8 555.4 736.2
+14% 82.4 615.7 698.2

Table 3: The e�ect on the deviance of the
±1 fsyst 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 e�ect on the deviance value is sum-
marised in Tab. 3. The dominant e�ect 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 a�ects only

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 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 di�erent physical parameters.
Even if this scenario exhibits a lower deviance, the di�erence is comparable to the systematic
uncertainties e�ect 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 cuto�, 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 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 -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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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: 

�sys(E)/E = 14 %
�sys(Xmax) = 6 ÷ 9 g cm�2

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

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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A = 1 
1 < A < 5 

4 < A < 23  
22 < A < 39 
38 < A < 57 

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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Experimental uncertainties 
(model uncertainties smaller)

Different model scenarios considered for low-energy part 
(transition to galactic component), similar results for total composition obtained
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Effect of the systematic uncertainties

Energy scale:   
Xmax scale: 

�sys(E)/E = 14 %
�sys(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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predictions are only extrapolated from the energy spectrum fit.
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Experimental systematic uncertainties:
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• 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 
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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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abundances at the top of atmosphere. The bands represent the maximal variations given by the results in Tab. 4.
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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 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
·
����
���

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

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)

Including also the arrival direction information, a better constrain on the spectra at the source and on
magnetic fields
Requirements: very good energy resolution and mass composition
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The datasets

Telescope Array (TA) data
2008 May 11–2019 May 10 (11 years)
strict (spectrum) cuts, � < 55°
14 000 km2 yr sr e�ective exposure

315 events with E � 40.8 EeV

Pierre Auger Observatory (Auger) data
2004 Jan 01–2020 Dec 31 (17 years)� < 80°, with di�erent cuts and
reconstructions for � < 60° and � � 60°
120 000 km2 yr sr e�ective exposure

2 625 events with E � 32 EeV

A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 5 / 16

Auger (θ < 80°): 120,000 km2 sr yr
TA (θ < 55°):   14,000 km2 sr yr

Post-trial significance

2.9� for the all-galaxy catalog 4.2� for the starburst galaxy catalog
A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 15 / 16

Post-trial significance

2.9� for the all-galaxy catalog 4.2� for the starburst galaxy catalog
A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 15 / 16

The cross-calibration of energy scales

�ere is a mismatch between the Auger
and TA energy spectrum measurements
in the common declination band, which
we need to correct for.
We convert TA energies to the Auger scale
according to

EAuger
10 EeV = 0.857 � ETA

10 EeV �0.937

ETA
10 EeV = 1.179 � EAuger

10 EeV �1.067

(see talk by Peter Tinyakov for details).
N���: �is conversion only ��ed to ETA � 10 EeV

— do not extrapolate to lower energies!
A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 6 / 16

Energy scale 
conversion

Sky coverage
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A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 6 / 16

catalog Emin (Auger) Emin (TA) � equiv. top-hat radius f TS
all galaxies 41 EeV 53 EeV 24°+13°�8° 38°+21°�13° 38%+28%�14% 16.2

starburst galaxies 38 EeV 49 EeV 15.5°+5.3°�3.2° 24.6°+8.4°�5.1° 11.8%+5.0%�3.1% 27.2
A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 11 / 16

Full sky flux maps in 3 energy bins

Flux averaged over 45� top-hat window

Reconstructed dipole + quadrupoleDipole direction better constrained, compatible with Auger-only result

Large angular scales
Catalog correlation searches

(Peter Tinyakov)
(Armando di Matteo)

Combined analysis with Telescope Array
collaboration: better constrain on the
dipole direction
By 2030 also the phase will be measured
(TA⇥ 4 + Auger)
Can we go further? Inclusion of the mass
composition information?
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Mass composition distribution over the sky

Outlook: Composition-sensitive anisotropy
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Data scan and prescription

Data-driven selection of energy and latitude thresholds
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Composition Sky Map

Map compares �Xmax� of events
within 30� of each bin to

the rest of the sky

Red: lower mass than rest of sky
Blue: higher mass than rest of sky

• TS is Welch’s T-Test applied to in-

and out-of-hat X �
max

distributions

(Welch 1938)

• Detector/analysis e↵ects corrected for

by event arrival declination
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Smoothing over 30° bins

(Eric Mayotte)

Not necessarily related to Galaxy 

Local source distribution and 
mass-dependent horizon effect? 

No independent confirmation from other data 

Phase II data and more statistics really 
important to make progress

Mass dependent horizon e↵ect?

No confirmation from other variables yet

Outlook: Composition-sensitive anisotropy
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Data scan and prescription

Data-driven selection of energy and latitude thresholds

• Scan over the data recorded before 01.01.2013 (54 %)

• 5� steps in b and 0.1 lg(E/eV) steps in energy

• Highest TS of 8.35 for: � E
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= 1018.7 eV
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Set as prescription for remaining data
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Smoothing over 30° bins

(Eric Mayotte)

Not necessarily related to Galaxy 

Local source distribution and 
mass-dependent horizon effect? 

No independent confirmation from other data 

Phase II data and more statistics really  
important to make progress

More data are needed (and more sensitivity), reach 5� by 2030

Very good sensitivity to mass composition (at least as good as current FD)
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Photons and Dark matter searches at 100 EeV

GCOS - Jörg R. Hörandel - ICRC 2021 �8

Dark-matter searches

Olivier Deligny

Beyond WIMPs

• “Generalisation of WIMPs”: light WIMPs (MX � 1 GeV, “asymmetric”
DM), MX > 100 GeV with other SUSY particles much heavier,
� � 1 PeV not related to the electroweak interaction

• Much broader panorama beyond these scenarios

inspired from arXiv:1707.04591

6

UHE particles from non-thermal SHDM

R. Aloisio., S. Matarrese, A. Olinto, JCAP 08 (2015) 024 Snowmass2021 LoI, arXiv:1903.05429

• Constraints from the upper limits on the all-particle UHECR intensity
E. Alcantara, L. Anchordoqui, J. Soriano, Phys. Rev. D 99 (2019) 103016

• For r large enough, non-thermal SHDM tested by UHECR observatories

12

GCOS needs good sensitivity to UHE photonsLarger exposure to UHE photons

• Larger collection area
• Current discrimination power:

• Ephotons � 1.5% ECR above 3 EeV
• Ephotons � 10% ECR above 10 EeV

13

wide parameter space of 
DM scenarios

• SHDM models constrained by the current UHECR picture, not excluded 
• Excess of UHE photons from the GC direction as the main signature 
• Some arguments for non-thermal SHDM that motivate a serendipitous discovery 
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R. Aloisio., S. Matarrese, A. Olinto, JCAP 08 (2015) 024 Snowmass2021 LoI, arXiv:1903.05429

• Constraints from the upper limits on the all-particle UHECR intensity
E. Alcantara, L. Anchordoqui, J. Soriano, Phys. Rev. D 99 (2019) 103016

• For r large enough, non-thermal SHDM tested by UHECR observatories

12

GCOS needs good sensitivity to UHE photonsLarger exposure to UHE photons

• Larger collection area
• Current discrimination power:

• Ephotons � 1.5% ECR above 3 EeV
• Ephotons � 10% ECR above 10 EeV

13

wide parameter space of 
DM scenarios

• SHDM models constrained by the current UHECR picture, not excluded 
• Excess of UHE photons from the GC direction as the main signature 
• Some arguments for non-thermal SHDM that motivate a serendipitous discovery 

- Current upgrades will not improve too much the limits

- SHDM constrained but not completly excluded

- Photon sesitivity is needed (and exposure)

- Coverage towards the galactic center (one of the main signatures)
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Ultra high energy neutrinos

GRAND/IceCube will be leading on neutrinos messengers
Searches: Ultra-high energy neutrinos

26(Michael Schimp)

JCAP10(2019)022

Figure 6. Pierre Auger Observatory upper limit (90% C.L.) to the normalization k of the di�use flux
of UHE neutrinos �� = k E�2

� as given in eqs. (4.2) and (4.3) (solid straight red line). Also plotted
are the upper limits to the normalization of the di�use flux (di�erential limits) when integrating
the denominator of eq. (4.2) in bins of width 0.5 in log

10

E� (solid red line — Auger all channels
and flavours; dashed red line — Auger Earth-skimming �� only). The di�erential limits obtained
by IceCube [35] (solid green) and ANITA I+II+III [34] (solid dark magenta) are also shown. The
expected neutrino fluxes for several cosmogenic [20, 60–62] and astrophysical models of neutrino
production, as well as the Waxman-Bahcall bound [63, 64] are also plotted. All limits and fluxes are
converted to single flavor.

nuclei in the CMB. The highest fluxes of cosmogenic neutrinos are then expected for injec-
tion of protons, while those expected for injection of iron nuclei are down typically by about
an order of magnitude [20, 23, 24] (cf. figure 6). We note, however, that the possibility of
pure proton (or iron) primaries in the energy range of interest is disfavored by recent results
on the composition of UHECR [12, 13, 66–68]. Instead, a gradually increasing fraction of
heavier primaries is observed with increasing energy up to at least E � 5 � 1019 eV [66]. In
addition to this, adopting a simple astrophysical model fitting the energy spectrum and the
mass composition suggests that the observed flux suppression is primarily an e�ect of the
maximum rigidity of the sources of UHECR rather than only the e�ect of energy losses in
the CMB and EBL [73, 74]. In consequence, cosmogenic neutrino fluxes would be reduced
much further and may escape detection for the foreseeable future [21, 22, 75]. Thus, fluxes
of cosmogenic neutrinos provide an independent probe of source properties and of the origin
of the UHECR flux suppression at the highest energies.

In table 2, we show the expected number of events in the present lifetime of the Ob-
servatory for several cosmogenic neutrino models and the associated Poisson probability of
observing no events. Scenarios assuming sources that accelerate only protons and that have

– 13 –

��

�

��

p

muons

electromagnetic
particles

Auger Observatory

Neutrino search using inclined air showers

Aperture comparable to IceCube if direction of source is favorable 
Multi-messenger: searches for neutrinos in coincidence with GW events 
Phase II: lowering of detection threshold (new electronics)

(JCAP 10 (2019) 022, 
JCAP 11 (2019) 004)

(UHECR 2018, updated)

We need mountains

Searches of neutrinos in coincidence with GW/photons

Sources searches in preferential directions
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The shopping list

Extras on the list of wishes

- Particle interactions at the highest energies (p-Air cross-section)

- Lorentz invariance tests (via air-showers development or cosmic rays propagation)

- Geophysics and atmospheric science: elves, gamma ray flashes, lightning

- (Understand magnetic fields and if there are any preferential directions)

Experimental requirements

- A nice site near high mountains

- Huge exposure and full coverage

- Angular resolution better than 2 degrees and good energy resolution

- Mass composition measurements with (at least) FD precision

- Separate measurements of the electromagnetic and muonic components

9



Which energy range?
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Auger (2021)

 0.920 )×Telescope Array (2019) (E 

Build 60, 000 km2 array? (20 times Auger?)

We need a good compromise between
HUGE exposure and very good resolution

GCOS - Jörg R. Hörandel - ICRC 2021 �13

How to reach the physics case with a ground array?

 0 5
 10 15 20 25 30 35 40 45

60° 30° 0° +30° +60°dir. exp
o. [103  km2  yr] per

 year
declination [deg]

two 20,000 km² arrays, max = 80°, lat. = ±30°

totalnorthsouth

Two arrays can cover the full sky,
and the coverage seems to be most
uniform for � � ±30°.

�at’s why Auger was deployed
at 35° S in the �rst place —
“Auger north” had also been planned.

A. di Ma�eo (INFN Torino) Optimal declinations GCOS Workshop, May 2021 7 / 23

Armando di Matteo

Acceptance/exposure?
What statistics will we need?
E>1019.6 eV  ~500 /yr  (1000 km2 and 2π)

~5% light particles
~50% efficiency
40000 km2

—> 5000 light particles/decade (E>1019.6 eV)

What is realistic in terms of area and number 
of detectors?
10x existing arrays?   —> 40 000 - 50 000 km2

10x number of units? —> 10 000 - 20 000 detectors
                                                  1.6 - 2 km spacing

Where: full sky coverage?
—> equator, several sites, … 
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Towards a ground array

GCOS - Jörg R. Hörandel - ICRC 2021 �14

Complementarity of approaches
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study (hadr.) interactions
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Complementarity of techniques

The Giant Radio Array 
for Neutrino Detection 

Alves Batista et al. Open Questions at Ultrahigh Energies

which densely covers only a small part of the observatory, the
new detector will feature a sparser layout and cover the full
area of the observatory. In recent years, different antenna types
for air-shower detection (Abreu et al., 2012) were investigated
by a number of experiments. Based on these studies, the loop
antenna, which was successfully exploited at the Tunka-Rex
experiment (Bezyazeekov et al., 2015, 2018), was selected for
the Pierre Auger upgrade. Joint operation of particle and radio
detectors decreases the systematic uncertainty of energy andmass
composition reconstruction, since radio detection allows one to
reconstruct the calorimetric energy of the electromagnetic part of
the air shower as well as the depth of shower maximum.

Also TA has recently started to be upgraded (Kido, 2018).
Once the upgrade is complete, the array, TA×4, will consist of
three timesmore surface detectors than TA, similar to the original
ones (two solid-state scintillators separated by a metal plate). The
upgraded detector will cover an area of about 3 000 km2, with the
new scintillators two times sparser than the old ones. Additional
FD will be built for hybrid operation with the extended array.
The aperture of TA×4 will facilitate the study of anisotropies
at ultrahigh energy in the Northern Hemisphere and aid the
comparison of the spectrum in the two hemispheres at the
highest energies.

The detection of ultrahigh energy cosmic rays is also included
in the scientific program of GRAND, themost ambitious ground-
based experiment proposed so far (Alvarez-Muniz et al., 2018).
Since the detector will consist of antennas tuned for the detection
of very inclined events, its exposure overlaps both with TA and
Auger. Due to the unprecedented exposure of GRAND in its
envisaged final configuration (200 000 km2), it will be possible
to detect about 32 000 cosmic-ray events with E > 1019.5 eV
in five years. Since GRAND exploits the radio technique for
air-shower detection, cosmic-ray properties will be studied via
measurements of the calorimetric energy of the air-shower and
should achieve good Xmax resolution.

4.2. The Current Status and Perspectives
of Space Experiments to Study UHECRs
J. Linsley and R. Benson were the first to propose measurements
of the fluorescent radiation of EAS using a UV telescope on-
board a satellite (Benson and Linsley, 1981). Y. Takahashi,
later proposed the idea of using wide-angle optics and CCD
readout in the MASS concept (Takahashi, 1995). A space-
based detector for UHECR research has the advantage of a
much larger exposure and uniform coverage of the celestial
sphere. This idea has been developed in a number of projects.
In the late 1990s, the Airwatch concept was developed by J.
Linsley, B. Scarsi, Y. Takahashi and others based on Fresnel
optics. They later collaborated with a team from Utah/GSFC
who separately developed the OWL/Crystal Eye idea to propose
OWL-Airwatch (Streitmatter, 1998), a concept for a 2-spacecraft
mission. The OWL concept later moved to Schmidt telescopes
and into the final OWL study.

The original Airwatch concept, developed into the Extreme
Universe Space Observatory (EUSO) (Catalano et al., 2001).
This was the start of the JEM-EUSO program which originally

FIGURE 16 | Evolution of the exposure of past, current, and upcoming (solid

lines) UHECR experiments as a function of time for ground-based and space

experiments. Proposed experiments are also shown (dashed lines). F.

Oikonomou and M. Panasyuk for this review.

took its name from the Japanese Experiment Module (JEM)
but currently stands for Joint Experiment Missions. In the
JEM-EUSO Collaboration, a large Fresnel lens telescope was
developed (Adams et al., 2015). In Russia, detectors that
use concentrator mirrors for collecting fluorescence light,
TUS (Klimov et al., 2017) and KLYPVE (Panasyuk et al., 2016),
were proposed and developed.

The TUS experiment was the first orbital detector of UHECRs.
It was launched on board the Moscow State University (MSU)
satellite “Lomonosov” (Klimov et al., 2017) on 28April 2016. TUS
is a UV telescope looking downward into the atmosphere in the
nadir direction. It consists of two main parts: a modular Fresnel
mirror-concentrator and 256 photomultiplier tubes (PMTs)
arranged in a 16 × 16 photodetector located in the focal plane
of the mirror. The overall field of view (FOV) of the detector is
4.5◦ × 4.5◦. During 1.5 years of operation in EAS mode about
200 000 events of various types were measured during the night-
time part of the orbit. The events differ in the spatial dynamics
and temporal structure of their waveforms. Some EAS candidates
have been registered.

Another, much larger space instrument, KLYPVE, is
being developed in close cooperation with the JEM-EUSO
Collaboration and is known as KLYPVE-EUSO (K-
EUSO) (Panasyuk et al., 2016). To fulfill the requirements
of the K-EUSO experiment, a Schmidt UV telescope covering a
FOV of 40◦ with an entrance pupil diameter of 2.5 m, and a 4 m
diameter mirror was developed. The baseline variant consists of
a spherical mirror, a corrector plate and a spherical focal surface
concentric with the mirror, placing the aperture stop on the
frontal surface of the corrector plate. Even though the expected
statistics of UHECR events will not exceed those of upcoming on
ground installations (see Figure 16), with the current design, the
K-EUSO instrument can perform the first all-sky observation of
UHECRs, in order to establish whether the particle fluxes of the
two hemispheres are different.

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 23 June 2019 | Volume 6 | Article 23

GCOS

R. Alves Batista et al.

GRAND10k 
10,000 km2 

200'000 radio antennas over 200'000 km2  
~20 sub-arrays of 10'000 antennas  
over favorable sites in China and worldwide

300 km2

GR DN

Proto300

The GRAND Concept

3

example of sub-array locations

GRAND200k  
200,000 km2 

✓ Radio environment: radio quiet 
✓ Topography: mountains/slopes 
✓ Access, Installation and 

Maintenance 
✓ Other issues (e.g., political)

several excellent sites identified 
(~70 measurements,12 campaigns)
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Radio measurements?

- GRAND will (hopefully) lead the path in the radio-only measurements

- AERA measured inclined air-showers with footprints of 2 km

- AugerPrime upgrade to confirm the solid angle for which reasonable mass composition and
energy resolution can be achieved at alrge detector spacing

hundreds of inclined air showers measured by AERA

Pierre Auger Collaboration, JCAP 2018

- AERA results: energy resolution 10%

- Needs another detector for large spacing
> 1.5 km ( even with
radio-interferometric methods and very
good GPS synchronisation)
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Flourescence detector Array of Single-pixel Telescopes(FAST)?

- Low cost fluorescence telescopes tested at Auger and TA sites

- 100% e�ciency above 30 EeV for 3-fold coincidences

- Resolutions: 8% for energy, 30 g/cm2, 4.2 degrees

- Near future: stand-alone operations of FAST array in the field

- (small duty cycle, atmospheric condition, hard to stand alone in
the field, absolute calibration, energy systematics) Might need an
extra detector
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A ground particle detector?

- Needs separation between the muonic and electromagnetic components and time structures

- Energy can be taken from simulations, still intrinsic fluctuations are at around 10% on energy
(depends on distance to X

max

)

- Scintillators are too flat, a 3D detector might help

10 EeV, 38 degrees
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If we can obtain Nµ and X
max

we win

(i.e. separate the electromagnetic and
the muonic components)
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Layered Surface Detector
for µ± - (�, e±) separation
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Good resolution for muonic and electromagnetic signals at station level
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- Prototypes tested in the field (at Auger)

- Based on the di↵erent response of the Water Cherenkov tank to em and muons

- Robust and well-known detectors

- Needs simulations for the energy calibration (or a di↵erent detector to cross calibrate)

16



The Future of Cosmic Ray Observatories

To be written by the cosmic rays community:
dream big and realistic
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