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The bias against the exact single bin χ2 distribution is less
than +15% for μi>2, and drops to +5% at expectations of
five events in a bin (Heinrich 2001). If the expected number of
events in an energy bin is less than 1 (μi< 1) it is combined
with alternating adjacent bins. The resulting smallest energy
bin expectations are greater than 2 (μi> 2). The combination of
bins with μi<1 ensures that the bias is positive for all bins
instead of negative for the high energy bins with small
expectations. This bias is smaller than other possible tests, is
present for all locations on the sky map, and is also present in
the MC trials when calculating the global post-trial
significance.

The expected energy spectrum is estimated by the histogram
of events outside the spherical cap (Noff) that is normalized to
the expected background number of events inside the cap (Nbg)
using the method of Li & Ma (1983).

The exposure ration (α= Non/Noff) at each point of the grid
is calculated using a set of 5×107 isotropic MC events. The
background is then estimated using the data as Nbg=αNoff=
α(Nevents − Non). This depends on the data Non inside each cap
bin (Gillessen & Harney 2005).

The lowest energy threshold tested to maximize the pre-trial
significance was 1019.0 eV as the detection efficiency is ∼100%
above this energy. Above 1019.4 eV, there are only 546 events,
which is insufficient statistics for this analysis. The maximum
significance is found to be for energies E�1019.2 eV. This is a
free parameter and the appropriate penalty factor for this scan is
taken as described in Section 6.3.

There are 1332 events above 1019.2 eV in the data set: 1248
with energy 1019.2�E<1019.75 eV, and 84 with E�
1019.75 eV. An energy threshold of 1019.75 eV (more exactly
57 EeV) was used for the TA Hotspot analysis as determined
by the AGN correlation results from the Pierre Auger
Observatory (Abu-Zayyad et al. 2013c).

6. Results

6.1. Density Map

Figure 2(a) shows a projection of the 1332 cosmic-ray events
observed by the SD with energies E�1019.2 eV. The
oversampled number of events, Non, using the 14.03% equal
exposure caps is shown in Figure 2(b). This corresponds to an
average cap size of 30°, as discussed in Section 5.1.

6.2. Local Energy Anisotropy Significance

The pre-trial significance of local relative energy distribution
deviations is calculated using the method of Section 5.2. Inside
each spherical cap bin, the energy distribution of events (Non) is
compared to that outside (Noff) by the Poisson likelihood GOF
test (Equation 1(a)). The μi are the Noff energy histogram
frequencies normalized to the expected number of events (Nbg)
by Equation 1(c). The α parameter is the exposure ratio
described in Section 5.1.2.
Figure 3 shows the resulting local pre-trial energy anisotropy

significance. This is with an energy threshold of E�1019.2 eV
and the 14.03% equal exposure caps. The maximum pre-trial
significance is 7° from the published Hotspot location (Abbasi
et al. 2014a) and corresponds to a 6.17σlocal at 9

h16m, 45°.
The histogram of events inside the cap bin at maximum

significance compared to the expected energies is shown in
Figure 4 with and without the rebinning discussed in
Section 5.2. Individual bin contributions to the statistical
significance show an excess of events E�1019.75eV (27
observed, 8 expected, χ2/dof= 38.1/5), and a “Coldspot”
deficit of events 1019.2�E<1019.75 eV (120 observed, 158
expected, χ2/dof= 40.2/12). This shows that the contribution
to the overall significance from these two energy ranges are
roughly equal. The deficit is larger in magnitude than the
excess because the expectation is Nbg=166.2 with an
observed number of events Non=147.

6.3. Post-trial Significance

To calculate the global post-trial significance, a scan penalty
must be taken for the four exposure ratios (3.35%, 6.04%,
9.58%, and 14.03%) and four energy thresholds (1019.0, 1019.1,
1019.2, and 1019.3 eV) that were tested to maximize likelihood
GOF σlocal of Figure 3.
Isotropic MC sets are made that have the same number of

events as data for each energy threshold. The scanned variables
are applied to each set to create 16 slocal maps. The maximum
σlocal significance on all 16 maps, at any grid point, is
considered as one MC for counting MC sets that have a higher
significance than the data.
The distribution of the maximum σʼs of 2.5×106 MC sets

that are used to calculate the post-trial significance are shown in
Figure 5. There were 232 sets with a significance greater than

Figure 3. Projection of the energy spectrum anisotropy local pre-trial significance, for 14.03% equal exposure spherical cap bins (E � 1019.2 eV). The maximum is
6.17σlocal at 9

h16m, 45° and is 7° from the the Hotspot location of Abbasi et al. (2014a). The dashed curve at decl.=−16° defines the FOV. Solid curves indicate the
Galactic plane (GP) and supergalactic plane (SGP). White and gray hexagrams indicate the Galactic center (GC) and anti-galactic center (Anti-GC).
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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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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
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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 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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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.
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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 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.
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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.
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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

6

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.
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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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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
·
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

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)

https://pos.sissa.it/395/027/pdf
http://particle.astro.ru.nl
http://particle.astro.ru.nl/gcos
https://agenda.astro.ru.nl/event/18/timetable/#all.detailed
https://agenda.astro.ru.nl/event/18/timetable/#all.detailed
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Towards a science case for UHE particles
- Find and study sources of UHE particles (protons, nuclei, gamma rays, neutrinos)

Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies
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Figure 6. Left: Cosmogenic photon (blue) and neutrino (orange) fluxes for models that fit the Auger data
including spectrum and composition [65]. Specifically, the dark orange band corresponds to a best-fit model
with 99% CL, and the light orange band covers the AGN, star-formation rate (SFR), and gamma-ray burst
(GRB) models for fits at 90% CL [65]. In more optimistic models that assume a larger maximum energy
Rmax ⇠ 1020.5 eV, a second photon bump appears at 1-10 EeV as indicated by the grey shaded area [74]. In
comparison, we show the fluxes of the six-year high-energy starting events (HESE, orange data points) [76],
six-year muon neutrino events (orange shaded region)[77], nine-year extreme-high-energy (EHE) 90%
upper limit [71] measured by IceCube (thick red curve), and the 90% upper limit provided by Auger with
data from 1 Jan 04 - 31 Mar 17 (thin red curve, [72]), as well as the extragalactic gamma-ray background
observed by Fermi-LAT [80, 84], and the differential limit of UHE photons in the bin of 10-30 EeV by
Auger [75]. For reference, we also show the cosmic-ray spectra measured by KASCADE, Auger, and
TA [35, 78, 79]. K. Fang for this review. Right: Upper limits on the integral photon flux obtained with
the Auger surface detector (Auger SD 2015) [82], a hybrid analysis of nine years of Auger data (Auger
Hybrid 2016) [75], and the Telescope Array surface detector (TA SD 2018) [83]. The shaded regions give
the predicted cosmogenic photon flux assuming a pure proton (GZK p) and pure iron (GZK Fe) UHECR
composition of reference [81]. F. Oikonomou for this review.

[81]. With its current exposure, Auger constraints the photon fraction to be  0.1% above 1018 eV [75, 82].
Measurements with the Telescope Array surface detector provide complementary limits in the same energy
range in the Northern Hemisphere [83].

2.5 Hadronic Interactions at Ultrahigh Energies

Good understanding of hadronic multiparticle production is needed for being able to derive composition
information from air-shower data. While measuring shower profiles using fluorescence and Cherenkov light
allows an almost model-independent determination of the shower energy (up to a correction of the order of
10–15% for “invisible” channels [85]), there is no model-independent means for estimating the primary
mass composition. The most productive approach is the detailed simulation of a library of reference air
showers with Monte Carlo models that have been designed and tuned to describe hadronic multiparticle
production at man-made accelerator experiments [86]. Hadronic interaction models of this type include
EPOS [46, 87–89], QGSJET [90–94], Sibyll [47, 95–99], and DPMJET [100, 101] for high-energy
interactions, typically with a laboratory frame momentum larger than 100 GeV, and FLUKA [102, 103]
and UrQMD [104] for low-energy interactions. In general, a very good description of inclusive air-shower
observables is obtained, see [105, 106].

Frontiers 9

—> develop model scenarios for different source classes and    
       extract measurable features

R. Alves Batista et al.

- Explore multi-messenger connections  
to understand transient events, such as 
mergers of compact binaries, tidal 
disruption events, gamma-ray bursts  
—> provide insight to most violent  
       processes in Nature  
—> understand connection with GW    
       sources

https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
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Understanding the effects of Galactic and 
extra-galactic magnetic fields 

Marijke Haverkorn   – GCOS Workshop – 18 May 2021

Ultra-high energy cosmic ray arrival direction:

longitude [deg]

latitude [deg]

Farrar et al (2015)

Mollerach & Roulet (2018)

Current models predict completely different deflection angles of 
Ultra-High Energy Cosmic Rays!

current models predict completely different deflection angles of UHE CRs

Marijke Haverkorn   – GCOS Workshop – 18 May 2021

The future:
Small-scale magnetic fields:

• Correlations between magnetic field orientations as measured 
with different tracers, in different media.

• Modeling is slowly going beyond gaussian random fields

à Models include ‘proper’ turbulent fields and their correlations 
to CRs, thermal electrons, etc.

Large-scale magnetic fields:

• IMAGINE will model Galactic magnetic fields and compare 
models quantitatively

à IMAGINE produces THE best-fit large-scale Galactic magnetic 
field model and UHECR arrival directions can be corrected.

Marijke Haverkorn

Model Variations – Effect on Backtracked Arrival DirectionsEffect on Back-tracking of UHECRs, R = E/Z = 20 EV
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Charged particle astronomy with GCOS

- need to isolate lightest air showers 
- complicated interplay R (deflections) and E (attenuation)

Michael Unger

How to treat extragalactic magnetic fields?
(e.g. R. Alves Batista et al)

https://agenda.astro.ru.nl/event/18/contributions/120/attachments/34/39/haverkorn_GMF_GCOS2021.pdf
https://agenda.astro.ru.nl/event/18/contributions/120/attachments/34/39/haverkorn_GMF_GCOS2021.pdf
https://pos.sissa.it/301/558/pdf
https://agenda.astro.ru.nl/event/18/contributions/121/attachments/17/22/unger-deflections.pdf
https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
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Interaction properties
UHECR properties

4

• Class of UHECR sources still 
unidentified 

• Connection of observables at Earth to 
theoretical models including UHECR 
properties, in order to infer UHECR 
characteristics at the sources 

• Several codes for UHECR propagation available; in this talk, results obtained with  

• SimProp (Aloisio, DB, di Matteo, Grillo, Petrera & Salamida, JCAP 2017) and 

• CRPropa (Alves Batista, Dundovic, Erdmann, Kampert, Kuempel, Muller, Sigl, van Vliet, Walz & Winchen, JCAP 2016) 

• Prince (used in Heinze, Fedynitch, DB, Winter, ApJ 2019) 

    will be mentioned.

interpretation of data requires good 
understanding of interaction properties 
- at the sources 
- during propagation 
- within the atmosphere (-> air showers)

propagation models influence the predicate power of 
astrophysical models used to interpret UHECR data

JCAP04(2017)038

γ
1.5− 1− 0.5− 0 0.5 1 1.5 2 2.5

/V
)

cu
t

(R
1
0

  
lo

g

17.5

18

18.5

19

19.5

20

20.5

SPG

STG

SPD

CTG

CTD

CGD

 

 

 

 

 

 

Figure 11. The lines connecting the local minima for the six models given in table 7. The lines
and arrows at the bottom of the figure indicate the γ regions where the light elements are dominant
(fH + fHe > 90%). Symbols indicate the position of the minima of each model. Both the best fit at
γ ! 1 and the second local minimum at γ ≈ 2 are shown. For the CTG model both the γ ! 1 minima
reported in table 8 are presented.

A noticeable fact is the variation of mean mass at injection along the valley lines. The
arrows at the bottom of figure 11 show for each propagation model the γ region where the
injection is dominated by light elements (fH + fHe > 90%). This happens when the spectral
index is below some value ranging from about −0.5 to +0.5 depending on the propagation
model used (tables 8, 9).

In figure 12 we show the injected spectra (top) as a function of the spectral index along
the valley line and the corresponding fluxes at detection (bottom) for the SPG propagation
model. It is clear that for values of the spectral index sufficiently small the form of the
overall observed spectrum loses almost every dependence on the injection spectrum of single
elements; it is rather the tuning of elemental fractions that determines the final overall
injection spectrum. In the negative γ region fractions effectively substitute the spectral
parameters to shape the overall flux: this is the reason why here the sensitivity to the
spectral index becomes poor.
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Ingredient (1): astrophysics 

5

• Example: photons in extragalactic space (CMB + IR/opt/UV) 

• several methods used to evaluate EBL at z=0 and to extrapolate it to z>0 

Alves Batista, DB, di Matteo, van Vliet & Walz, JCAP 2015

Ingredient (2): nuclear physics 

6

• Photo-meson production

ϵr ≈ Γϵ

Morejon, Fedynitch, DB, Biehl & Winter, JCAP 2019

• Energy scale of interactions: 

• Development of nuclear cascade -> more 
complicate situation than pure proton 
composition! 

• Threshold energy for photo-meson production 
shifted by A -> implication of nuclear composition 
on production of secondary messengers

• Main reactions: 
• Photo-disintegration (through excitation of Giant Dipole Resonance) 
• Photo-meson production (through excitation of Delta resonance)

Denise Boncioli

astro- 
physics

nuclear 
physics

Interaction lengths of UHECRs

7

Plots by A. di Matteo, using SimProp MC code:  

Aloisio, DB, di Matteo, Grillo, Petrera & Salamida, JCAP 2017 

∂Ni(E)
∂t

= ∂
∂E

(− b(E)Ni(E)) − Ni(E)
τ

+ Qji(E)

• Different reactions are relevant at 
similar energies, depending on the 
nuclear species of cosmic-ray particle 

• Origin of flux suppression at UHE (?)

interaction lengths of UHECRs}

https://agenda.astro.ru.nl/event/18/contributions/119/attachments/21/26/Boncioli_GCOS_2021.pdf
https://inspirehep.net/literature/1505391
https://agenda.astro.ru.nl/event/18/contributions/119/attachments/21/26/Boncioli_GCOS_2021.pdf
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Optimal target energy range to find UHE sources

accelerate only protons. As a consequence the ankle is then
explicable by energy losses of protons through pair pro-
duction across greater distances [30–32] so that the ankle
region would be proton dominated. However, recent results
[26] strongly contradict this expectation: in the ankle region,
ð3–5Þ × 1018 eV, a pure proton composition, or one of only
protons and helium, is excluded at the 6.4σ level. A second
consequence [33] concerns the energy E1=2, at which the
integral intensity falls by a factor of 2 with respect to a
power-law extrapolation from lower energies. The predic-
tion in this framework is that E1=2 ¼ 5.3 × 1019 eV, though
this number may change with fluctuations of source lumi-
nosities and densities that shape the GZK feature [31,34],
and with the maximum achievable energy in the sources.
The value found here, ð2.2 $ 0.1 $ 0.3Þ × 1019 eV, is at
variancewith the prediction because of the new feature of the
spectrum at ≈1019 eV, which is absent in the popular
paradigm that is thus disfavored.
Relaxing the universality of the source spectra, the

steepening at ≈1019 eV could stem from the distinctive
spectrum of a local source that emits protons and contrib-
utes significantly to the total intensity. At these energies,
diffusive propagation of protons from a nearby source is
excluded by limits set on extragalactic magnetic fields from
rotation measures [35]. Approximately, protons would thus
arrive to the Galaxy as a uniform, parallel beam that may
subsequently be focused or defocused while propagating in
the Galactic magnetic field. As seen from the Earth, the
image of the source is expected to be shifted and broad-
ened, with the effect growing with decreasing energy. Also,
multiple broad images may be produced if uncorrelated
regions of the magnetic field are experienced by the
particles [36–38]. Such a scenario would thus imply the
observation of an anisotropy at intermediate angular scales,
the size of which depends on the model of turbulence for
the magnetic field [39]. Spectral differences would also
consequently appear in some parts of the sky. The softening
at ≈1019 eV, in particular, would not be expected in every
declination range. The absence of such dependence accord-
ingly disfavors the interpretation that the steepening is
due to a source in the local Universe emitting protons.
Furthermore, the interplay between the luminosity of a
given source and its flux attenuation with distance requires
fine-tuning to make viable a scenario in which several
sources would emit protons with a distinctive spectrum
while at the same time no directional effect would be
imprinted upon the observed intensity.
By contrast, our results fit a scenario in which several

nuclear components contribute to the total intensity and
in which the electromagnetic fields permeate source envi-
ronments where nuclei are accelerated to a maximum
energy proportional to their charge (Z). This scenario,
e.g., [40–43], provides a natural framework to explain the
tendency toward heavier masses with increasing energy as
inferred from recent works [23–25]. To illustrate the main

physics aspects without distraction by the many details a
full model scenario would require, we consider here, as in
[43], several nuclear components injected at the sources
with a power-law spectrum and with the maximal energy of
the sources modeled with an exponential cutoff. For
simplicity, the sources are assumed to be stationary and
uniform in a comoving volume. We show in Fig. 2 the best
reproduction of the data by simultaneously fitting the
energy spectrum above 5 × 1018 eV and the distribution
of the depths of the shower maximum (Xmax), which is
mass sensitive (using EPOS LHC [44] as a model of
hadronic interactions in their interpretation). The abun-
dance of nuclear elements at the sources is dominated by
intermediate-mass nuclei accelerated to ≈5Z × 1018 eV
and escaping from the source environments with a very
hard spectrum. In this scenario, the steepening observed
above ≈5 × 1019 eV results from the combination of the
maximum energy of acceleration of the heaviest nuclei at
the sources and the GZK effect. The steepening at
≈1019 eV reflects the interplay between the flux contribu-
tions of the helium and carbon-nitrogen-oxygen compo-
nents injected at the source with their distinct cutoff
energies, shaped by photodisintegration during the propa-
gation. We note that the ratio E34=E23 is 3.4 $ 0.3,
matching the mass-to-charge ratio of CNO to He, as
expected from the benchmark scenario shown in Fig. 2.
Some cautionary comments on the illustrative model

considered here are in order. The presence of a subdomi-
nant light component at the highest energies is not excluded
by our data, see, e.g., [45]. Also, viable source scenarios
can be found without resorting to a mixed composition with
a rigidity-dependent maximum energy if, for instance,
predominately heavy (Si to Fe) nuclei are accelerated
and photodisintegrate in the source environment [46] or
en route to Earth [47,48]. Scenarios with a predominantly
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FIG. 2. Energy density obtained with the best fit parameters of
the benchmark scenario used for illustration, as described in the
text. The dashed curve shows the energy range that is not used in
the fit and where an additional component is needed for
describing the spectrum.

PHYSICAL REVIEW LETTERS 125, 121106 (2020)

121106-7

Auger 2020

focus on highest E and isolate 
light (low Z) particles?

if understanding of Galactic B fields is sufficient: 
—> backtrack particles with moderate Z
—> focus on slightly lower E?

total number of detection units ~const.
—> need to decide: 
- huge aperture?
or
- smaller array with higher density and 
better resolutions (E, A)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.125.121106
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What will we learn in the next decade from TAx4 and AugerPrime?
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Upper Limits to the UHE photon -ux

12P. Savina for the Pierre Auger Collabora�on – July 2021 – ICRC2021 – Cosmic Ray Indirect (CRI) 
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Map compares hXmaxi 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 0
max distributions

(Welch 1938)

• Detector/analysis e↵ects corrected for

by event arrival declination
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Indication of a mass-dependent anisotropy above 1018.7 eV – CRI 630 – July 13th @ 18 00 CEST 13

UHECR sky > 32 EeV from the Pierre Auger Observatory

M83

Cen A

NGC 4945

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

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

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

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

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

Jonathan Biteau – ICRC 2021 / CR Anisotropies – 2021.07.15
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Figure 1: Exposure of SD and FD measurements to cosmic ray showers as a function of energy (left) and
calibration functions of the SD energy estimators to the energies reconstructed by the FD (right).

1500 m array is covered by a denser array with a spacing of 750 m. Their spacings and areas are
chosen according to the energy ranges probed by the two arrays. Individual SD stations utilize the
water–Cherenkov technique of particle detection, thus they are sensitive to both the electromagnetic
(EM) and muonic components of showers.

The 1500 m array is sensitive to cosmic ray showers with incident zenith angles up to 80�,
but showers with zenith angles above 60� (so-called "inclined" showers) are reconstructed with a
di�erent method [3] to those at lower zenith angles ("vertical" showers) [4, 5]. This is mandatory
because for inclined showers the signal is dominated by muons that are deflected in the geomagnetic
field producing an asymmetric footprint on the ground. For events with zenith angles below 60�,
dominated by EM particles, this e�ect is negligible. The 1500 m array is fully e�cient in the
detection of showers, regardless of the primary mass composition, above 2.5 EeV and 4 EeV in the
case of vertical and inclined reconstruction, respectively.

The array with 750 m spacing is designed to measure at lower energies, and is fully e�cient
from 0.1 EeV, assisted by an additional set of dedicated triggers [6, 7].

The aperture of all SD methods is calculated geometrically by summing the contributions from
individual hexagonal cells under operation. With the use of a monitoring database, we then obtain
the exposure as an integral of the aperture in time. Thus the exposure of SD measurements is
independent of energy and is depicted in the left panel of Fig. 1 for all three SD methods.

The energy estimate for the SD array (⇢SD) is obtained by means of a calibration procedure
based on coincident SD and FD measurements. Events detected by both detectors can be used to
obtain a relation between the SD energy estimator (⌃ in the following) and the FD energy. This is
performed using the calibration function ⇢FD = �⌃⌫, where ⇢FD is the energy obtained with the
FD, and � and ⌫ are calibration parameters.

The energy estimators in the reconstruction of vertical showers are parameters (38 and (35 for
the SD 1500 m and SD 750 m measurements, respectively. These parameters are corrected for the
average shower size attenuation in the atmosphere using the constant intensity cut method [4]. In the
case of inclined reconstruction, the corresponding energy estimator is #19, the scaling factor of the
two dimensional muon density map on the ground used to fit the signal recorded by the SD [3]. The
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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.

5

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

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

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

�22 1.4 ⇥ 10�1

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

�0.009 95 ± 10 �28+12
�13 3.1 ⇥ 10�7

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

�0.02 81 ± 15 �43+14
�14 7.5 ⇥ 10�4

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

�0.009 95 ± 8 �36+9
�9 5.1 ⇥ 10�11

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

�0.04 139 ± 19 �47+16
�15 1.0 ⇥ 10�2

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

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

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

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

publications [6, 7].86

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

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

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

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

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

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

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

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

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

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

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

bins requires taking into account the magnetic deflections of the particles during their trajectory98
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Phase I: 
- Exposure 80,000 km2 sr yr (vertical, highest quality), 

up to 120,000 km2 sr yr (loose cuts, combined)

- Change of composition established

- Composition tightly linked to hadronic interactions 

- Anisotropy observations very challenging

- Increasingly consistent picture is emerging 

Phase II: 
- Upgrade AugerPrime in progress

- Additional exposure 40,000 km2 sr yr (vertical) expected

- Enhanced composition and hybrid information

- Re-analysis of all data planned

ICRC 2021 31

Extension of TALE SD: TALE-infill

Shoichi Ogio, this conference

CR clustering: Hot spot update (12-yr)

Energy E > 57 EeV

Overall post-trial significance has dropped 
from 3.4𝜎 to 3.2𝜎

The growth rate of events  inside the 
hotspot  is consistent with the linear 
one within ~ 1𝜎

First 5-yrs: 72 events 
S at hotspot center = 5𝜎

Last 7-yrs: 107 events 
S at hotspot center = 2.3𝜎

Jihyun Kim, this conference. 
ICRC 2021 24

Ralph Engel

Grigory Rubtsov

https://icrc2021-venue.desy.de/channel/video/Highlight-Highlights-from-the-Pierre-Auger-Observatory/2c07c83c7220016d62bc745892ec7f8a/85
https://icrc2021-venue.desy.de/channel/video/Highlight-Highlights-from-the-Telescope-Array-experiment/cf11d888856eed705621a7f624c00fe5/85
https://icrc2021-venue.desy.de/channel/video/Highlight-Highlights-from-the-Pierre-Auger-Observatory/2c07c83c7220016d62bc745892ec7f8a/85
https://icrc2021-venue.desy.de/channel/video/Highlight-Highlights-from-the-Telescope-Array-experiment/cf11d888856eed705621a7f624c00fe5/85
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GCOS 
The Global Cosmic Ray Observatory

Additional science cases

https://pos.sissa.it/395/027/pdf
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Particle physics
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FIG. 10. The elastic slope B in ((GeV/c)�2) vs. �total
p�p in

mb. The solid line is the allowed �total
p�p values from the �inel

p�air

and its statistical errors reported in this work. The dashed
line is the BHS fit prediction [52]. While the gray shaded area
is the unitarity constraint.

inelastic collisions of ultra high energy cosmic rays and
air molecules in the upper atmosphere. By combining the
geometric and timing information of SDs and the Black
Rock Mesa and Long Ridge FDs that observe a hybrid
event Xmax can be determined with a good precision of
⇠ 20 g/cm2. UHECR Xmax distributions are related to
the interaction length of cosmic rays in the atmosphere,
which in turn depends on the tail of Xmax distributions
is populated with the deepest penetrating events, pre-
dominantly proton initiated events, the slope of which is
related to the interaction length by a constant, K. Using
Monte Carlo simulationsK can be evaluated using Monte
Carlo provides access to the depth of first interaction and
Xmax for each event, allowing a direct determination of
K. OnceK is known the inelastic proton-air cross section
can be determined using equation 5. Using nearly nine
years of hybrid data, TA measures �inel

p�air = 520.1± 35.8

[Stat.] +25
�40[Sys.] mb for

p
s = 73 TeV. Using Glauber

theory and the Block, Halzen, Stanev model The total
proton-proton cross section is determined from �inel

p�air to

be �tot
pp = 139.4+23.4

�21.3 [Stat.]+15.0
�24.0[Sys.] mb.

It is interesting to note that ultra high energy cosmic
ray model prediction of the proton-air cross section have
converged closer than was the case prior to tuning to
LHC data. This is shown in the K value converging
from 7% down to 3%. Most importantly, this is also
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FIG. 11. A compilation of the proton-proton cross section
vs. the center of mass energy result of this work, including
the statistical (thin) and systematics (thick) error bars, in
addition to previous work by cosmic rays detectors [16, 17,
19, 21, 23] in addition to, the recent result from LHC by
TOTEM at

p
s = 7 and 13 TeV [49, 50]. The dashed red

curve is the BHS fit [25] and the dashed black curve is the fit
by the COMPETE collaboration [53]. This plot is adapted
and modified from [25].

found to be consistent with results for ultra high energy
cosmic ray experiments including this work. The data
from the high energy models and ultra high energy cosmic
ray experiments continue to show a rising cross section
with energy.
Future cross section results, using TA⇥4 [54] will al-

low us to report on the proton air cross section with
greater statistical power. Moreover, including data from
the Telescope Array Lower Extension [55] would allow
the measurement from 1017�1019 eV with high statisti-
cal power and at several energy intervals. This would
allow us to make a statement on the functional form of
the cross section energy dependence.

VI. ACKNOWLEDGEMENTS

The Telescope Array experiment is supported by
the Japan Society for the Promotion of Science(JSPS)
through Grants-in-Aid for Priority Area 431, for
Specially Promoted Research JP21000002, for Sci-
entific Research (S) JP19104006, for Specially Pro-
moted Research JP15H05693, for Scientific Research

Tanguy Pierog

proton-proton cross section

R.U. Abbasi et al, PRD (2020)

UHE particles are detected via extensive air showers
—> degeneracy between mass and hadronic interactions
—> hadronic interactions are the key for proper air-shower   
       simulations and appropriate interpretation of data

T. Pierog, KIT - 4/15GCOS – May 2021

Introduction HadronizationMeasurements EAS

Primary Cosmic Ray Composition from Air Showers

Goal of Astroparticle Physics

Study of astrophysical object via 
received cosmic ray (CR) at Earth

High energy cosmic rays 
detected via extended air 
showers (EAS)

Degeneracy between mass and 
hadronic interactions (change the 
same basic properties like cross-
section...)

Hadronic interactions are the key 
for proper EAS simulations and 
CR analysis

Inconsistent mass composition point to weakness of hadronic 
interaction description in models : hybrid measurement is a must

inconsistent mass composition measurements point to weaknesses in 
hadronic interaction models (e.g., Hörandel 2003, Kampert&Unger 2012) 

—> GCOS needs to provide hybrid measurements of air showers

Xmax uncertainties mostly due to nuclear collision extrapolations
-> precise measurements (inelastic cross-section, multiplicity,   
    diffraction) needed in pA and AA (A<20) at LHC

—> use air shower data to    
       constrain models

T. Pierog, KIT - 12/15GCOS – May 2021

Introduction HadronizationMeasurements EAS

Constraints from Correlated Change

One needs to change energy 
dependence of muon  
production by ~+4%

To reduce muon discrepancy

β has to be change

X
max

 alone (composition) will not 

change the energy evolution

β changes the muon energy 

evolution but not X
max

+4% for β         -30% for
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N π0
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mult

Depend on hadronization

to reduce muon discrepancy,  
—> change energy dependence of 

µ production

https://agenda.astro.ru.nl/event/18/contributions/126/attachments/16/21/had_inter_pierog.pdf
https://journals.aps.org/prd/abstract/10.1103/PhysRevD.102.062004
https://inspirehep.net/literature/626925
https://inspirehep.net/literature/1083538
https://pos.sissa.it/358/235
https://inspirehep.net/literature/498639
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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

wide parameter space of 
DM scenarios

constraints from the upper limits on the all-particle CR intensity

Fundamental physics and quantum gravity
Lorentz symmetry violations 
- could affect cosmic-ray propagation and air shower development
- could exist in the nucleon or photon sector

Günter Sigl

—>GCOS needs good sensitivity for UHE photons & neutrinos

—> influence on nuclei mean free path
—> possible effects also on neutrino dispersion relation —> neutrino decay

Influence on nuclei mean free path

Saveliev, Macccione, Sigl, JCAP 03 (2011) 046

https://agenda.astro.ru.nl/event/18/contributions/128/attachments/20/25/deligny-slides.pdf
https://agenda.astro.ru.nl/event/18/contributions/129/attachments/24/29/LIV.pdf
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Geophysics and atmospheric science

Roberta Colalilo Rasha Abbasi Auger (2020)

LETTER RESEARCH

right, has radio source activity only at the propagating tip. By con-
trast, the positive leader, on the left, has very few, if any, radio sources 
at the tip, consistent with what is expected from a gradually growing 
structure12. Instead, the positive leader is characterized by sources that 
seem to ‘twinkle’ along its length and reveal its shape over time. These 
twinkling sources have been previously reported, but not investigated 
in any detail11,17. We observe that most of the sources on the positive 
leader form small structures that stick out from the likely path of the 
positive leader channel. Eleven such needle-like structures are labelled 
N1 to N11 on Fig. 2. We found similar structures on other positive 
leaders in both the 2016 and 2017 lightning flashes, but none on the 
negative leaders.

LOFAR data allow us perform an in-depth analysis of a single nee-
dle. Figure 3 shows a needle that is about 70 m long and less than 5 m 
wide at the narrowest points. Since this width is comparable to our 
location accuracy, we infer that the intrinsic width of this needle may 
be smaller than 5 m. The left height-versus-time panel of Fig. 3 shows 
five distinct groups of sources. These five groups of sources all occur 
along the needle at an almost regular rate of once per 4–6 ms, and 
illustrate why the sources on the positive leader seem to ‘twinkle’. The 
right panels show a further magnification of one particular twinkle. 
The sources in this twinkle clearly propagate over 55 m, away from the 
positive leader, with an average speed of around 3 × 105 m s−1, similar 
to the propagation speed of negative leaders1. This implies that each 
twinkle is a form of negative breakdown, moving charge away from the 
positive leader body. This picture is substantially different from what 
would be expected.

There are around 75–85 similar needles seen along the positive leader 
in the 2017 flash, and 30–40 in the 2016 flash, all showing the same 
features as N4 in Fig. 2. The better-imaged needles (such as N4) are 
all about 30–100 m long and have multiple twinkles. These twinkles 
tend to occur at an almost regular rate of once per 3–7 ms. Each twin-
kle propagates outwards from the positive leader with speeds around 
3 × 105 m s−1. The needles that have few imaged sources are consistent 
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Fig. 2 | Expanded sections of Fig. 1, with a positive leader on the left and 
a negative leader on the right. The sources on the negative leader come 
almost solely from the imaged tip, while sources on the positive leader 

occur all along the channel. Small needle-like structures on the positive 
leader are labelled N1 to N11. The boxes indicate the region that is detailed 
in Fig. 3. The grey line shows the approximate path of the positive leader.

Fig. 1 | Map of the 2017 flash. Each dot is the location of a radio source. 
Sources from the positive leaders (PL) and negative leaders (NL) are 
shown. When the negative leader connects to ground, it creates a ‘short’ 
that propagates up the lightning channel called a return stroke (RS). The 
boxes indicate the areas that are shown in Fig. 2. Distances are relative to 
the LOFAR core.
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LOFAR, Nature (2019)

precise mapping of 
lightning with LOFAR

  3

Upper atmospheric phenomena 
powered by thunderstorms

Short-lived 
Electrical-breakdown phenomena studying ELVES with 

Auger

observing terrestrial 
gamma-ray flashes with TA

TA (2021)

https://agenda.astro.ru.nl/event/18/contributions/124/attachments/14/19/GCOS_colalilllo_2021_05_18.pdf
https://agenda.astro.ru.nl/event/18/contributions/125/attachments/25/30/Rabbasi_GCOS2021.pdf
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA000582
https://repository.ubn.ru.nl/handle/2066/203241
https://agupubs.onlinelibrary.wiley.com/doi/abs/10.1029/2020GL092160
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GCOS 
The Global Cosmic Ray Observatory

Detection concepts

https://pos.sissa.it/395/027/pdf


GCOS - Jörg R. Hörandel - ICRC 2021 �12

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

200 km

20
0 

km

40000 km2

3000 km2

Telescope Array 
TAx4

Pierre Auger Observatory
Pierre Auger observatory 3000 km2

Haverah Park 12 km2

AGASA 100 km2

Telescope Array 700 km2

TAx4 2800 km2

Volcano Ranch 8 km2

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, … 

https://agenda.astro.ru.nl/event/18/contributions/143/attachments/10/15/intro.pdf
https://agenda.astro.ru.nl/event/18/contributions/145/attachments/35/40/slides-20210520-Armando.pdf
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Complementarity of approaches
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GCOS:  
particles, radio, fluorescence  
better resolution (E, Xmax) 
study (hadr.) interactions

POEMMA:  
intrinsic full-sky coverage

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)

https://pos.sissa.it/395/027/pdf
https://agenda.astro.ru.nl/event/18/contributions/130/attachments/42/47/GCOS_Olinto_POEMMAoverview_19may21.pdf
https://agenda.astro.ru.nl/event/18/contributions/131/attachments/36/41/21_05_19_GCOS_kotera-compressed.pdf
https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
https://www.frontiersin.org/articles/10.3389/fspas.2019.00023/full
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Advanced water Cherenkov detectors

nested water Cherenkov 
detector

layered water Cherenkov 
detector

Ioana Maris Antoine Letessier-Selvon  et al., Nucl. Instr. Meth. A 767 (2014) 41–49 

The idea: optical separation of a Water Cherenkov Tank

A water volume responds di↵erent to photons, e± and µ±
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prototype measurements at Auger ObservatoryNot only total signal, but also time distributions
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The idea: optical separation of a Water Cherenkov Tank

A water volume responds di↵erent to photons, e± and µ±

photons electrons muons

✓
Stop

Sbot

◆
= M

✓
SEM

Sµ

◆
=

✓
a b

1� a 1� b

◆✓
SEM

Sµ

◆

✓
SEM

Sµ

◆
= M�1

✓
Stop

Sbot

◆

2

https://www.epj-conferences.org/articles/epjconf/pdf/2019/21/epjconf_arena2018_01003.pdf
https://agenda.astro.ru.nl/event/18/contributions/133/attachments/41/46/IoanaMaris_Segmented.pdf
https://inspirehep.net/literature/1298094
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Radio detection

Tim Huege

Tim Huege <tim.huege@kit.edu>21

What to do in a next-generation experiment?

„Nested detector“ plus Radio antenna
Extra cost for Radio is small, likely well
below 1000 EUR per station
Provides data for mass composition
studies, energy scale calibration

If possible, go beyond 80 MHz, for
potential „single-station analysis“ à la
ANITA, ARIANNA, lowering thresholds
If possible, try time synchronization on
1 ns scale (differential GPS, …?)
Grid beyond 1.5 km seems unfavorable

GCOS Workshop, May 2021

J. Hörandel, introductory talk

Tim Huege <tim.huege@kit.edu>22

Conclusions

Radio detection is mature and delivers valuable information
„Electromagnetic energy“ within 10%
Xmax for vertical showers (AERA@ICRC), possibly for inclined with RIT
Independent calibration of absolute energy scale

Larger antenna spacing -> higher zenith angles -> smaller solid angle
1.5 km grid for AugerPrime RD will work
2.0 km grid seems like stretching it

GCOS Workshop, May 2021

Tim Huege <tim.huege@kit.edu>2

Radio detection today

The radio detection technique is mature
External triggering works very reliably
Radio self-triggering works in radio-quiet areas

Radio emission phyics is understood at 10% level
We have reached very competitive
measurement performance

Energy resolution 10-15%
Xmax resolution 15-20 g/cm2 (LOFAR, AERA)
Angular resolution well below 0.5°

Radio can be used to calibrate absolute energy
scale of cosmic ray detectors

GCOS Workshop, May 2021

Pierre Auger, PRL 116 (2016) 241101

For a review, see
TH, Physics Reports 620 (2016) 1

https://agenda.astro.ru.nl/event/18/contributions/134/attachments/28/33/huege-gcos-v3.pdf
https://inspirehep.net/literature/1417073
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Fluorescence light telescopes
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Summary and future plan

19

✦Fluorescence detector Array of Single-pixel 
Telescopes (FAST)

✦Low-cost fluorescence telescope array

✦Promising concept as next-generation cosmic 
ray observatory to fulfill requirements

✦Preliminary performance estimation

✦100% efficiency above 1019.3 eV

✦Resolution of neural network reconstruction

✦Arrival direction: 4.2 deg, Core: 465 m 

✦Energy: 8%, Xmax: 30 g/cm2 (ΔlnA ~ 1)

✦Next step and challenges

✦Stand-alone operation of FAST "array" in field 

FAST@TA FAST@Auger

Preliminary

Preliminary

https://www.fast-project.org

(a) The telescope frame, showing four PMTs at the
focus of a 1.6 m diameter segmented mirror. The sup-
port structure is made from aluminium profiles. The
UV filter can be seen attached to the periphery of the
camera box.

(b) The dimensions of the FAST prototype telescope’s
optical system. Da is the diameter of the telescope
aperture, Di is the side length of the square camera
box, Dm is the diameter of the primary mirror, and l is
the mirror-aperture distance.

Figure 1: The mechanical and optical design of the full-scale FAST prototype telescopes.

2. The FAST prototype telescopes

2.1. Telescope design
A lensless Schmidt-type optical design was adopted for the full-size FAST prototype [15].

In a typical Schmidt telescope a corrector plate is placed at the entrance aperture (located at the
mirror’s radius of curvature, a distance of 2 f , where f is the focal length) to facilitate the control of
o↵-axis aberrations: coma and astigmatism. The coarse granularity of the FAST camera, having
only four PMTs each covering an angular field-of-view of ⇠ 15�, allows the requirements on
the size and shape of the telescope’s point spread function to be relaxed. The FAST prototype
telescope therefore forgoes the use of a corrector plate, utilises a reduced-size mirror, and uses a
shorter distance between the mirror and the camera relative to a regular Schmidt telescope, with
the entrance aperture located closer to the focal surface.

The dimensions of the FAST prototype telescope are shown in Fig. 1b. An octagonal aperture
of height 1.24 m is located at a distance of 1 m from a 1.6 m diameter segmented spherical mirror
(radius of curvature ⇠ 1.38 m). The design fulfils the basic FAST prototype requirements, with
an e↵ective collecting area of 1 m2 after accounting for the camera shadow, and a field-of-view of
30� ⇥ 30�.

4

array of low-cost telescopes

Toshihiro Fujii

http://www.fast-project.org
https://agenda.astro.ru.nl/event/18/contributions/132/attachments/27/32/210519_FAST_GCOS_Fujii.pdf
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GCOS 
The Global Cosmic Ray Observatory

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

Multi-messenger astroparticle physics beyond 2030

Based on the experience and scientific results which we have obtained and 
which we will obtain in the next decade, in particular with the Pierre Auger 
Observatory and the Telescope Array, we will be in a position to make accurate 
estimates of what is required to build GCOS. 

next steps:
- workshop end 2021/begin 2022 to further define science case and to 

further specify technical requirements
- write a roadmap towards a science case for  

UHE multi-messenger astroparticle physics beyond 2030 

http://particle.astro.ru.nl/gcos
https://pos.sissa.it/395/027/pdf
http://particle.astro.ru.nl/gcos

