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29. Cosmic rays 429

when observed at the ground. Thus the shower size Ne and primary
energy E0 are only related in an average sense, and even this relation
depends on depth in the atmosphere. One estimate of the relation
is [96]

E0 ∼ 3.9 × 106 GeV (Ne/106)0.9 (29.12)

for vertical showers with 1014 < E < 1017 eV at 920 g cm−2 (965 m
above sea level). As E0 increases the shower maximum (on average)
moves down into the atmosphere and the relation between Ne and E0

changes. Moreover, because of fluctuations, Ne as a function of E0 is
not correctly obtained by inverting Eq. (29.12). At the maximum of
shower development, there are approximately 2/3 particles per GeV of
primary energy.

There are three common types of air shower detectors: shower
arrays that measure a ground parameter related to shower size Ne and
muon number Nµ as well as the lateral distribution on the ground,
Cherenkov detectors that detect the Cherenkov radiation emitted
by the charged particles of the shower, and fluorescence detectors
that study the nitrogen fluorescence excited by the charged particles
in the shower. The fluorescence light is emitted isotropically so the
showers can be observed from the side. Detection of radiofrequency
emission from showers via geosynchrotron and Askaryan mechanisms
has also been successfully employed in recent experiments. Detailed
simulations and cross-calibrations between different types of detectors
are necessary to establish the primary energy spectrum from air-shower
experiments.

Figure 29.8 shows the “all-particle” spectrum. The differential
energy spectrum has been multiplied by E2.6 in order to display the
features of the steep spectrum that are otherwise difficult to discern.
The steepening that occurs between 1015 and 1016 eV is known as the
knee of the spectrum. The feature around 1018.5 eV is called the ankle
of the spectrum.
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Figure 29.8: The all-particle spectrum as a function of E
(energy-per-nucleus) from air shower measurements [91–106].

Measurements of flux with air shower experiments in the knee
region differ by as much as a factor of two, indicative of systematic
uncertainties in interpretation of the data. (For a review see Ref. 90.)
In establishing the spectrum shown in Fig. 29.8, efforts have been
made to minimize the dependence of the analysis on the primary
composition. Ref. 99 uses an unfolding procedure to obtain the
spectra of the individual components, giving a result for the all-
particle spectrum between 1015 and 1017 eV that lies toward the
upper range of the data shown in Fig. 29.8. In the energy range
above 1017 eV, the fluorescence technique [107] is particularly useful
because it can establish the primary energy in a model-independent
way by observing most of the longitudinal development of each shower,
from which E0 is obtained by integrating the energy deposition in
the atmosphere. The result, however, depends strongly on the light
absorption in the atmosphere and the calculation of the detector’s
aperture.

Assuming the cosmic-ray spectrum below 1018 eV is of galactic
origin, the knee could reflect the fact that most cosmic accelerators
in the Galaxy have reached their maximum energy. Some types of
expanding supernova remnants, for example, are estimated not to be
able to accelerate protons above energies in the range of 1015 eV.
Effects of propagation and confinement in the Galaxy [111] also
need to be considered. A discussion of models of the knee may be
found in Ref. 112. The Kascade-Grande experiment [101] has reported
observation of a second steepening of the spectrum near 8 × 1016 eV,
with evidence that this structure is accompanied a transition to heavy
primaries.

Concerning the ankle, one possibility is that it is the result of
a higher energy population of particles overtaking a lower energy
population, for example an extragalactic flux beginning to dominate
over the galactic flux (e.g. Ref. 107). Another possibility is that the
dip structure in the region of the ankle is due to pγ → e+ + e−

energy losses of extragalactic protons on the 2.7 K cosmic microwave
radiation (CMB) [114]. This dip structure has been cited as a robust
signature of both the protonic and extragalactic nature of the highest
energy cosmic rays [113]. If this interpretation is correct, then the
galactic cosmic rays do not contribute significantly to the flux above
1018 eV.
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Figure 29.9: Expanded view of the highest energy portion of
the cosmic-ray spectrum from data of the Telescope Array [105],
and the Pierre Auger Observatory [106].

The energy-dependence of the composition from the knee through
the ankle is useful in discriminating between these two viewpoints,
since a heavy composition above 1018 eV is inconsistent with the
formation of the ankle by pair production losses on the CMB.
The TA and Auger experiments, however, have shown somewhat
different interpretations of data on the depth of shower maximum
Xmax, a quantity that correlates strongly with ln(E/A) and with
the interaction cross section of the primary particle. The Telescope
Array (TA) collaboration [115] has interpreted their data as implying
a light primary composition (mainly p and He) of ultrahigh-energy
cosmic-rays (UHECR) from 1.3 × 1018 to 4 × 1019 eV. The Pierre
Auger collaboration [116], using post-LHC hadronic interaction
models, reports a composition becoming light up to 2 × 1018 eV
but then becoming heavier above that energy, with the mean mass
intermediate between protons and iron at 3 × 1019 eV. Auger and TA
have also conducted a thorough joint analysis [117] and state that,
at the current level of statistics and understanding of systematics,
both data sets are compatible with being drawn from the same parent
distribution, and that the TA data is compatible both with a protonic
compsition below 1019 eV and with the mixed compostion above 1019

eV as reported by Auger.

If the cosmic-ray flux at the highest energies is cosmological in
origin, there should be a rapid steepening of the spectrum (called
the GZK feature) around 5 × 1019 eV, resulting from the onset of
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How to detect extremely infrequent UHECRs?
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Observing extensive air showers and mass composition 8
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of mirror segments, which are continuously monitored after instal-
lation, is also presented. The content of this paper is as follows. In
Sections 2 and 3, we report the designs and productions of the PMT
cameras and those of the mirror segments, respectively. Section 4
explains the installation of the cameras and mirrors. Mirror reflec-
tance and its variations are described in Section 5.

2. Camera production

In this section, we describe the configuration of the newly
designed PMT cameras and the results of user acceptance tests.

2.1. Photomultiplier tube

Each camera is composed of 256 PMTs. About 7000 PMTs
including spares were produced. The PMT used in the TA experi-
ment, Hamamatsu R9508 based on R6234-01 with a printed circuit
board, is specially manufactured for the experiment. The photo-
electric surface on the top of a tube is hexagonal in shape with a
distance of 60 mm between the parallel sides; its effective area is
equivalent to that of circle of 57 mm diameter (area: 25.3 cm2) [6].
On the bottom of the tube, a printed circuit board which includes a
bleeder and a preamplifier is installed. In order to reduce the
contamination of the night sky background photons into fluores-
cence signals, we use a 4 mm thick optical filter (SCHOTT AG, BG3).
The filter is mounted on the surface of each PMT using a self-fusing
tape (Hitachi Chemical Co., Ltd., HIGHBON TAPE No. 2) and a
polyimide film tape (3M, 5434). The transmittance of BG3 is greater
than 80% in the wavelength range of 305–395 nm, which contains
all of the major air fluorescence lines [6].

The PMTs were inspected by the supplier before shipping and
were selected based on their cathode and anode sensitivities, dark
current, and other basic parameters. In addition, the quantum
efficiency (QE) in 270–750 nm with 10 nm step were measured for
32 sampled PMTs, and cathode uniformity on two orthogonal axis
were measured for 300 sampled PMTs using a light source with
1 mm diameter spot. The results show that QE (e.g. 27.870.5% at

350 nm) is consistent with their typical catalog values, and the
measured uniformity is consistent with our measurement results [6].

After installation of camera, we adjusted the PMT gains relative
to absolutely calibrated PMTs [8] and measured the uniformity of
the PMT response at its photoelectric surface on the sites [6]. At the
PMT gain adjustment, we imposed a required gain and low noise
levels on PMTs. The required gain was 4!104 within the maximum
applied high voltage of "1200 V.

During FD observations, each PMT gain is monitored every hour
using Xenon flashers [6]. The typical light intensity of the Xe flasher
is equivalent to 2!104 p.e./PMT per shot. This light intensity is
approximately 100 times greater than the typical air fluorescence
signals to give an accurate measurement with a small number of
flasher shots ð $ 10Þ. We exchanged two of the 6144 PMTs installed,
because these two PMTs showed a decrease in gain in the first half
year. Since that time, no PMT has shown significant decrease in gain
and no PMT has been exchanged. Detailed descriptions of the
absolute PMT gain calibration and performance monitoring are
presented elsewhere [6,8] and in a future paper.

2.2. Camera

The PMT camera is placed at the primary focus of each FD.
Fig. 7 shows the schematic view of the PMT camera. The camera
has a UV transparent acrylic window (KURARAY, PARAGLAS-
UV00) attached in front of PMTs for protection from dust.
The transmittance of the acrylic window is greater than 90% in
the wavelength range of 300–400 nm [6]. PMTs were fixed on a
16 mm thick plate of extra super duralumin reference and were
arranged on a triangular grid leaving a clearance gap of approxi-
mately 1 mm between them. The gap geometries were measured
based on the uniformity of the camera surface response [6].

The DC power to the PMTs and signals from the PMTs are
transferred through standard computing shielded category 5 LAN
cables (length: 50–100 cm) between the PMTs and the patch panels
inside a camera. The patch panels connected to the LAN cables are
shown in Fig. 8. We use a shielded 40 core twisted pair cable (Bando
Densen Co., Ltd., BIOS-A-2820P) to transfer the PMT signals for each
of the 16 PMTs from the patch panels in a camera to a data
acquisition (DAQ) system in the temperature controlled electronics
room, situated 20 m from the camera location. The cable length for
the upper and lower cameras is 25.5 m and 22.3 m, respectively.

The transferred PMT signals are received by a Signal Digitizer
and Finder (SDF) module. The signals are digitized by a 12-bit,
40 MHz Flash ADC with the maximum voltage 2 V in SDF.
To extend the dynamic range of readout signals, four consecutive
digitization signals are summed. A SDF module has a 16 input
channels, and 16 SDFs installed for each FD. From the digitized
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Fig. 6. Event display of a typical observed EAS event by the FDs at BRM (the right panel) and LR (the left panel). The colored circles indicate PMTs which had a significant
signal, and the areas of circle are proportional to the light intensities. The color of the circle indicates the same arrival timing of the detected lights from each station trigger
timing. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

Table 2
Requirements for the detection accuracies of observables for a stereo FD analysis.

Observable Resolution Uncertainty

Primary energy 10% o20%
Arrival direction o11 o11
Shower maximum point 20 g/cm2 o20 g=cm2

H. Tokuno et al. / Nuclear Instruments and Methods in Physics Research A 676 (2012) 54–65 57
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Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.

2.2 Energy spectrum: Well established but not well explained

The flux of cosmic rays as a function of energy, i.e., the energy spectrum, is one of the most
fundamental observables to infer on the nature of UHECRs. The production mechanisms, the
source type and distribution and the propagation environment, shape the spectrum in a non-trivial
way, imprinting on the spectrum several features deviating from a pure power law. The shape is
thus an object of detailed scrutiny for studying the combined e↵ects of the evolution of the arrival
directions and mass composition with primary energy. The precise measurements of the spectrum
have been used to put strong constraints on astrophysical models of the sources, particularly when
combined with other measurements like Xmax [106, 107] (see Ch. 4).

Figure 2.6: Recent measurements of the all-particle flux from the TA [108], IceCube [82], Pierre
Auger [33, 48, 66], Yakutsk [109], KASCADE-Grande [110], and TUNKA [111] experiments, which
define the spectral features in the UHE region, are shown. Those with upgrades specifically de-
scribed in this white paper are shown in color. The direction and magnitude of the systematic
uncertainty in the energy scale for Auger and TA is indicated by the corresponding arrows.

The spectra measured by the Auger (Sec.2.1.1) and TA (see Sec.2.1.2) collaborations are shown
in Fig. 2.6, scaled by E

3 to highlight the deviation from a pure power law. Despite being conceived
as UHECR detectors, the two observatories achieve an impressive 5 orders of magnitude spectrum
in energy. This feature, other than being visually extremely powerful, allows to construct a single
overview of the spectrum from the low energy up to the highest. This allows to give a single
description of the transition from the galactic to extragalactic cosmic rays, reducing the systematic
uncertainties that would result from di↵erent measurements. Modelling e↵orts can now rely on data
from single experiments, both in the northern and southern hemispheres, over an impressively wide
ranges of energy. Several features are now well established, the knee at ' 5 ⇥ 1015 eV, the so-called
low energy ankle just above 1016 eV, the second-knee at ' 1017 eV, the ankle at ' 5 ⇥ 1018 eV, the
instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.
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instep at ' 1019 eV, and the suppression beginning at ' 5⇥1019 eV. In the following, measurements
which cover the final two decades in energy, in the UHECR range, where Auger and TA are the only
experiments available are mainly covered. The developments needed for a better understanding of
the transition from galactic to extragalactic component will be also briefly discussed.
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Firmly confirmed the spectrum 
cutoff above 50 EeV 

No detection above 300 EeV

"Instep", softening 
around 20 EeV

"Shin" (= second 
knee) around 0.1 EeV

A. Coleman et al., Astropart. Phys. 149, 102819 (2023)
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energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.

2.3 Mass Composition
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Figure 4. Measurements [38–40] of the mean (left) and standard deviation (right) of the distribution of
shower maximum as a function of energy. Data points from the Pierre Auger Observatory are shown as
published since they have been corrected for detector effects. Data from the Telescope Array have been
approximately corrected for detector effects by shifting the mean by +5 g/cm2 [41] and by subtracting
an Xmax-resolution of 15 g/cm2 [40] in quadrature. Furthermore, the TA data points were shifted down
by 10.4% in energy to match the energy scale of the Pierre Auger Observatory [42] (see also [43]
for a discussion of the good overall compatibility of the Xmax measurements from the Pierre Auger
Observatory and the Telescope Array). All error bars denote the quadratic sum of the quoted statistical and
systematic uncertainties. The energy evolution of the mean and standard deviation of Xmax obtained from
simulations [44] of proton- and iron-initiated air showers are shown as red and blue lines respectively. The
line styles indicate the different hadronic interaction models [45–47] used in the simulation. M. Unger for
this review.
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Search for ultra-relativistic magnetic 
monopoles in 10-year data of fluorescence 
detector of Pierre Auger Observatory 

No candidates are found, and set the 
most stringent flux upper limit  

PoS(ICRC2015)319

Search for Ultra-relativistic Magnetic Monopoles with the Pierre Auger Observatory Toshihiro Fujii
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Figure 1: (a) Energy loss of a magnetic monopole in air as a function of its Lorentz factor γ . (b) Longitudinal
profile of the energy deposited by an ultra-relativistic IMM of Emon = 1025 eV, γ = 1011 and zenith angle of
70◦ (red solid line). The profile of an UHECR proton shower of energy 1020 eV is shown as a black solid
line.

become the main cause of energy loss. Bremsstrahlung is highly suppressed by the large monopole
mass. An ultra-relativistic IMM would deposit a large amount of energy in its passage through the
Earth’s atmosphere, comparable to that of an UHECR. For example, an IMM with γ = 1011 loses
≈ 400 PeV/(g/cm2) (cf. Figure 1(a)), which sums up to ≈ 1020.5 eV when integrated over an atmo-
spheric depth of ≈ 1000 g/cm2. This energy will be dissipated by the IMM through production of
secondary showers along its path.

The longitudinal profile of the energy deposited by an ultra-relativistic IMM of Emon = 1025 eV,
γ = 1011 and zenith angle of 70◦ is shown in Figure 1(b). When compared with a standard UHECR
proton shower of energy 1020 eV (black solid line in Figure 1(b)), the IMM shower presents a much
larger energy deposit and deeper development, due to the superposition of many showers uniformly
produced by the IMM along its path in the atmosphere. This distinctive feature will be used in our
analysis, which is based on the shower development measured by the FD and SD events.

Monte Carlo samples of ultra-relativistic IMM were simulated for Lorentz factors in the range
γ = 108 − 1012 at a fixed monopole energy Emon of 1025 eV. While we used a fixed Emon in the
simulations, the results can be readily applied to a much larger range of monopole energies, since
in the ultra-relativistic regime of this search the monopole energy loss does not depend on Emon but
rather on γ . To estimate the background from UHECRs, we simulated proton showers with energy
Ep between 1018 eV and 1021 eV by three different models, QGSJetII-04, Sibyll 2.1 and Epos-LHC.
We used three different models to account for uncertainties in the hadronic interactions. Events
were simulated according to an E−1

p energy spectrum, to ensure sufficient Monte Carlo statistics
at the highest energy, and then appropriately weighted to reproduce the energy spectrum measured
by the Pierre Auger Observatory [16]. For both the IMM and UHECR simulations, we used the
CORSIKA package [17] to generate an isotropic distribution of showers above the horizon, and the
Auger Offline software [18] to produce the corresponding FD and SD events.
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and systematic uncertainties outlined in [38], which would
worsen the upper limit by a factor of 1.05, we adopted a
more conservative approach and multiplied Φ90%C:L: by a
factor of f ¼ 1þ n × 0.21, where n ¼ 1.28 corresponds to
the 90% C.L.
Our final 90% C.L. upper limits on the flux of ultra-

relativistic IMMs are reported in Table II and shown in
Fig. 8, together with results from previous experiments.
Following the treatment of [13], the MACRO and SLIM
limits extrapolated to γ ≥ 109 were weakened by a factor of
2 to account for the IMM attenuation when passing through
the Earth.
Several checks of the analysis were performed. Variation

of the selection criteria within reasonable ranges still
resulted in no candidate. The UHECR energy spectrum
was varied within its uncertainties [33], with negligible
effect on the background estimation. The background for
the IMM search is dominated by deeply penetrating
UHECR showers, which are found in the tail of the
Xmax distribution and depend on the characteristics of
the hadronic interactions. We used three different had-
ronic-interaction models (Sec. V) to simulate UHECR
protons for background estimation. Ultrahigh-energy pho-
tons are also expected to produce deeply penetrating
showers, which may mimic an IMM event. The photon
hypothesis should be carefully evaluated in case a candi-
date IMM is found. Since this search ended with a null
result, the zero background assumption produces the most
conservative limit also including the possibility of ultra-
high-energy photons. Lastly, we compared the CORSIKA
energy-loss model with analytical approximations and
other Monte Carlo codes [39], and found good agreement.

VIII. CONCLUSIONS

We presented the first search for magnetic monopoles
ever performed with a UHECR detector, using the Pierre
Auger observatory. The particle showers produced by
electromagnetic interactions of an ultrarelativistic monop-
ole along its path through the atmosphere result in an
energy deposit comparable to that of a UHECR, but with a
very distinct profile which can be distinguished by the
fluorescence detector. We have looked for such showers in
the sample of hybrid events collected with Auger between
2004 and 2012, and no candidate was found. A 90% C.L.
upper limit on the flux of magnetic monopoles was placed,
which is compared with results from previous experiments
in Fig. 8. Ours is the best limit for γ ≥ 109, with a factor of
10 improvement for γ ≥ 109.5. This result is valid for a
broad class of intermediate-mass ultrarelativistic monop-
oles (Emon ≈ 1025 eV and M ∼ 1011–1016 eV=c2) which
may be present today as a relic of phase transitions in the
early Universe. Since the background—less than 0.1 events
in the current data set—is not a limiting factor in the search,
the upper bound improves with the steadily increasing
exposure of the Pierre Auger observatory.
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12KALBFLEISCH 00 result is for aluminum.
13KALBFLEISCH 00 result is for beryllium.
14HE 97 used a lead target and barium phosphate glass detectors. Cross-section limits are

well below those predicted via the Drell-Yan mechanism.
15Multiphoton events.
16Cherenkov radiation polarization.
17Re-examines CERN neutrino experiments.

Monopole Production — Other Accelerator SearchesMonopole Production — Other Accelerator SearchesMonopole Production — Other Accelerator SearchesMonopole Production — Other Accelerator Searches
MASS CHG ENERGY
(GeV) (g) SPIN (GeV) BEAM DOCUMENT ID TECN

> 610 ≥ 1 0 1800 pp 1 ABBOTT 98K D0
> 870 ≥ 1 1/2 1800 pp 1 ABBOTT 98K D0
>1580 ≥ 1 1 1800 pp 1 ABBOTT 98K D0

> 510 88–94 e+ e− 2 ACCIARRI 95C L3

1ABBOTT 98K search for heavy pointlike Dirac monopoles via central production of a
pair of photons with high transverse energies.

2ACCIARRI 95C finds a limit B(Z → γγγ) < 0.8 × 10−5 (which is possible via a
monopole loop) at 95% CL and sets the mass limit via a cross section model.

Monopole Flux — Cosmic Ray SearchesMonopole Flux — Cosmic Ray SearchesMonopole Flux — Cosmic Ray SearchesMonopole Flux — Cosmic Ray Searches
“Caty” in the charge column indicates a search for monopole-catalyzed nucleon decay.

FLUX MASS CHG COMMENTS
(cm−2sr−1s−1)(GeV) (g) (β = v/c) EVTS DOCUMENT ID TECN

<2.5E−21 1 1E8< γ <1E13 0 1 AAB 16 AUGE
<1.55E-18 β >0.51 0 2 AARTSEN 16B ICCB
<1E-17 Caty 1E-3< β <1E-2 0 3 AARTSEN 14 ICCB
<3E-18 1 β >0.8 0 4 ABBASI 13 ICCB
<1.3E-17 1 β >0.625 0 5 ADRIAN-MAR...12A ANTR
<6E-28 <1E17 Caty 1E-5< β <0.04 0 6 UENO 12 SKAM
<1E-19<1E-19<1E-19<1E-19 1111 γ >1E10γ >1E10γ >1E10γ >1E10 0 7 DETRIXHE 11 ANIT
<3.8E-17 1 β >0.76 0 4 ABBASI 10A ICCB
<1.3E−15 1E4<M<5E13 1 β >0.05 0 8 BALESTRA 08 PLAS
<0.65E−15 >5E13 1 β >0.05 0 8 BALESTRA 08 PLAS
<1E−18<1E−18<1E−18<1E−18 1111 γ >1 E8γ >1 E8γ >1 E8γ >1 E8 0 7 HOGAN 08 RICE
<1.4E−16<1.4E−16<1.4E−16<1.4E−16 1111 1.1E−4 < β <11.1E−4 < β <11.1E−4 < β <11.1E−4 < β <1 0 9 AMBROSIO 02B MCRO
<3E−16 Caty 1.1E−4 < β <5E−3 0 10 AMBROSIO 02C MCRO
<1.5E−15 1 5E−3 < β < 0.99 0 11 AMBROSIO 02D MCRO
<1E−15 1 1.1 × 10−4–0.1 0 12 AMBROSIO 97 MCRO
<5.6E−15 1 (0.18–3.0)E−3 0 13 AHLEN 94 MCRO
<2.7E−15 Caty β ∼ 1 × 10−3 0 14 BECKER-SZ... 94 IMB
<8.7E−15 1 >2.E−3 0 THRON 92 SOUD
<4.4E−12 1 all β 0 GARDNER 91 INDU
<7.2E−13 1 all β 0 HUBER 91 INDU
<3.7E−15 >E12 1 β=1.E−4 0 15 ORITO 91 PLAS
<3.2E−16 >E10 1 β > 0.05 0 15 ORITO 91 PLAS
<3.2E−16 >E10–E12 2, 3 0 15 ORITO 91 PLAS
<3.8E−13 1 all β 0 BERMON 90 INDU
<5.E−16 Caty β <1.E−3 0 14 BEZRUKOV 90 CHER
<1.8E−14 1 β >1.1E−4 0 16 BUCKLAND 90 HEPT
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Average logarithmic mass number, ln(A) 14

VII. CONCLUSION

TALE has successfully measured the cosmic ray mass
composition in the energy range from 1016.5 eV to
1018.5 eV using almost five years of data collected in hybrid
mode. The analysis presented in this work is based on
detailed comparisons of observed Xmax distributions with
Monte Carlo simulations. These simulations were generated
using CORSIKAwith the QGSJet II-04 hadronic interaction
model, considering four primary species: proton, helium,
nitrogen, and iron. The reliability of the Monte Carlo
simulations was confirmed through comparisons of various
reconstructed observables between the observational data
and the simulations, as discussed in Sec. IV.
On the basis of these results, our analysis incorporates

both the elongation rate and the observed Xmax distribu-
tions. Up to approximately 1017 eV, the composition
gradually evolves from lighter to heavier nuclei, with iron
becoming dominant and reaching roughly 50%. This
behavior is consistent with an interpretation in which the
knee corresponds to the acceleration limit of Galactic
protons, while heavier nuclei reach their respective limits
at charge-scaled higher energies, ending with iron around
the second knee. Beyond this energy, the composition shifts
back toward being proton dominated, indicating the onset
of a significant contribution from extra-Galactic compo-
nents. This transition in composition is reflected by a break

in the elongation rate around 1017.1 eV, near the energy
where a change of slope in the spectrum is experimentally
observed.
In future work, we plan to verify our results using

different hadronic interaction models to assess the robust-
ness of our findings. Additionally, we intend to perform
similar analyses using Xmax measurements obtained in the
newly established hybrid mode. This mode utilizes data
from 50 SDs, deployed with 100 m spacing in 2023, in
combination with the TALE FD. We expect this new setup
to enhance the precision of cosmic ray composition studies,
particularly at lower energies below 1016.5 eV. By covering
the knee in the cosmic ray spectrum, this configuration will
provide further insights into the characteristics of cosmic
ray, potentially revealing new details about the transition
from Galactic to extra-Galactic sources.
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°
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primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

particle. However, the classifier is unable to
distinguish between protons and heavier
nuclei for this event because the fluorescence
detectors were not operating at the time (owing
to bright moonlight).
The core position of this event was located

1.1 km from the northwest edge of the SD (Fig.

1A). We evaluate the statistical uncertainty
of the reconstructed energy using a detector
simulation (12) and assuming the reconstructed
geometry and energy parameters; we find an
energy resolution of 29 EeV for this event.
Assuming an energy spectrum of E−4.8 above
100 EeV, as previously measured using the TA

Fig. 1. The high-energy particle event observed by TA SD on 27 May 2021.
(A) Map of the TA SD; each dot indicates the location of a SD station. The black
arrow indicates the shower direction projected on the ground. The landing shower
core position was located at (−9471 ± 31 m, 1904 ± 23 m), measured from the
center of the SD. The size of the colored circles is proportional to the number of
particles detected by each station, and the color denotes the relative time from
the earliest detector [both quantified in (B)]. (B) The corresponding detector
waveforms for each station, in flash analog–to–digital converter (FADC) counts. Each
detector has a separate y axis. Labels indicate the detector number, total signal
in units of the minimum ionizing particle (MIP), and the distance from the shower
axis. Thick and thin lines (mostly overlapping) are the recorded signals in the upper and lower layers of each station. Each SD is identified by a four-digit number:
The first two digits correspond to the column of the array in which the SD is located (numbered west to east), and the second two digits correspond to the row
(numbered south to north). Colors correspond to those in (A). UTC, coordinated universal time.

Table 1. Reconstructed properties of the high-energy event. The reconstructed energy and S800 are given for the high-energy particle. The arrival
direction is given in both the observed zenith-azimuth coordinates and the derived equatorial coordinates. The azimuth angle is defined to be anticlockwise
from the east. The event time is expressed in UTC.

Time (UTC) Energy (EeV) S800 (m−2) Zenith angle Azimuth angle R.A. Dec.

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°
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Arrival direction of the Amaterasu particle
Unexpectedly, came from the Local Void

No promising astronomical source candidates

21

SD (12), the migration effect (whereby lower
energy showers are reconstructed with higher
energies because of the energy resolution) is
evaluated as −3%. We include an additional
systematic uncertainty, owing to the unknown
primary, of −10% in the direction of lower en-
ergies, calculated from simulations (20). There
was no lightning or thunderstorm activity re-
corded in the vicinity of the TA site on 27 May
2021 (25).

Comparison with previous events

Previously reportedextremelyhigh-energy cosmic-
ray events includea320-EeVparticle in 1991 (26),
a 213-EeV particle in 1993 (27), and a 280-EeV
particle in 2001 (28). The 1991 event was mea-
sured using fluorescence detectors, whereas
the 1993 and 2001 events were both detected
using surface detector arrays. All of these events
were recorded by detectors in the Northern
Hemisphere. A search in the Southern Hemi-
sphere has not identified any events with en-
ergy greater than 166 EeV (29), although there
is an energy scale difference between the ex-
periments (30). Although the event that we
have detected was measured with a surface
detector array, the reported energy of 244 EeV
has been normalized to the equivalent energy
that would have been measured with the TA
fluorescence detector and is thus directly com-
parable to the 1991 event. This normalization
was performed because fluorescence detectors
provide a direct, calorimetric measurement of
the shower energy. The unnormalized TA SD
reconstructed energy of 309 ± 37(stat.) EeV

(20) is more appropriate for comparison with
the 1993 and 2001 events.

Possible sources of the cosmic ray

Figure 2 shows the calculated arrival direc-
tion of the 27 May 2021 event on a sky map in
equatorial coordinates. The arrival direction is
not far from the disk of the Milky Way, where
the galactic magnetic field (GMF) is strong
enough to substantially deflect even a parti-
cle with an energy of 244 EeV, especially if the
primary particle is a heavy nucleus with a
large electric charge. The map also shows eight
possible backtracked arrival directions, which
we calculated (20) by assuming two GMFmod-
els (31, 32) and four possible primary particles
(proton, carbonnucleus, silicon nucleus, or iron
nucleus). We used the backtracking method of
a cosmic-ray propagation framework (33) to
determine the arrival direction for the cosmic
ray before it entered the Milky Way.
We compared the arrival directions with a

catalog of gamma-ray sources (34). We found
that the active galaxy PKS 1717+177 is located
within 2.5° of the calculated direction for a pro-
ton primary. PKS 1717+177 is a flaring source
(34); flaring sources have been proposed as
potential cosmic-ray sources (35). However,
its distance of ~600Mpc (corresponding to a
redshift of 0.137) (36) is expected to be too large
for UHECR propagation to Earth because the
average propagation distance at an energy of
244 EeV is calculated to be ~30Mpc for both pro-
ton and iron primaries (20). We therefore dis-
favor PKS 17171+177 as the source of this event.

Figure 2 also shows the relative expected
flux from an inhomogeneous source-density dis-
tribution following the local LSS (37), weighted
by the expected attenuation for a 244-EeV iron
primary and smoothed to reflect the smearing
resulting from turbulentmagnetic fields in the
Milky Way (20). Also shown are nearby gam-
ma ray–emitting active galactic nuclei and star-
burst galaxies, which have been proposed as
possible cosmic-ray sources (38, 39). The ar-
rival direction of this event is consistent with
the location of the Local Void, a cavity between
the Local Group of galaxies and nearby LSS fil-
aments (40). There are only a small number of
known galaxies in the void, none of which are
expected sites of UHECR acceleration. Even
considering the range of possible GMF deflec-
tions and primary mass, we do not identify any
candidate sources for this event. Only in the
JF2012 GMF model and assuming an iron
primary does the source direction approach a
part of the LSS populated by galaxies. This
backtracked direction is close to the starburst
galaxyNGC6946, also known as the Fireworks
Galaxy, at a distance of 7.7 Mpc (41). However,
NGC 6946 is not detected in gamma rays, so it
is unlikely to be a strong source of UHECRs.
If the energy of this event was close to the

lower bound of its uncertainties, then the av-
erage propagation distance is longer than we
assumed in Fig. 2, and the deflection in the
GMF would be larger (fig. S3). This effect would
increase the number of possible source gal-
axies, assuming a steady source (supplemen-
tary text). For the alternative case of transient

Fig. 2. Arrival direction
of the high-energy event
compared with potential
sources. The arrival direc-
tion of the 27 May 2021
high-energy cosmic-ray
particle (black circle) on a
sky map in equatorial
coordinates. Colored circles
indicate calculated back-
tracked directions
assuming two models of
the Milky Way regular
magnetic field, labeled
JF2012 (31) and PT2011
(32). For each model,
different symbols indicate
the directions calculated
for four possible primary
species: proton (P; red),
carbon (C; purple), silicon
(Si; green), and iron (Fe; blue). The color bar indicates the relative flux expected
from the inhomogeneous source-density distribution in the local LSS, smeared with a
random Milky Way magnetic field. For comparison, nearby gamma ray–emitting
active galactic nuclei are shown with filled diamonds and nearby starburst galaxies
with filled stars, both with sizes that scale by the expected flux (38). The closest object
to the proton backtracked direction in a gamma-ray source catalog (34) is the active

galaxy PKS 1717+177. The dotted large circle centered around (R.A., Dec.) = (146.7°,
43.2°) indicates the previously reported TA hot spot (21). The dashed horizontal line
indicates the limit of the TA field of view (FoV). The dotted circle centered around
(R.A., Dec.) = (279.5°, 18.0°) is the location of the Local Void (40). The galactic plane
(G.P.) and the supergalactic plane (S.G.P.) are shown as solid and dotted curves,
respectively. The Galactic Center (G.C.) is indicated by the cross symbol. deg., degrees.
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Magnetic monopole origin 
[Frampton, Phys.Lett.B 855, 
138777 (2024), Cho et al., 
Phys.Lett.B 851 (2024) 138598]
Superheavy dark matter [P. 
Sarmah, PRD 111, 0803048 
(2025)]
Lorentz invariance violation 
[Das, ApJL 988, L8 (2025)]
Binary neutron star merger 
[Farrar, PRL 134, 081003 (2025)]
Ultra-heavy composition like Te 
or Pt [Zhang et al, PRL 13, 
181002 (2026)]
Bursting magnetar [Shimoda 
and Wada, arXiv:2409.19915] 

Need more statistics with mass identification capabilities

https://www.science.org/doi/10.1126/science.abo5095
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Preliminary

Science of the Global Cosmic Ray Observatory
Charged-particle astronomy to clarify the origin and nature of the most 
energetic particles in the universe

Unprecedented effective area, ~60,000 km2 and mass identification capabilities

Begin operations in 2030s, One team in the world
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1 Introduction

Nature is providing particles at enormous energies, exceeding 1020 eV – orders of magnitude
beyond the capabilities of human-made facilities like the Large Hadron Collider at CERN.

• discovery of UHE accelerators
• charged-particle astronomy
• UHE neutrinos and photons
• BSM physics
• cosmic magnetism
• multi-messenger studies

Science Targets of GCOS
At the highest energies the precise parti-
cle types are not yet known, they might be
ionised atomic nuclei or even neutrinos or
photons. Even for heavy nuclei (like e.g. iron
nuclei) their Lorentz factors γ = Etot/mc2

exceed values of γ > 109. The existence
of such particles imposes immediate, yet to
be answered questions [4, 5]: • What are the
physics processes involved to produce these
particles? • Are they decay or annihilation
products of Dark Matter? [6, 7] If they are accelerated in violent astrophysical environments:
• How is Nature being able to accelerate particles to such energies? • What are the sources
of the particles? Do we understand the physics of the sources? • Is the origin of those
particles connected to the recently observed mergers of compact objects – the gravitational
wave sources? [8–13] The highly-relativistic particles also provide the unique possibility to
study (particle) physics at it extremes: • Is Lorentz invariance (still) valid under such condi-
tions? [14–19] • How do these particles interact? • Are their interactions described by the Stan-
dard Model of particle physics? When the energetic particles interact with the atmosphere of
the Earth, hadronic interactions can be studied in the extreme kinematic forward region (with
pseudorapidities η > 15) [20].

The Global Cosmic-ray Observatory (GCOS) is a planned large-scale facility designed to
study ultra-high-energy cosmic particles, including cosmic rays, photons, and neutrinos. Its
main objective is to precisely characterize the properties of the most energetic particles in the
universe and to pinpoint their mysterious origins. Featuring an aperture that is twenty times
larger than current observatories, GCOS aims to begin operations after 2030, coinciding with
the gradual phase-out of existing detectors [21].

Figure 1: Expected exposures of GCOS (dashed red line) and existing air shower arrays as function of time. A band
is shown to indicate the exposure for various deployment schedules for TA→4. The solid blue line denotes the
total Auger exposure and the exposure collected with the upgraded AugerPrime detectors is indicated by the blue
dashed line. Adapted from [21].
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automated all-sky monitoring camera has been developed to record cloud coverage and atmospheric
transparency [102].

(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

Figure 7: A FAST telescope frame,
showing four PMTs at the focus of
a 1.6 m diameter segmented mir-
ror. The support structure is made
from aluminium profiles. The UV
band-pass filter can be seen attached
to the periphery of the camera box
[100, 101].

Over the last five years, the feasibility and reliability of the
FAST model of fluorescence detection has been demonstrated,
with the ultimate goal of laying the foundations for a future
array with an order of magnitude larger ground coverage than
previous-generation detectors targeted at the highest-energy
cosmic rays. UHECRs with energies above 1019 eV have been
measured and vertical laser signals to investigate the atmo-
spheric transparency above the detector have been analyzed
[100]. Further, a novel method for event reconstruction has
been established that allows to circumvent the principal lim-
itations of a coarsely-pixelized camera: the lack of timing
information to tightly constrain the shower geometry. Con-
tinued operation will allow to further test the robustness of
the FAST telescope concept, while work towards achieving
full independence from the existing FD infrastructure will be
continued, and in the process, FAST telescopes installed at
both, the Telescope Array and Pierre Auger Observatory sites
will allow to compare the quality of the atmosphere and sky
between the two largest current-generation detectors.

3.4 Further considerations

 0 5
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�60° �30° 0° +30° +60°dir. exp
o. [103  km2  yr] per
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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

Figure 8: Directional exposure for a pair of detectors,
located at latitude±30� [103].

Location of GCOS On of the most important
decisions to be made will be the locations of the
GCOS site(s). Building an observatory with an
exposure of the order of 40 000 km2 or more
with a huge number of individual detector sta-
tions will most likely require to distribute the re-
sources to build, maintain, and operate such an
installation over several host countries/regions.
In order to achieve full-sky coverage from a
single location, one needs to be on the equator
and needs full 2c aperture. The celestial poles
would only be detectable through horizontal air
showers. Thus, also from a scientific point of
view it is useful to have several sites, located in the Northern and Southern Hemispheres in order
to achieve an optimal sky coverage. The optimal latitudes will depend on the number of sites to be
implemented. As illustration, choosing a pair of sites in the Northern and Southern Hemisphere,
respectively, the optimum latitude is found to be ±30� [103]. This is illustrated in Fig. 8 for two
sites with an area of 20 000 km2 each, covering zenith angles up to 80�.

Further constraints on the site locations arise from the detection principles used. For example,
fluorescence telescopes will require clear atmospheres. A large ground array will require a region

13

Detector of the Global Cosmic Ray Observatory
Number of sites ≧ 2, Trigger energy threshold: 10 EeV

Energy resolution: 10%, mass resolution: ln(A) ~ 1 
(Xmax ~ 15 g/cm2), arrival direction: 1 degree

Detector design and possible installation sites are under 
considerations
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3. Detection concepts

Di�erent detection concepts are at hand. They need to be optimized to reach the targeted physics
case. Fluorescence detectors provide a calorimetric measurement of the shower energy and a direct
and almost model-independent measurement of -max. However, they have only a limited duty cycle
(⇠ 15%) due to constraints on atmospheric transparency and background light conditions. An
alternative with almost 100% duty cycle is the use of radio antennas in a frequency range where the
atmosphere is transparent to radio waves. Such detectors require radio-quiet regions. The classical
approach of a particle detector ground array has no restrictions with respect to radio interference
or background light and the particle type is inferred from the ratio of secondary particles on the
ground. Unfortunately, the conversion from measured signal ratios to the mass of the incoming
particle requires Monte Carlo simulations and the result depends relatively strong on the hadronic
interaction model used.

In the following a few detection concepts are being discussed. They serve as a starting point
towards the development of a detailed plan and a realistic sketch of an anticipated concrete layout
for GCOS.

3.1 Advanced water Cherenkov detectors

nested water Cherenkov 
detector

layered water Cherenkov 
detector

Figure 6: Detection concepts, using a layered (left) and a
nested (right) water Cherenkov detector with a radio antenna
on top.

In order to determine the mass of each
incoming cosmic ray with a detector array
one typically measures two shower com-
ponents simultaneously, mostly the elec-
tromagnetic and muonic components are
used. One can stack detectors on top of
each other, as e.g., in the KASCADE ex-
periment (two layers of scintillators with
a lead-iron absorber in between) [86] or
in the AugerPrime upgrade [20] (a layer of
plastic scintillators on top of a water Chen-
erkov detector – WCD). The main idea is
that the di�erent shower components ((em

and (`) generate di�erent signals in the two sub detectors ((top and (bot). Using matrix inversion
allows to derive (em and (` from the measured values (top and (bot. A cost e�ective approach is the
use of layered water Cherenkov detectors [87–89]. A big water volume is read out through optically
separated segments as illustrated in Fig. 6. Prototypes of such detectors have been successfully
operated at the Pierre Auger Observatory.

By carefully choosing the height-to-diameter ratio a WCD can be optimized to exhibit a more
or less uniform detector response as a function of zenith angle, this is a big advantage over, e.g., a flat
scintillator sheet. If enhanced electron-muon separation is also desired for horizontal air showers
(e.g. for neutrino detection) a possible design could be a nested detector (see Fig. 6). The aspect
ratio and the relative size of the inner and outer detector can be optimized to achieve a detector
response with only a weak dependence on the zenith angle of the showers. Layered or nested WCDs
would be ideal for GCOS. They are very robust detectors, requiring not too much maintenance,
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automated all-sky monitoring camera has been developed to record cloud coverage and atmospheric
transparency [102].

(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�.
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Figure 7: A FAST telescope frame,
showing four PMTs at the focus of
a 1.6 m diameter segmented mir-
ror. The support structure is made
from aluminium profiles. The UV
band-pass filter can be seen attached
to the periphery of the camera box
[100, 101].

Over the last five years, the feasibility and reliability of the
FAST model of fluorescence detection has been demonstrated,
with the ultimate goal of laying the foundations for a future
array with an order of magnitude larger ground coverage than
previous-generation detectors targeted at the highest-energy
cosmic rays. UHECRs with energies above 1019 eV have been
measured and vertical laser signals to investigate the atmo-
spheric transparency above the detector have been analyzed
[100]. Further, a novel method for event reconstruction has
been established that allows to circumvent the principal lim-
itations of a coarsely-pixelized camera: the lack of timing
information to tightly constrain the shower geometry. Con-
tinued operation will allow to further test the robustness of
the FAST telescope concept, while work towards achieving
full independence from the existing FD infrastructure will be
continued, and in the process, FAST telescopes installed at
both, the Telescope Array and Pierre Auger Observatory sites
will allow to compare the quality of the atmosphere and sky
between the two largest current-generation detectors.

3.4 Further considerations

Two arrays can cover the full sky,
and the coverage seems to be most
uniform for � � ±30°.
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“Auger north” had also been planned.
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Figure 8: Directional exposure for a pair of detectors,
located at latitude±30� [103].

Location of GCOS On of the most important
decisions to be made will be the locations of the
GCOS site(s). Building an observatory with an
exposure of the order of 40 000 km2 or more
with a huge number of individual detector sta-
tions will most likely require to distribute the re-
sources to build, maintain, and operate such an
installation over several host countries/regions.
In order to achieve full-sky coverage from a
single location, one needs to be on the equator
and needs full 2c aperture. The celestial poles
would only be detectable through horizontal air
showers. Thus, also from a scientific point of
view it is useful to have several sites, located in the Northern and Southern Hemispheres in order
to achieve an optimal sky coverage. The optimal latitudes will depend on the number of sites to be
implemented. As illustration, choosing a pair of sites in the Northern and Southern Hemisphere,
respectively, the optimum latitude is found to be ±30� [103]. This is illustrated in Fig. 8 for two
sites with an area of 20 000 km2 each, covering zenith angles up to 80�.

Further constraints on the site locations arise from the detection principles used. For example,
fluorescence telescopes will require clear atmospheres. A large ground array will require a region
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UHECRs: the most energetic energetic and infrequent particles in the universe 

Challenging the next-generation astronomy using UHECRs 
Less deflections of the Galactic/extragalactic magnetic fields  

Limitation of nearby sources due to GZK cutoff 

Directionally correlations between UHECRs and nearby inhomogeneous sources to 
clarify their origins 

Sensitive to signals induced by ultra-relativistic magnetic monopoles 

The highest energy event of Telescope Array experiment on May 27th 2021 
E = 244 ± 29 (stat.) +51,-76 (syst.) EeV (~40 J), dubbed "Amaterasu particle"

No obvious source candidates in arrival direction, possibly magnetic monopoles
Further data-collections of TA and Auger, and future observatories such as GCOS are 
essential to clarify origins of most energetic particles

UHECR observatories are a frontier for ultra-relativistic magnetic monopole searches



Thanks a lot 謝謝
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Mass composition of cosmic rays 27

https://lpsc.in2p3.fr/crdb/

https://lpsc.in2p3.fr/crdb/


Extragalactic diffuse

15
Precise spectrum shape measurement will test connections with UHECR and beyond standard model physics  

Multi-messenger synergies 28

Neutrinos 
(IceCube)

UHECRs 
(TA, Auger)

L. Lu, PoS(ICRC2023)1188

Neutrinos 
(IceCube-Gen2)

Gamma-rays 
(Fermi-LAT)
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NASA/DOE/Fermi Collaboration

GAIA Collaboration

Converted to            Galactic coordinates

T. Fujii, PoS (ICRC2021) 402 (2021)

Figure 5. Synchrotron emission at 30 GHz (top) and dust emission at 353 GHz (bottom). The colour indicates
the total intensity, while the texture applied shows the inferred plane-of-sky magnetic field direction, i.e., the
polarisation direction rotated by 90�. See [63] for details.4

4From https://www.cosmos.esa.int/web/planck/picture-gallery, reproduced with permission from Astro-
nomy & Astrophysics, c� ESO; original source ESA and the Planck Collaboration.

– 11 –

 IMAGINE project 
(arXiv:1805.02496)

"Deciphering" magnetic fields
Synchrotron emission 
at 30 GHz 

https://pos.sissa.it/395/402/
https://arxiv.org/abs/1805.02496


 Data-driven Search for Origins of Amaterasu Particle30
N. Bourriche and F. Capel 2026 ApJ 997 264 (2026)

Amaterasu particle
with energy of 244 EeV

Telescope Array Collab., Science 382, 903 (2023) 

composition. As such, restricting the source energies to lower
values still leads to the conclusion that Amaterasu’s source
location is consistent with regions outside of the Local Void.

5. Discussion

Our combination of 3D CRPropa 3 simulations with ABC
allows us to include a more realistic physical model for

UHECR propagation and directly constrain the parameters of
this model and their correlations.
When considering all possible arrival masses and Enom, as

shown in the upper panel of Figure 3, three main interesting
astrophysical objects appear within the the 90% contour of our
volume, SBGs NGC 6946 and M82, and NGC 2403. Another
galaxy contained in our contours is NGC 6789, an irregular
dwarf galaxy.

Figure 3. Sky maps resulting from the nominal energy run (case 1) showing the possible source positions of Amaterasu in Galactic coordinates. The measured arrival
direction of Amaterasu and the outline of the Local Void are shown for reference. The markers show galaxies within the accepted Dsrc range, with stars indicating
SBGs and AGN, and circles showing quiescent galaxies. In the upper panel, all accepted parameter sets are considered, and the green contours outline the labeled
regions of highest posterior density. The lower panel shows the arrival mass-dependent posterior distribution, conditional on the particle arriving with a mass
number, A, in one of three groups. The contour levels are as in the upper panel.
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Source regions are estimated considering magnetic 
deflections in both Galactic and extragalactic fields

For heavy nuclei, possible source candidates may be 
located beyond the Local Void, nearby "TA hotspot"

PoS(ICRC2021)402

Latest results of UHECR measurements with prototypes of FAST Toshihiro Fujii

1. Detection of ultra-high-energy cosmic rays

Since the discovery of cosmic rays above 100 EeV (⌘ 1020 eV) in 1963 [1], scientists have
constructed increasingly-large observatories to detect ultra-high-energy cosmic rays (UHECRs).
UHECR sources and acceleration mechanisms at the highest energies are still largely unknown [2],
making them one of the most intriguing mysteries in particle astrophysics. Since they are deflected
less strongly by magnetic fields (due to their enormous kinetic energies), their arrival directions
are more significantly correlated with their sources. Charged-particle astronomy with UHECRs is
hence a potentially viable probe of extremely energetic phenomena in the nearby universe.

Two well-established methods are used for UHECR detection: arrays of detectors (e.g. plastic
scintillators or water-Cherenkov stations) that sample extensive air shower (EAS) particles at the
ground level and large-field-of-view telescopes that directly measure atmospheric shower develop-
ment by observing ultra-violet nitrogen fluorescence. The two largest UHECR observatories are
hybrid detectors that combine both techniques, employing arrays of ground detectors overlooked
by fluorescence detectors (FDs). These are the Pierre Auger Observatory (Auger) in Mendoza,
Argentina [3], and the Telescope Array Experiment (TA) in Utah, USA [4, 5].

Recent results have shown novel structures at higher energies. Figure 1 shows full-sky maps
of residual intensities measured by both Auger and TA observatories above the “ankle” energy
of ⇠10 EeV and the “cuto�” energy of ⇠50 EeV, calibrated by an energy scale from the common
declination band’s flux [6, 7]. Auger reported a large-scale dipole anisotropy above 8 EeV of 6.5%
amplitude with a 5.2f significance [8], which supports an extragalactic origin for these particles.

(a) Equatorial, Ankle, 45� oversampling (b) Galactic, Ankle, 45� oversampling

(c) Equatorial, Cuto�, 20� oversampling (d) Galactic, Cuto�, 20� oversampling

Figure 1: Residual intensity sky-maps in Equatorial and Galactic coordinates: (a, b) above the ankle energy,
with a 45� top-hat oversampling; and (c, d) above the cuto� energy with a 20� top-hat oversampling. The
event data are taken from [6, 7].
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"Cutoff" region (E > 50 EeV) 
in Galactic coordinates

TA hotspot, ApJL 790, 21 (2014)

Galactic coordinates

https://iopscience.iop.org/article/10.3847/1538-4357/ae2c89
https://www.science.org/doi/10.1126/science.abo5095
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of 1%–3%. The phases measured in most of the bins below
1EeV are not far from the direction toward the Galactic center.
All this suggests that the origin of these dipolar anisotropies
changes from a predominantly Galactic one to an extragalactic
one somewhere in the range between 1EeV and fewEeV. The
small size of the dipolar amplitudes in this energy range,
combined with the indications that the composition is relatively
light (The Pierre Auger Collaboration 2014a), disfavor a
predominant flux component of Galactic origin at �E 1 EeV
(The Pierre Auger Collaboration 2013). Models of Galactic
CRs relying on a mixed mass composition, with rigidity
dependent spectra, have been proposed to explain the knee (at
∼4 PeV) and second-knee (at ∼0.1 EeV) features in the
spectrum (Candia et al. 2003). The predicted anisotropies
depend on the details of the Galactic magnetic field model
considered and, below 0.5EeV, they are consistent with the
upper bounds we obtained. An extrapolation of these models,
considering that there is no cutoff in the Galactic component,
would predict dipolar anisotropies at the several percent level
beyond the EeV, in tension with the upper bounds in this range.
The conflict is even stronger for Galactic models (Calvez et al.
2010) having a light CR composition that extends up to the
ankle energy (at ∼5 EeV). The presence of a more isotropic
extragalactic component making a significant contribution
already at EeV energies could dilute the anisotropy of Galactic
origin, so as to be consistent with the bounds obtained.
Note that even if the extragalactic component were completely
isotropic in some reference frame, the motion of the Earth
with respect to that system could give rise to a dipolar
anisotropy through the Compton–Getting effect (Compton &
Getting 1935). For instance, for a CR distribution that is
isotropic in the CMB rest frame, the resulting Compton–
Getting dipole amplitude would be about 0.6% (Kachelriess &
Serpico 2006). This amplitude depends on the relative velocity
and on the CR spectral slope, but not directly on the particle
charge. The deflections of the extragalactic CRs caused by the
Galactic magnetic field are expected to further reduce this
amplitude, and also to generate higher harmonics, in a rigidity
dependent way, so that the exact predictions are model
dependent. The Compton–Getting extragalactic contribution

to the dipolar anisotropy is hence below the upper limits
obtained.
More data, as well as analyses exploiting the discrimination

between the different CR mass components that will become
feasible with the upgrade of the Pierre Auger Observatory
currently being implemented (Castellina 2019), will be crucial
to understand in depth the origin of the CRs at these energies
and to learn how their anisotropies are produced.

The successful installation, commissioning, and operation of
the Pierre Auger Observatory would not have been possible
without the strong commitment and effort from the technical
and administrative staff in Malargüe. We are very grateful to
the following agencies and organizations for financial support:
Argentina—Comisión Nacional de Energía Atómica;

Agencia Nacional de Promoción Científica y Tecnológica
(ANPCyT); Consejo Nacional de Investigaciones Científicas y
Técnicas (CONICET); Gobierno de la Provincia de Mendoza;
Municipalidad de Malargüe; NDM Holdings and Valle Las
Leñas; in gratitude for their continuing cooperation over land
access; Australia—the Australian Research Council; Brazil—
Conselho Nacional de Desenvolvimento Científico e Tecnológico
(CNPq); Financiadora de Estudos e Projetos (FINEP); Fundação
de Amparo à Pesquisa do Estado de Rio de Janeiro (FAPERJ);
São Paulo Research Foundation (FAPESP) grants No.2010/
07359-6 and No.1999/05404-3; Ministério da Ciência, Tecno-
logia, Inovações e Comunicações (MCTIC); Czech Republic—
grant No.MSMT CR LTT18004, LO1305, LM2015038 and
CZ.02.1.01/0.0/0.0/16 013/0001402; France—Centre de Calcul
IN2P3/CNRS; Centre National de la Recherche Scientifique
(CNRS); Conseil Régional Ile-de-France; Département Physique
Nucléaire et Corpusculaire (PNC-IN2P3/CNRS); Département
Sciences de l’Univers (SDU-INSU/CNRS); Institut Lagrange de
Paris (ILP) grant No.LABEX ANR-10-LABX-63 within the
Investissements d’Avenir Programme grant No.ANR-11-IDEX-
0004-02; Germany—Bundesministerium für Bildung und For-
schung (BMBF); Deutsche Forschungsgemeinschaft (DFG);
Finanzministerium Baden-Württemberg; Helmholtz Alliance for
Astroparticle Physics (HAP); Helmholtz-Gemeinschaft Deutscher
Forschungszentren (HGF); Ministerium für Innovation, Wis-
senschaft und Forschung des Landes Nordrhein-Westfalen;

Figure 1. Reconstructed equatorial dipole amplitude (left) and phase (right). The upper limits at 99%CL are shown for all the energy bins in which the measured
amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude and phase for the energy bin E�8 EeV. Results from other experiments
are shown for comparison (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration 2019).
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