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The second GCOS workshop in Wuppertal (13-15 July 2022)

https://agenda.astro.ru.nl/event/21/overview

resent and presenters: Pierre Billoir, Alan Watson, Eric Mayotte, Fred Sarazin, Dennis Soldin, Nonaka
Roshiyuki, David Schmidt, Ioana Mariş, Markus Roth, Julian Rautenberg, Jorg Hoerandel, Washington
Carvalho, Tomas Fodoran, Karl-Heinz Kampert, Anna Muller, Arjen Van Vliet, Armando di Matteo,
Glennys Farrar, Louis Anchordoqui, Marco Muzio, Markus Risse, Teresa Bister, Vincent Pelgrims,
Bruce Dawson, Shoichi Ogio, Michael Unger, Toshihiro Fuji, Pierre Sokolsky, Masaki Fukushima, Jose
Bellido, Yuichiro Tameda, Francesco Salamida, Alexey Yushkov

and many others participating in the online discussions

Science case, surface particle detectors, telescopes and antennas
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What is GCOS?

UHECRs observatory covering more than 60,000 km2 (40,000 -80,000 km2)

With 60, 000 km2 we can reach the integrated Auger 2030-exposure in 1 years
AugerPrime expected exposure in 6 months

Targeting very good quality events for energies ≥ 30 EeV (5-fold) and full efficiency at 10 EeV (3-fold
events)

Resolutions per event: energy better than 10%, muon resolution better than 10%,
Xmax better than 30 g/cm2, and angular resolution better than 1◦

Full sky coverage with sites in both hemispheres and surrounded by mountains

What could you do with such a detector?
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Anisotropies at small scales: correlations with catalogues:: nearby galaxies ::

catalogue E
(Auger)
min E

(TA)
min ψ [deg] f [%] TS significance

all galaxies 40 EeV 51 EeV 29+11−12 41+29−18 14.3 2.7σglobalstarburst 38 EeV 49 EeV 15.1+4.6−3.0 12.1+4.5−3.1 31.1 4.6σglobal

UHECR2022

enables the identification of the most significant deviation from
isotropy (4.2σ) and the jetted AGN catalog the least significant
deviation (3.3σ), no firm preference for correlation with a specific
class of galaxies can be stated. It should further be noted that such a
preferred correlation would not necessarily suggest causation in the
form of the identification of the origin of UHECRs, as regular and
turbulent magnetic fields traversed by these charged particles could
alter the anisotropic pattern observed on Earth (e.g., Kotera &
Lemoine 2008; Erdmann et al. 2016; Farrar & Sutherland 2019;
Bell & Matthews 2022).

Though the most significant deviation from isotropy is found
at energies around ∼40 EeV for almost all the analyses, the
excess is also hinted at for all catalogs and the Centaurus region
at energies around ∼60 EeV, as shown in Figure 8 (see online
material). Indeed, it was in this higher energy range that the
first indication of anisotropy was found in early Auger data

(Pierre Auger Collaboration 2007). An interpretation of the
energy evolution of the signal on intermediate angular scales
could be drawn in terms of the maximum energy achieved for
higher-charge nuclei. In a Peters’ cycle scenario such as
discussed in Section 5, the evidence for anisotropy above
∼40 EeV would be interpreted as stemming from CNO nuclei,
which would suggest Z≈ 10–12 nuclei to be responsible for
the departure from isotropy above ∼60 EeV. The estimate of
the maximum rigidity used here is based on the combined fit of
spectra and maximum depth of shower performed by Pierre
Auger Collaboration (2017c). The direct inclusion in such
analyses of arrival-direction information will enable us to test
more directly this scenario. If this scenario of local extra-
galactic sources is extrapolated to lower energies, one could
expect a contribution from He nuclei (see, e.g., Lemoine &
Waxman 2009) in the energy range where a significant dipole,

Figure 7. TS of the starburst model and excess in the Centaurus region above the best energy threshold as a function of exposure accumulated by the Pierre Auger
Observatory. The fluctuations around the expected linear behavior are consistent with those expected from signal simulations, as illustrated in the right-most panels.

Figure 8. Flux map at energies above 40 EeV with a top-hat smoothing radius of Ψ = 25° in Galactic coordinates. The supergalactic plane is shown as a gray line.
The blank area is outside the field of view of the Pierre Auger Observatory. The complete figure set (49 images), which shows the map as a function of energy
threshold, is available in the online journal.

(The complete figure set (49 images) is available.)
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The Astrophysical Journal, 935:170 (24pp), 2022 August 20 Abreu et al.

Assuming linear growth of the TS: expected
to reach 5σ in 2025±2

With 80,000 km2 and full sky coverage we can
reach 5σ in one year on both hot-spots and
source-correlations

talks by F.Urban (Auger-TA WG), J.Kim (TA)

and U. Giaccari (Auger)
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Large scale anisotropies

Constant dipole amplitude disfavored at 3.7σ
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The datasets

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

315 events with E � 40.8 EeV

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

2 625 events with E � 32 EeV
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A. di Ma�eo et al. (Pierre Auger and Telescope Array coll.) UHECR arrival directions and nearby galaxies ICRC 2021 5 / 16

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

Post-trial significance

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

Post-trial significance

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

The cross-calibration of energy scales

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

EAuger
10 EeV = 0.857� ETA

10 EeV�0.937

ETA
10 EeV = 1.179� EAuger

10 EeV�1.067

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

— do not extrapolate to lower energies!
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Energy scale 
conversion

Sky coverage

The cross-calibration of energy scales

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

EAuger
10 EeV = 0.857� ETA

10 EeV�0.937

ETA
10 EeV = 1.179� EAuger

10 EeV�1.067

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

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

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

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

Full sky flux maps in 3 energy bins

Flux averaged over 45� top-hat window

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

Large angular scales
Catalog correlation searches

(Peter Tinyakov)
(Armando di Matteo)

- Full sky coverage leads to a better constraint on the
dipole direction

- By 2030 good precision also on the phase (TA× 4 +
Auger) but probablly just at sub EeV energies

- Amplitude (Auger 2021) above 32 EeV:
A = 11.6± 3.8± 1.1%

A factor 10 in the exposure leads to 11σ measurement of the dipole above 32 EeV
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Mass composition distribution over the sky

Systematic uncertainties not shown

Preliminary
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More data are needed (and more
sensitivity), we might reach 5σ by 2030
with AugerPrime and other SD variables

GCOS will have very good sensitivity to
mass composition (at least as good as
30 g/cm2 and 10% on muon number)
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Multimessenger: Ultra high energy photons

Figure 1. Main features of photon- and nucleus-induced showers.

smaller than the mean free path for photo-nuclear interactions. Yet, the development of the
shower is delayed by the typically small multiplicity of electromagnetic interactions. Thus
the maximum development of the shower is reached at a slant atmospheric depth Xmax larger110

for photon primaries than for nuclei, with a difference of ' 200 g cm−2 between photons and
protons at 1019 eV and even larger between photons and heavy nuclei.

The lateral distribution of secondary particles at a given stage of development is gov-
erned by the moderate transverse momentum of the processes in the cascade and by the mean
free path of the particles. Overall, the steepness of the lateral distribution decreases with115

the slant depth X so as to get flatter through the shower development, and the fall-off with
the distance to the axis of the shower depends on the primary mass of the cosmic rays. At
ground level, the steepness is thus relevant to distinguish between nucleus-induced showers
and photon-induced ones.

Since the mean free path for photo-nuclear interactions is much larger than the radiation120

length, the transfer of energy to the hadron and muon channels is reduced hence only a small
fraction of the electromagnetic component in a photon-induced shower is injected into the
hadronic cascade. Showers induced by photons are thus characterized by a lower content of
muons: on average, simulations show that photon showers have nearly one order of magnitude
less muons than proton showers of the same energy.125

These main features of photon showers, depicted in Fig. 1, are amplified by the Landau-
Pomeranchuk-Migdal (LPM) effect [42, 43] resulting in a suppression of the bremsstrahlung
and pair-production cross sections.

The picture of UHE photon showers is supplemented by accounting for the influence of
the magnetic field of the Earth, which can allow for the conversion of photons into an e± pair130

before they enter the upper atmosphere (“preshowering” effect [44]). The resulting showers
are a superposition of cascades initiated by lower energy electrons and photons, giving rise
to smaller Xmax values on average.

– 3 –

6− 4− 2− 0 2 4 6
∆∼

4−

2−

0

2

4

6

8

LD
F

L~ Data - burn sample

Fisher axis

candidate cut

Figure 4. Distributions of the variables L̃LDF and ∆̃ of the burn sample (points) and non-
preshowering photons weighted to an E−2 spectrum (contours). The contour levels encompass re-
spectively 10-30-50-70-90% of the distribution. The threshold photon energy is 1019 eV.

The two variables are combined using a Fisher discriminant analysis with the burn
sample representing the background and photon simulations the signal. The transformation
is normalized as to be equivalent to a rotation in the (∆̃, L̃LDF) plane. The resulting axis is330

shown in Fig. 4.

The photon candidate cut is chosen a priori as the median of the photon sample of
non-preshowering events weighted to a E−2 spectrum. This cut value constitutes a good
compromise between efficiency and purity. Any event falling above this cut, shown as a
dashed line in Fig. 4, will be considered as a photon candidate.335

5 Results of the photon search

Excluding the burn sample from the final analysis, the search sample consists of 48,061
selected events. Application of the photon search method yields the summary plots shown
in Fig. 5 for Eγ ≥ 1019 eV. Analyzing the data in the (∆̃, L̃LDF) plane results in the red
points displayed in the left panel, on which are drawn the same contour levels as in Fig. 4 of340

the distribution for photons as well as the Fisher axis and the candidate-cut Fisher value. In
the right panel, the corresponding distributions of the Fisher discriminant value are shown
as normalized histograms for the burn sample, the search sample, as well as the simulated
photon sample separated in non-preshowering and preshowering. For reference, the candidate
cut is shown as the vertical line, while the result of an exponential fit to the 5% of events from345

the burn sample with the largest Fisher values is drawn to guide the eye in the interpretation
of the tail of the Fisher distribution of the search sample.

We find 16 (1) [0] photon candidates above 1019 eV (2×1019 eV) [4×1019 eV]. The
number of observed candidates is in statistical agreement with what is expected from the
exponential fit to the burn sample, with a difference of -0.3 standard deviations. In addition,350

no peak-like features above the selection cuts that would indicate the presence of a photon

– 10 –

Upper limits on the integral flux of photons

4 October 2022Marcus Niechciol (Universität Siegen), UHECR 2022 12
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Auger HeCo + SD 750 m (2022), U.L. at 95 % C.L.
Auger Hybrid (2021), U.L. at 95 % C.L.
Auger SD 1500 m (2022), U.L. at 95 % C.L.
KASCADE-Grande (2017), U.L. at 90 % C.L.
EAS-MSU (2017), U.L. at 90 % C.L.
Telescope Array (2019), U.L. at 95 % C.L.
Telescope Array (2021), U.L. at 95 % C.L.

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

• Most stringent limits to date on 
the diffuse flux of photons over a 
wide energy range

• “Exotic” models strongly 
constrained

• Predictions of some cosmogenic 
models (e.g., involving GZK 
interactions) are within reach

• Limits especially useful to 
constrain models involving 
SHDM particles
[Pierre Auger Coll., arXiv:2203.08854, arXiv:2208.02353]

PRELIMINARY

[Pierre Auger Coll., submitted to Universe]

Besides exposure limitations, the background separation plays
an important role in the photon searches

GCOS exposure and very good photon/hadron separation:
first cosmogenic photons!
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Multimessenger: Ultra high energy neutrinos
Searches: Ultra-high energy neutrinos

26(Michael Schimp)

JCAP10(2019)022

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

⌫ as given in eqs. (4.2) and (4.3) (solid straight red line). Also plotted
are the upper limits to the normalization of the di↵use flux (di↵erential limits) when integrating
the denominator of eq. (4.2) in bins of width 0.5 in log10 E⌫ (solid red line — Auger all channels
and flavours; dashed red line — Auger Earth-skimming ⌫⌧ only). The di↵erential limits obtained
by IceCube [35] (solid green) and ANITA I+II+III [34] (solid dark magenta) are also shown. The
expected neutrino fluxes for several cosmogenic [20, 60–62] and astrophysical models of neutrino
production, as well as the Waxman-Bahcall bound [63, 64] are also plotted. All limits and fluxes are
converted to single flavor.

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

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

– 13 –
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Auger Observatory

Neutrino search using inclined air showers

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

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

(UHECR 2018, updated)

Mountains part of GCOS: EeV neutrinos

Auger: Surface array surounded by mountains,
provides the largest instantenous exposure in
preferential directions

Current limits start to cut into the
cosmogenic neutrino predictions
talks by M. Niechciol and L. Perrone (Auger coll.)

7



More on the science case

- Which is your favourite scenario and what
precision is required?

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

- Understand magnetic fields and if there are
any preferential directions in the sky

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

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

8



Where shall we build it?
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With two equal-size arrays, we can get reasonable full-sky coverage
if they are at λ∼ ±35°.
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A. di Matteo (INFN Torino) Directional exposure vs latitude GCOS 2022 3 /6

At a latitude of 35 degrees, with air-showers
up to 80 degrees, almost uniform exposure
A. di Matteo

Mountains in the area

Use the geomagnetic field to enhance the
mass composition particles separation
P. Billoir

For covering 60.000 km2 different sites will be needed (2-4)
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How many detectors do we need?
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distance on the ground [km]
0 2 4 6 8 10

 P
(W

C
D

) 

0

0.2

0.4

0.6

0.8

1 ° = 0θ
° = 26θ
° = 39θ
° = 50θ
° = 63θ

θ = 10◦ lg(E/eV)= 19.5

x [km]
32− 30− 28− 26− 24− 22− 20−

y 
[k

m
]

14−

12−

10−

8−

6−

4−

lg(E/eV)= 19.5

distance on the ground [km]
0 2 4 6 8 10

 P
(W

C
D

) 

0

0.2

0.4

0.6

0.8

1 ° = 0θ
° = 26θ
° = 39θ
° = 50θ
° = 63θ

θ = 48◦ lg(E/eV)= 19.5

x [km]
2 4 6 8 10 12

y 
[k

m
]

22−

20−

18−

16−

14−

12−

lg(E/eV)= 20

distance on the ground [km]
0 2 4 6 8 10

 P
(W

C
D

) 

0

0.2

0.4

0.6

0.8

1 ° = 0θ
° = 26θ
° = 39θ
° = 50θ
° = 63θ

θ = 60◦ lg(E/eV)= 19.5

x [km]
30− 28− 26− 24− 22− 20−

y 
[k

m
]

10−

8−

6−

4−

2−

0

2

10



Spacing: How large is the air-shower footprint on the ground?
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Spacing: How large is the air-shower footprint on the ground?
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reach 100% efficiency at 10-30 EeV

On an hexagonal grid: 15k-22k detectors for 60000 km2

Need very robust detectors, no maintenance, industrial production
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The idea: optical separation of a Water Cherenkov Tank
A water volume responds different to photons, e± and µ±

photons electrons muons
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A. Letessier-Selvon, P. Billoir, M. Blanco, I. C. Mariş, M. Settimo
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Segmented tank for the surface particle detectors

time [8 ns]
-160 -140 -120 -100 -80 -60 -40 -20 0 20Si

gn
al

 [V
EM

 p
ea

k]

0

20

40

60

80

100

120

140

top

491 m
319 VEM

time [8 ns]
-160 -140 -120 -100 -80 -60 -40 -20 0 20Si

gn
al

 [V
EM

 p
ea

k]

0

20

40

60

80

100

120  recγ ±e
 trueγ ±e

time [8 ns]
-160 -140 -120 -100 -80 -60 -40 -20 0 20

 S
ig

na
l [

VE
M

 p
ea

k]

0

10

20

30

40

50

bottom
time [8 ns]

-160 -140 -120 -100 -80 -60 -40 -20 0 20Si
gn

al
 [V

EM
 p

ea
k]

0

5

10

15

20

25

30

35  rec±µ
 true±µ

- Prototypes tested in the field (at Auger)

- Based on the different response of the Water Cherenkov tank to em and muons, very good
resolution for muonic and electromagnetic signals at station level

- Robust and well-known detectors ( Water Cherenkov technique)
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Flourescence detector Array of Single-pixel Telescopes (FAST)?Impact of systematic in the atmospheric parameters

- Low cost fluorescence telescopes tested at Auger and TA sites

- 100% efficiency above 30 EeV for 3-fold coincidences

- Resolutions: 8% for energy, reaching 30 g/cm2, about 2 degrees
for the angular resolution

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

T. Fujii
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Cosmic Ray Air Fluorescence Fresnel lens Telescope (CRAFFT)
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ここ!!

で宇宙(天文)を学ぼう！

工学部　基礎理工学科 

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

CRAFFT (Cosmic Ray Air Fluorescence Fresnel lens Telescope)

2

1.4m

1.0m

2.0m

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

Appearance of CRAFFT prototype.

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

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

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

Total ($) : 9210

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

Shading curtain inside.

Detection efficiency.

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

• 2 MACHETE rings→ 360◦ × 10◦ FoV
• cost: ∼ 10 M$ Trinity whitepaper arXiv:1907.08727

• 0.3◦ pixel, effective aperture 10 m2

• (S/N)FD ∝
√
A/Ωpix → (S/N)Cyclops

/
(S/N)Auger =

√
10 m2/0.3◦2

/√
3 m2/1.5◦2 = 9

→ optimization for GCOS needed & check dual use ν+UHECR

Nepomuk Otte PoS ICRC19

5

M. Unger
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Radio measurements

- to be combined with a particle detector

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

- Inclined air-showers with footprints of more than 2 km measured

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

Tim Huege <tim.huege@kit.edu>6

Footprint-size grows with zenith angle

GCOS Workshop, May 2021

hundreds of inclined air showers measured by AERA

size of footprint grows with zenith angle, up to 2 km in shower plane

Pierre Auger Collaboration, JCAP 2018

Energy resolution: 10%

Establish the absolute energy scale with
less than 10% unceratinty

Build multiple antennas for each SD to
compensate for the steep LDF

Multiple polarisation detectors and
sub-ns time resolution (interferometry)

J. Rautenberg, J. Hoerandel,...
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Auger timeline

1994 1997 2000 2003 2006 2009 2012 2015 2018 2021 2024 2027 2030

First meeting

Brainstorm meeting

First design study workshop

Science and design review

First serious funding

100 stations array

Completed 1600 stations array

start AugerPrime upgrade

AugerPrime completed

Auger end of data taking(?)

Probable similar timeline needed for GCOS: 2035 engineering configuration, 2040 completed
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Global Cosmic Rays Observatory

UHECRs observatory covering more than 60,000 km2 (40,000 -80,000 km2)

Targeting good quality events for energies ≥ 30 EeV (5-fold threshold 30 EeV, 3-fold threshold 10 EeV)

Resolutions at 30 EeV: energy better than 10%, muon resolution better than 10%,
Xmax better than 30 g/cm2, and angular resolution better than 1◦

Full sky coverage with sites in both hemispheres and surrounded by mountains

What could you do with such a detector?
How would you build it?

People who say it cannot be done, should not interrupt those who are doing it. - Bernard Shaw
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