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1. Introduction

In the Standard Model of particle physics we describe Nature with four fun-
damental forces: gravity, electromagnetism, the weak force, and the strong force.

17-21 November 2024
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Figure 1: Left: in the Standard Model of particles physics we describe Nature with
four forces. Right: In multi-messenger astro(particle)physics we use all four forces to
explore the high-energy Universe [2].

In multi-mes-
senger astro-
(particle) physics
we use all four
forces to explore
the high-energy
Universe, as
illustrated in
Fig. 1. We use
the full elec-
tromagnetic
spectrum from the radio regime to gamma rays in the PeV region (electromagnetic force), we
observe nuetrinos up to PeV energies (weak force), and (charged) cosmic rays with macroscopic
energies of 16 Joule, concentrated in a single atomic nucleus (strong force). Recently, also a
new window to the Universe has been opened — the observation of gravitational waves. Since
a few years we have all four messengers at our hand and observe the Universe routinely. The
challange for the upcoming decade(s) will be to fully understand all measurements and find a
connecting underlying theory to describe the processes in the Universe under extreme conditions
and, eventually to find the sources of the highest energy particles in the Universe.

Halzen and Kheirandish Searches for Cosmic Ray Sources

FIGURE 3 | The spectral flux (φ) of neutrinos inferred from the 8-year upgoing track analysis (red solid line) with 1σ uncertainty range (shaded range) and the 7-year

HESE analysis (magenta data) compared to the flux of unresolved extragalactic gamma ray sources (Ackermann et al., 2015) (blue data) and ultra-high-energy cosmic

rays (Aab et al., 2015) (green data). We highlight the various multimessenger interfaces: (A) The joined production of charged pions (π±) and neutral pions (π0) in

cosmic-ray interactions leads to the emission of neutrinos (dashed blue) and gamma rays (solid blue), respectively. (B) Cosmic ray emission models (solid green) of the

most energetic cosmic rays imply a maximal flux (calorimetric limit) of neutrinos from the same sources (green dashed). (C) The same cosmic ray model predicts the

emission of cosmogenic neutrinos from the collision with cosmic background photons (GZK mechanism). Figure from Ahlers and Halzen (2018), permission: Elsevier.

ray accelerators, and this is exactly what one neutrino did on
September 22, 2017.

IceCube detects muon neutrinos, a type of neutrino that leaves
a well-reconstructed track in the detector roughly every 5 min.
Most of them are low-energy neutrinos produced in the Earth’s
atmosphere, which are of interest for studying the neutrinos
themselves, but are a persistent background when doing neutrino
astronomy. In 2016, IceCube installed an online filter that selects
from this sample, in real time, very high energy neutrinos that
are likely to be of cosmic origin (Aartsen et al., 2017d). We
reconstruct their energy and celestial coordinates, typically in
less than 1 min, and distribute the information automatically via
the Gamma-ray Coordinate Network to a group of telescopes
around the globe and in space for follow-up observations. These
telescopes look for electromagnetic radiation from the arrival
direction of the neutrino, searching for coincident emission that
can reveal its origin.

The tenth such alert (Kopper and Blaufuss, 2017), IceCube-
170922A, on September 22, 2017, reported a well-reconstructed
muon neutrino with an energy of 290 TeV and, therefore, with
a high probability of originating in an astronomical source. The
Fermi telescope detected a flaring blazar aligned with the cosmic
neutrino within 0.06 degrees. The source is a known blazar, a
supermassive black hole spitting out high-energy particles in
twin jets aligned with its rotation axis which is directed at
Earth. This blazar, TXS 0506+056, had been relatively poorly
studied until now, although it was identified by EGRET as
the preeminent source for observation of two photons with
energies above 40 GeV (Dingus and Bertsch, 2001). Observations
triggered by the neutrino alert yielded a treasure trove of
multiwavelength data. An optical telescope eventually measured

its distance (Paiano et al., 2018), which was found at redshift
of 0.34. Its large distance points to a special galaxy, which
sets it apart from the ten-times-closer blazars, such as the
Markarian sources that dominate the extreme gamma-ray sky
observed by NASA’s Fermi satellite. Getting all the elements of
this multimessenger observation together has been challenging.
Attempts to explain the broadband multiwavelength spectrum
of the source indicate a subdominant hadronic emission for the
coincident observations. The hadronic contribution to the high-
energy emission is constrained by the X-ray flux expected in
conventional models for blazars. For details, see (Gokus et al.,
2018; Keivani et al., 2018; Murase et al., 2018; Sahakyan, 2018;
Zhang et al., 2018; Cerruti et al., 2019; Gao et al., 2019).

TXS 0506+056 was originally flagged by the Fermi (Tanaka
et al., 2017) and Swift (Keivani et al., 2017) satellite telescopes.
Follow-up observations with the MAGIC air Cherenkov
telescope (Mirzoyan, 2017) identified it as a rare very high energy
blazar with the potential to produce the very high energy neutrino
detected by IceCube. The source was subsequently scrutinized
in X-ray, optical, and radio wavelengths. This is a first, truly
multimessenger observation: none of the instruments could have
made this breakthrough independently. In total, more than 20
telescopes observed the flaring blazar as a highly variable source
in a high state (Aartsen et al., 2018a).

It is important to realize that nearby blazars like theMarkarian
sources are at a redshift that is ten times smaller, and therefore
TXS 0506+056, with a similar flux despite the greater distance,
is one of the most luminous sources in the Universe. It likely
belongs to a special class of blazars that accelerate proton beams
as revealed by the neutrino. This explains the fact that a variety
of previous attempts to associate the arrival directions of cosmic

Frontiers in Astronomy and Space Sciences | www.frontiersin.org 5 May 2019 | Volume 6 | Article 32
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Figure 2: The spectral flux of neutrinos compared to the flux of unresolved extragalactic
gamma-ray sources and ultra-high-energy cosmic rays. For details, see [3].

First steps
to understand the
common origin
of the various
messengers are
ongoing. For
example Fig. 2
summarizes the
current measure-
ments of gamma
rays, neutrinos
and cosmic rays
[3]. The spectral
flux of neutrinos
inferred from two
sets of IceCube data are compared to the flux of unresolved extragalactic gamma-ray sources and
ultra-high-energy cosmic rays. Different multi-messenger connections are pointed out: (A) The
joined production of charged pions (π±) and neutral pions (π0) in cosmic-ray interactions leads
to the emission of neutrinos (dashed blue line) and gamma rays (solid blue line), respectively. (B)
Cosmic-ray emission models (solid green) of the most energetic cosmic rays imply a maximal flux
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E~4*1019 eV

244 ± 29(stat.)+51
�76(syst.) EeV

Figure 3: A cosmic ray with an energy of about
40 EeVmeasured with the Radio Detector of the
upgraded Pierre Auger Observatory.

Figure 4: The arrival direction of the 27 May 2021 high-
energy cosmic-ray particle, recorded by the Telescope Array
(black circle) on a sky map in equatorial coordinates [4].

(calorimetric limit) of neutrinos from the same sources (green dashed). (C) The same cosmic-ray
model predicts the emission of cosmogenic neutrinos from the collision with cosmic background
photons (GZK mechanism).

In November 2024 the International Agreement of the Pierre Auger Observatory has been
extended to ensure operations with the upgraded Observatory until the year 2035. First data,
collected with the upgraded Observatory look very promising. As illustration, an event coming in
almost parallel to the horizon with only about 5◦ elevation and an enormous energy of about 40 EeV
is shown in Fig. 3. If one imagines that such an event would be a neutrino or a gamma ray — this
would be quite a break through, opening a new window to the Universe. So far, both species only
have been observed at energies up to the PeV range, observing them with thousand times higher
energies would be a real novelity. In particular, since those neutral particles are not deflected by
magnetic fields, they would point directly to their point of origin.THE COHERENT MAGNETIC FIELD OF THE MILKY WAY 29
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Figure 19. Angular deflections of ultrahigh-energy cosmic rays in the eight model variations derived in this paper and JF12. The cosmic-ray
rigidity is 20 EV (2⇥1019 V). Filled circles denote a grid of arrival directions and the open symbols are the back-tracked directions at the edge
of the Galaxy.

Figure 20. Left: Rigidity threshold such that the angular deflection in the given direction is 20� in all models. Right: Rigidity threshold such
that the model predictions of the angular deflection differ by  20�. (1 EV = 1018 V)

JF12 model are generally within the range of deflections pre-
dicted for the GMF models derived in this work. This is not
the case for the deflections calculated with the GMF model
of Pshirkov et al. (2011), due to the absence of a poloidal
component in that model (c.f., Sec. 7.6).

Current studies of the anisotropies of ultrahigh-energy cos-
mic rays indicate the presence of “hot spots” of cosmic-ray
clusters at intermediate angular scales of 20� (Abbasi et al.
2014; Abreu et al. 2022). For the identification of extragalac-
tic sources related to these overdensities, a precision in back-
tracking through the GMF at least as good as their angular
size, qmax, is needed. Figure 20 aims to illustrate this re-
quirement. In the left panel, we show the minimum rigidity
such that the deflection for a CR arriving in the given direc-
tion is less than qmax = 20� in all 8 models. Requiring that
the deflections in half of the sky are less than qmax = 20�,
according to all of these models, requires the rigidity to be
greater than or equal to Rnocorr

50 = 20 EV.

The minimum rigidity requirement improves considerably
if the arrival directions are corrected for their expected de-
flection in the GMF. The limit on the precision with which
we infer the source position arises from the difference be-
tween the models, and not the overall magnitude of the de-
flection. The differences of predicted deflections within the
model ensemble are smaller than the deflections themselves.
Therefore, as shown in the right panel of Fig. 20, the required
minimum rigidity is lower when the deflections are corrected
for. With corrections, the rigidity quantile at which half of
the sky can be observed at qmax = 20� or better, decreases
to Rcorr

50 = 11 EV giving a much greater observational reach.
Note that this discussion is indicative only, since the mini-
mal rigidity requirement may change when random fields are
included in the analysis.

8.2. Axions

Another important application of the model ensemble pre-
sented in this paper is the prediction of the conversion of

Figure 5: Angular deflection of ultra-high-energy cosmic rayswith a rigidity
of 20 EV in different models for the Galactic magnetic field, see [5].

The Telescope Array
collaboration has recently
reported the observation of
a cosmic ray with an ex-
treme energy of around
244 EeV, as depicted in
Fig. 4 [4]. If such a aprti-
cle would be a light nu-
cleus, i.e. it would only
carry a small charge and,
thus, would have a quite
high rigidity, it would
be expected to be only
marginally deflected by (Galactic) magnetic fields. Thus, such extreme particles are expected
to point back to their sources.
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Figure 6: Expected number of source images as a
function of exposure for different source classes (M.
Unger in [1].

If one imagines that there would be more
such particles with high rigidity, one could en-
visage of tracing those particles back to their
sources [5]. An example is given in Fig. 5. It
shows the deflection of particles with a rigid-
ity of 20 EV, assuming different models of the
Galactic magnetic field. The crucial observa-
tional parameter is the rigidity of the particle
R = E/Z ≈ E/(A/2). Thus, an observa-
tory has to provide an accurate measurement
of the energy and the particle type/mass of the
incoming particle.

With an observatory of the exposure of sev-
eral times the ones of existing observatories one
would expect to see point sources of (charged)
cosmic rays on the sky. This is illustrated in
Fig. 6. The number of expected source images
is plotted as a function of the exposure, the latter is in units of the total exposure, acquired in Auger
Phase I.

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

Science Targets of GCOS
To conduct EeV astronomy with neutral

(gamma rays and neutrinos) as well as charged
(cosmic rays) particles will require a future ob-
servatory with an exposure much bigger than
the one from existing observatories. This has
been discussed in a series of workshops [6–8]
and lead to the concept of a strawman design for
the Global Cosmic Ray Observatory—GCOS.
The GCOS science objectives are summarized
in the box.

2. The Global Cosmic Ray Observatory
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Figure 7: Expected exposures of GCOS and exist-
ing air shower arrays as function of time. Adapted
from [9].

GCOS is a planned large-scale facility de-
signed to study ultra-high-energy cosmic parti-
cles, including cosmic rays, photons, and neu-
trinos [1]. Its main objective is to precisely
characterize the properties of the most ener-
getic particles in the universe and to pinpoint
their mysterious origins. Featuring an aperture
that is twenty times larger than current obser-
vatories, GCOS aims to begin operations after
2030, coinciding with the gradual phase-out of
existing detectors [9].
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With the aim to collect in one year the complete exposure accumulated by the Pierre Auger
Observatory until 2030 one obtains an exposure as depicted in Fig. 7 together with the values for
existing arrays. 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.

GCOS sites

simple estimate yields that the particles could originate from less than a dozen of sources29.
Location To identify the sources, all-sky coverage would be desirable. This can be achieved by a split
observatory with sites in the northern and southern hemisphere, which would also allow to distribute the
efforts needed to build and operate the observatory. Alternatively, a single array can achieve nearly full sky
coverage, provided it has 2⇡ acceptance and is located near the equator.
Angular resolution To identify the cosmic-ray sources it is desired to isolate light particles at the highest
energies, which are expected to point back to their respective sources. Neutral particles, such as photons and
neutrinos would be ideal candidates, since they are not affected by any magnetic fields inside our outside the
Milky Way. Also protons (with charge Z = 1) are expected to be only marginally (< few degrees) deflected
by magnetic fields at extreme rigidities30–32. Thus, a next-generation detector should have an angular reso-
lution for the arrival direction similar to the one of existing observatories16;20 around 1�.
Energy resolution At energies above 1019.6 eV the energy spectrum of cosmic rays is steeply falling25;33.
It is therefore crucial for an observatory to have a good energy resolution in order to cleanly measure the
properties of cosmic rays34. It is important to reduce upward fluctuations in the energy measurement to a
minimum. An energy resolution of 10% to 15%, similar to the one achieved by the current experiments
seems to be a realistic target.
Particle type/mass resolution The most critical issue will be to identify the type of the incoming particle
since the nature of the air showers limits the achievable resolution. The measurable quantities are only pro-
portional to the logarithm of the nuclear mass A of the primary particle. One needs to measure the ratio of
the electromagnetic to the muonic shower components with a resolution around 15% or, alternatively, the
depth of the shower maximum with a resolution better than 20 g/cm2 in order to achieve a resolution in ln A
of 0.8 to 116;35.
Multi-Messenger sky observations Observing the high-energy Universe with all messengers (cosmic rays,
neutrinos, gamma rays, gravitational waves) will be a key to fully understand (astro)physical processes un-
der extreme conditions. The design of the future observatory will be optimized for maximum impact on
muti-messenger (astro)physics, with optimal sensitivities for cosmic rays, neutrinos, and gamma rays.
Example design Potential designs of detectors have been discussed recently36;37. As an exemplary illustra-
tion we sketch a potential design as part of a Global Cosmic Ray Observatory38. Most critical will be a good
mass resolution. This necessitates the measurement of several air shower components simultaneously. A
promising approach is the use of segmented water Cherenkov detectors39;40. They will be used to measure
the muonic component for all air showers with full sky coverage. The will also measure the electron-to-
muon ratio for vertical showers. Radio antennas on top of the detector, e.g. similar to the ones from the
Auger Radio Detector18;41, will provide a calorimetric measurement of the electromagnetic shower compo-
nent with high precision. In particular, this will allow to measure the electron-to-muon ratio for horizontal
air showers. Fluorescence detectors could be included42–45 to measure the calorimetric shower energy and
the depth of the shower maximum, or, also a large stand-alone array of fluorescence detectors could be an
option. A possible implementation is illustrated in Figure 1:41;46 About 10 000 detector stations are arranged
with about 2 km spacing on an area of 200 ⇥ 200 km2 complemented by fluorescence detectors.

radio antenna

segmented water 
Cherenkov detector

(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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0 
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Fig. 1. This map shows the overview of the TA site. Each green circle in the northeast and southeast corre-
sponds to the planned location of each TA�4 SD. The spacing of TA�4 SD is 2.08 km. The red circle in the
west shows the location of TA SD. The spacing of TA SD is 1.2 km. The 2 fan shapes drawn with black lines
describe the expected field of view from TA�4 FDs. 4 telescopes of FD will be built in the north Middle Drum
site and 8 telescopes of FD will be built in the south Black Rock site. The overlap of the locations of SD and
the field view of FD enables SD and FD hybrid observation.

4. Summary and Future Prospects

The assembly of first 173 TA�4 SD is in progress. We found that the assembled TA�4 SDs show
number of photo electrons with smaller di�erence than TA SDs from the calibration of single muons.
We also found that PMTs of TA�4 SDs have wider linear range than TA SDs and the ADC of the
electronics limits the range. We already finished assembling 100 SDs. These SDs will be deployed in
winter 2017. The construction of TA�4 FDs will be started also in 2017. The assembled TA�4 SDs
seem to realize the expected data quality for now. These detectors will enables us to study highest
energies in more detail in the near future.

3■■■
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Telescope Array 
TAx4

Pierre Auger Observatory

Figure 1: Exemplary illustration of a next-
generation cosmic-ray experiment, covering an area
of 40 000 km2 with an array of segmented water-
Cherenkov detectors and radio antennas46 as well
as fluorescence telescopes. For comparison, the
circumference of the existing observatories is indi-
cated.
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Figure 1: Exposure for layouts A, B, and C, together
with those of Auger and TA. Also plotted are a few
astrophysical objects and some potential anisotropy
signals of interest.

We consider three representative cases for the
layout, all covering a total area of 60, 000 km2

distributed across sites of equal area. Sites
1 and 2 represent Auger and TA, respec-
tively. For sites 3 and 4, their coordi-
nates are (latitude, longitude) = (43�, 103�) and
(�25�, 137�). Layout A is a combination of sites
1 and 2; layout B combines sites 1, 2, and 3; lay-
out C encompasses them all. The exposure for
each layout is depicted in figure 1, assuming that
the detectors are e�cient for zenith angles of up
to 90� (see section 3.3). Note that the locations of
these sites are chosen merely for illustrative pur-
poses, to demonstrate the impact of site distribu-
tion across the globe. However, continuous full-sky exposure is highly desirable for multimessenger
studies, requiring considerations about the longitudes of the sites.

Figure 2: Figure of merit obtained from simulations
for an observatory at the same location as Auger. The
electron number at -max serves as an energy reference
and was used to scale the other observables. A 10%
uncertainty is assumed for this energy reference. For
details see ref. [46, 47].

GCOS aims to improve mass discrimi-
nation (� ln � < 0.8) whilst reducing angular
and energy (< 10% at the highest energies)
uncertainties. The first relates to the ability
of the experiment to separate individual mass
groups, which depends on how well the elec-
tromagnetic and the muonic components of
the shower can be separated. For �-max ⇡
35 g cm�2, this implies �(#4/#`) ⇠ 15%.
Fig. 2 illustrates the capabilities of an ob-
servatory located at the site of Auger in dis-
tinguishing nuclear species using the “figure
of merit”. Several observables were consid-
ered, including the electromagnetic shower
profile (-max, ', !), the muon number at the
ground within an annulus ranging from 800 to
850 m from the shower axis, and the electron-
to-muon ratio within the annulus. These re-
sults can be used to select the sites of GCOS
and to help determine the optimal detectors
to achieve a better mass discrimination.

3.1 Surface Detectors (SDs)

Several designs are being considered for
the SDs, most of which involve the use of water-Cherenkov detectors (WCDs). An interesting
concept being entertained are layered WCDs [48], currently being tested at the Pierre Auger
Observatory. In this design, the optical detection modules are divided into two layers at di�erent

5

R. Alves Batista

Figure 8: Exposure as a function of declination for
existing arrays and different concepts for GCOS [10].

To achieve full-sky coverage one needs at
least two sites, one in the northern and one in the
southern hemispohere. Locations around±40◦

latitude provide optimal coverage, as depicted
in Fig. 8. The total area needs to be about twenty
times the surface of the Pierre Auger Observa-
tory. Main objective is to study the highest-
energy particles in the Universe (E > 10 EeV)
with good resolution for the observational pa-
rameters. The general requirements for GCOS
are summarized in the box.

Existing large-scale facilities for observing
ultra-high-energy cosmic rays, such as the Pierre Auger Observatory in Argentina (at 35◦ S) and

• total area: 60 000 km2

• number of sites ≥ 2
• trigger threshold: 1019 eV
• high-quality threshold: 3× 1019 eV
• σE: 10%, σln A: 1, σθ: 1◦

• high duty cycle, low maintenance

GCOS Requirements
the Telescope Array in Utah (at 39◦ N), are po-
sitioned in optimal locations. These sites could
function as infill arrays, benefiting from in-
creased station density and, consequently, lower
energy detection thresholds. Given the es-
tablished infrastructure at both locations, they
present excellent foundations for the expansion
of larger GCOS arrays.

ThePierreAugerObservatory inArgentina
could serve as potential core for a larger GCOS
array. If one requires a "flat" area at an altitude around 1 500 m.a.s.l. one could extend the existing

Figure 9: Illustration of a poten-
tial extension of the Pierre Auger
Observatory.

array maybe by a factor of two or three. Thus, an area of the
order of almost 10 000 km2 could be reached, i.e. 1/6 of the above
mentioned total GCOS area. Also sites in the northern hemisphere
are discussed, e.g. the CRAFFT collaboration is looking for a large
detection area in the US [11].

Particle Detector. To cover the required area of GCOS with
a minimal number of particle detector stations, a trade-off between
the spacing between detectors and the covered area has to be taken
into account. With the footprints of the vertical air showers on the
ground not exceeding 20 km2 a spacing of 2.2 km provides an upper
limit to achieve an optimal trigger efficiency. To cover the planned
surface of 60 000 km2 about 18 000 detectors are required.

To have good detection efficiency and enough effective area
for inclined air-showers, the detectors should be built to cover a

5
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large solid-angle phase space. While different configurations of scintillators can be imagined, the
water-Cherenkov detectors are a rather simple solution for this.

A simple water-Cherenkov detector, such as the one used at the Pierre Auger Observatory
cannot distinguish directly between the electromagnetic and muonic components, but it has been
proven thatmachine learning techniquesmight provide very good resolution in extracting themuonic
component from the total signal [12] for certain distances to the air-shower axis and energies of the
primary particles.

• layered water Cherenkov detectors
• emag. and muonic EAS component
• detector spacing: 2.2 km
• number of stations: 18 000
• σS: 10%, σNµ : 10%, σXmax : 30 g/cm2

Particle Detector Design
The reconstruction of the number ofmuons

in air showers can be further improved by sep-
arating horizontally the optical volume of the
detectors in two: the upper layer would be
more sensitive to the electromagnetic compo-
nent, while the bottom layerwould containmore
light produced by muons. By having these dif-
ferent signals, one can extract via a set of lin-
ear equations the individual air-shower compo-
nents [13]. A combination of scintillators (with photon conversion) and water-Cherenkov detectors
can be also investigated.
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Prototype Detectors at the Pierre Auger Observatory
Two prototype layered water Cherenkov detectors were 
deployed at the Pierre Auger Observatory in Malargüe, 
Argentina in 2014 and have since been stably recording data.

The prototypes are modified Auger water Cherenkov detectors 
with a separation layer 80 cm from the bottom of the tank and a 
single additional PMT in the bottom layer.

Bottom PMT Calibration

PMT calibration: 
Converting the PMT signal 
in FADC counts to units of 
a Vertical Equivalent 
Muon.

The peak position of the 
“muon hump” is obtained 
from a Gaussian fit, and 
used as the calibration 
constant.
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Q = 135.3 ± 0.7
χ2 / DoF = 1.18

Conclusions and Outlook

Calibration of the bottom PMTs show stable functioning of the bottom layer of the detector.
The muon hump of the top PMTs is swallowed by the electromagnetic contribution.

Outlook: Develop more advanced methods to extract the calibration constants of the top 
PMTs from the shape of the muon signals and coincidence calibration histograms with the 

bottom PMT.
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Figure 1: Expected exposures of GCOS and exisiting air shower arrays as function of time. Adapted from [21].

stations that sample the density of electromagnetic particles (electron, positrons, photons) and
muons on the ground. The energy and mass scale of this array will be set by a fluorescence
detector (FD) and/or a radio detector (RD).

We aim at a threshold for 100% trigger efficiency at 10 EeV above which the end of the
UHECR spectrum can be studied, including the instep feature, the flux suppression and po-
tentially a flux recovery at extremely high energies. At this threshold energy, most events will
be measured with just the minimum number of three particle detector stations. The energy
threshold for high-quality data is at 30 EeV and above, where a at least a 5-fold coincidence of
particle detectors will be triggered by an air shower. Above this energy, we aim at an energy
resolution of better than 10% per event, a muon number resolution for mass measurements of
better than 10% and an Xmax resolution of better than 30 g/cm². The angular resolution for the
direction of cosmic rays will be better than 1�.

2.2 Particle Detector IM

• layered water Cherenkov detectors
• emag. and muonic EAS component
• detector spacing: 2.2 km
• number of stations: 18 000
• sS: 10%, sNµ : 10%, sXmax : 30 g/cm2

Particle Detector Design
To cover the required area of GCOS with a
minimal number of particle detector stations,
we envisage a detector spacing of 2.2 km.
spacing vs resolution (variable spacing, ...): �
1.5km, less than 2.2 km
partial efficiency at lower energies ! zenith
angle cuts
type of detectors: LCD (+ variations)?
need vertical separation?
placing triangular/square grid
size of wcd
one piece (legal limits with respect to maximum dimensions on roads)
transport pieces and mount on site, water contained in liner ! one could build larger wcds (no
limits any more by road regulations).
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Figure 10: Illustration of a layered water-Cherenkov detector as an option
for the Particle Detector array of GCOS [14].

Fluorescence Detec-
tor. The longitudinal de-
velopment of air show-
ers can be observed di-
rectly using fluorescence
telescopes. The inte-
gral of the profile provides
a model-independent mea-
surement of the calorimet-
ric energy of a shower and
the depth Xmax at which the
measured profile reaches its
maximum is proportional to the logarithm of the mass of the primary particle. The main purpose
of the FD in GCOS will be the calibration of the absolute energy scale of the PD with

• calibration of PD energy scale
• calibration of PD mass scale
• σE < 10%, σln A ∼ 0.4
• duty cycle 20%

Fluorescence Detector Tasks
less than 10% uncertainty and to provide a cali-
bration of its Xmax scale. The required coverage
is ≥50% above the quality energy threshold of
the PD, i.e. at > 30 EeV. The resolution should
be similar to the one achieved with current FDs:
< 10% energy resolution, 15 g/cm2 Xmax res-
olution and 0.5◦ angular resolution. Current
FDs operate with a duty cycle of. 15% during
clear and moonless nights, but using SiPM cameras, the GCOS FD will be able to safely operate
with higher duty cycles of up to 35%.

Two layouts of the FD are considered. Layout A of one 30 000 km2 site of GCOS is illustrated
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The Strawman Design of the Global Cosmic Ray Observatory GCOS Jörg R. Hörandel

in Fig. 11. The telescopes are located at two sites (“Mastercard” layout). The light- and dark-blue
areas denote the FD coverage of the array at 1020 eV with low-elevation telescopes and single-pixel
telescopes, respectively. Laser facilities, that are needed for a continous monitoring of the aerosol
content of the atmosphere, are indicated as red points.GCOS - options FD

2.3 Fluorescence Detector

• calibration of PD energy scale
• calibration of PD mass scale
• sE < 10%, sln A ⇠ 0.4
• duty cycle 20%
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Layout A of the FD at one 30 000 km2 GCOS site.

The longitudinal development of air showers
can be observed directly using fluorescence
telescopes. The integral of the profile pro-
vides a model-independent measurement of
the calorimetric energy of a shower and the
depth Xmax at which the measured profile
reaches its maximum is proportional to the
logarithm of the mass of the primary particle.
The main purpose of the FD in GCOS will be
the calibration of the absolute energy scale of
the PD with less than 10% uncertainty and to
provide a calibration of its Xmax scale. The
required coverage is �50% above the quality
energy threshold of the PD, i.e. at > 30 EeV.
The resolution should be similar to the ones
achieved with current FDs: 5% energy reso-
lution, 15 g/cm2 Xmax resolution and 0.5� an-
gular resolution. Current FDs operate with a
duty cycle of . 15% during clear and moonless nights, but using SiPM cameras, the GCOS FD
will be able to safely operate with higher duty cycles of up to 35%.

Two layouts of the FD are considered. Layout A of one 30 000 km2 site of GCOS is illustrated
on the right. The telescopes are located at two sites (“Mastercard” layout in Sec. 3.3.1). The blue
areas denote the FD coverage of the array at 1020 eV with low-elevation telescopes (Sec. 3.3.3)
and single-pixel telescopes (Sec. 3.3.4 and 3.3.8), respectively. Laser facilities, that are needed
for continously monitor the aerosol content of the atmosphere, are indicated as red points. As
can be seen, this layout minimizes the overlap between the areas viewed by FD stations at the
expense of stereoscopic observations. The low-elevation telescopes detect air showers with full
coverage of the neccessary slant depth range at distances between 20 and 60 km (A ⇡ 2 ⇥
10 000 km2. Nearby showers at R < 20 km (A ⇡ 2 ⇥ 1 200 km2) are observed by both telescope
types simultaneously, but only the single-pixel telescopes provide enough elevation coverage
to observe the shower maximum of nearby shallow showers. The geometry of air showers
is determined from the combined data of low-elevation and single-pixel telescopes and the
timing at ground from at least one station of the PD with an energy threshold of & 1018.5 eV.

As an alternative setup we consider layout B in which only single-pixel telescopes are de-
ployed. In this case � 15 sites need to be operated and again there is minimal overlap between
the sites. The air shower geometry is taken from the PD, raising the enery threshold of the FD
to the PD trigger threshold of 1019 eV.

2.4 Radio Detector JRH

• se/m < 10%
• independent energy scale, sE < 10%
• hybrid µ & e/m ! mass
• interferometry ! mass

Radio Detector Potential
The particle detector array can be comple-
mented by a radio detection array. Radio
detection provides a very clean and accurate
measurement of the e/m shower component.
E.g. for the Auger Radio Detector an accuracy
of 6% has been obtained from full end-to-end
simulations [22]. It is important to point out
that this uncertainty is independent of the
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areas denote the FD coverage of the array at 1020 eV with low-elevation telescopes (Sec. 3.3.3)
and single-pixel telescopes (Sec. 3.3.4 and 3.3.8), respectively. Laser facilities, that are needed
for continously monitor the aerosol content of the atmosphere, are indicated as red points. As
can be seen, this layout minimizes the overlap between the areas viewed by FD stations at the
expense of stereoscopic observations. The low-elevation telescopes detect air showers with full
coverage of the neccessary slant depth range at distances between 20 and 60 km (A ⇡ 2 ⇥
10 000 km2. Nearby showers at R < 20 km (A ⇡ 2 ⇥ 1 200 km2) are observed by both telescope
types simultaneously, but only the single-pixel telescopes provide enough elevation coverage
to observe the shower maximum of nearby shallow showers. The geometry of air showers
is determined from the combined data of low-elevation and single-pixel telescopes and the
timing at ground from at least one station of the PD with an energy threshold of & 1018.5 eV.

As an alternative setup we consider layout B in which only single-pixel telescopes are de-
ployed. In this case � 15 sites need to be operated and again there is minimal overlap between
the sites. The air shower geometry is taken from the PD, raising the enery threshold of the FD
to the PD trigger threshold of 1019 eV.
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The particle detector array can be comple-
mented by a radio detection array. Radio
detection provides a very clean and accurate
measurement of the e/m shower component.
E.g. for the Auger Radio Detector an accuracy
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• fluorescence telescopes provide good 
measurement of longitudinal shower 
component 
—> calorimetric energy  
—> depth of shower maximum (mass)

• purpose for GCOS: 
calibrate energy scale (<10% unc.)  
calibrate mass scale (<15 g/cm2 unc.)

• different layouts possible, e.g. 
- combine low-elevation FD with single-
pixel FD 
- cover area with single-pixel FD

GCOS - options FD
ongoing R&D for future large arrays
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Promising concept as next-generation cosmic 

FAST@TA FAST@Auger

Preliminary

Preliminary

https://www.fast-project.org

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

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

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

2. The FAST prototype telescopes

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

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

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

CRAFFT @ TA

Figure 3. Left: Shape of spot around the focal plane. Right:
Reproduced spot shape by raytracing simulation.

can be placed directly on the ground. The detector can be
easily transported to multiple experimental sites.

An FD with a Fresnel lens is a unique detector. There-
fore, it is necessary to understand the details of the detec-
tor performance. The optical performance of the detector
was evaluated by ray-tracing simulations. The ray-tracing
simulation was performed using ROBAST [6]. Figure 3
shows the actual spot and the shape of the spot obtained by
the raytracing simulation, which is well reproduced. The
spot size at the focal plane is 44 mm defined in the 95%
interval. In the detector simulation, expected waveform
has already been simulated, and it is estimated that even
a 1020 eV cosmic ray air shower can be detected within
30 km with a high signal-to-noise (S/N) ratio.

Test observations were performed using a prototype
detector. The four prototypes were installed next to the
Black Rock Mesa FD station at the TA experimental site
as shown in Fig. 4. The center of the field of view was
pointed toward the direction where the Central Laser Fa-
cility (CLF) was installed. The elevation angle of three of
the detectors was set to 24◦–32◦ and that of the other one
to 16◦–24◦. The test observation took place in Novem-
ber 2017 and observation time was 63.5 hours (10 nights).
There were at least 10 obvious air shower events during
this observation period. The expected number of events
at energies above 1017 eV is around 8, which is consistent
with the number of events observed. In order to synchro-
nize with TA FD, data acquisition was performed by trig-
ger pulses from TA FD.

Figure 5 and 6 show an example of an actual observed
event. This event was also observed by TA FD, and Fig. 6
shows the field of view of the CRAFFT detector superim-
posed on the TA FD event display for this event. Tracks
of the cosmic ray air shower can be seen in the CRAFFT
fields of view numbered 2 and 3. Figure 6 is the waveform
of this event. Significant signals are seen in detectors 2
and 3 against night sky background. When this event is
analyzed by TA FD, the distance from the detector to the
air shower is 2.6 km and the energy is 1017.7 eV. Thus, in
the CRAFFT experiment, the establishment of the detector
concept of Phase 1 was completed.

2.2 Air shower reconstruction method

As shown in Figure 6, the spatial resolution of CRAFFT
is lower than that of conventional telescopes and a shower

Figure 4. Prototype CRAFFT detectors were deployed next to
the TA FD building as red circle. The center of field of view is
pointed to the CLF.
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Figure 5. Example of actual waveform observed by CRAFFT
detector. Vertical and horizontal axes are FADC count and time
slot, respectively.

Figure 6. Event display of the air shower event same as Fig. 5
observed by TA FD. Field of view of CRAFFT is superposed.
The circle color of CRAFFT field of view correspond to the
waveform in Fig. 5

detector plane cannot be obtained. Therefore, we have de-
veloped a reconstruction method by waveform fitting. The
waveform generated by the simulation as shown in Fig. 7
is compared with the waveform of the real data, and when
the simulation agrees with the true value,

χ2 =

n∑

i=1

(
xdata,i − xsim,i

σi

)2

(1)
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a measured air shower

Figure 11: Left: Layout A of the FD at one 30 000 km2 GCOS site. Right:
concept of a single-pixel telescope [15].

As an alterna-
tive setup we con-
sider layout B inwhich
only single-pixel tele-
scopes are deployed.
In this case ≥ 15
sites need to be op-
erated and again there
is minimal overlap be-
tween the sites. The
air shower geometry
is taken from the PD,
raising the enery threshold of the FD to the PD trigger threshold of 1019 eV.

• σe/m < 10%
• independent energy scale, σE < 10%
• hybrid µ & e/m→ mass
• interferometry→ mass

Radio Detector Potential
Radio Detector. The particle detector ar-

ray can be complemented by a radio detector
array. Radio detection provides a very clean
and accurate measurement of the e/m shower
component. E.g. for the Auger Radio Detector
an accuracy of 6% has been obtained from full
end-to-end simulations [16]. It is important to
point out that this uncertainty is independent of
the cosmic-ray particle type. The fact that Eem is reconstructed from radio data with no significant
dependence on the incoming cosmic ray particle type makes it a very suitable energy estimator for
use in the discrimination of air showers induced by different primary particles [16–18].

GCOS - options RD

2.3 Fluorescence Detector

• calibration of PD energy scale
• calibration of PD mass scale
• sE < 10%, sln A ⇠ 0.4
• duty cycle 20%
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Layout A of the FD at one 30 000 km2 GCOS site.

The longitudinal development of air showers
can be observed directly using fluorescence
telescopes. The integral of the profile pro-
vides a model-independent measurement of
the calorimetric energy of a shower and the
depth Xmax at which the measured profile
reaches its maximum is proportional to the
logarithm of the mass of the primary particle.
The main purpose of the FD in GCOS will be
the calibration of the absolute energy scale of
the PD with less than 10% uncertainty and to
provide a calibration of its Xmax scale. The
required coverage is �50% above the quality
energy threshold of the PD, i.e. at > 30 EeV.
The resolution should be similar to the ones
achieved with current FDs: 5% energy reso-
lution, 15 g/cm2 Xmax resolution and 0.5� an-
gular resolution. Current FDs operate with a
duty cycle of . 15% during clear and moonless nights, but using SiPM cameras, the GCOS FD
will be able to safely operate with higher duty cycles of up to 35%.

Two layouts of the FD are considered. Layout A of one 30 000 km2 site of GCOS is illustrated
on the right. The telescopes are located at two sites (“Mastercard” layout in Sec. 3.3.1). The blue
areas denote the FD coverage of the array at 1020 eV with low-elevation telescopes (Sec. 3.3.3)
and single-pixel telescopes (Sec. 3.3.4 and 3.3.8), respectively. Laser facilities, that are needed
for continously monitor the aerosol content of the atmosphere, are indicated as red points. As
can be seen, this layout minimizes the overlap between the areas viewed by FD stations at the
expense of stereoscopic observations. The low-elevation telescopes detect air showers with full
coverage of the neccessary slant depth range at distances between 20 and 60 km (A ⇡ 2 ⇥
10 000 km2. Nearby showers at R < 20 km (A ⇡ 2 ⇥ 1 200 km2) are observed by both telescope
types simultaneously, but only the single-pixel telescopes provide enough elevation coverage
to observe the shower maximum of nearby shallow showers. The geometry of air showers
is determined from the combined data of low-elevation and single-pixel telescopes and the
timing at ground from at least one station of the PD with an energy threshold of & 1018.5 eV.

As an alternative setup we consider layout B in which only single-pixel telescopes are de-
ployed. In this case � 15 sites need to be operated and again there is minimal overlap between
the sites. The air shower geometry is taken from the PD, raising the enery threshold of the FD
to the PD trigger threshold of 1019 eV.

2.4 Radio Detector JRH

• se/m < 10%
• independent energy scale, sE < 10%
• hybrid µ & e/m ! mass
• interferometry ! mass

Radio Detector Potential
The particle detector array can be comple-
mented by a radio detection array. Radio
detection provides a very clean and accurate
measurement of the e/m shower component.
E.g. for the Auger Radio Detector an accuracy
of 6% has been obtained from full end-to-end
simulations [22]. It is important to point out
that this uncertainty is independent of the
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• radio detection provides clean 
measurement of e/m shower 
component

• can provide independent energy scale 
with accuracy comparable to state-of-
the-art FD methods

• lateral distribution steeper than e/m 
and µ components  
—> satellite stations?

• # of polarizations?  
frequency range?  
ns time resolution —> interferometry

Figure 12: Concept of satellite
radio antennas and a central sta-
tion.

The total cosmic-ray energy can be reconstructed with an ac-
curacy of better than 10%. Highly inclined air showers [19] with
zenith angles Θ > 60◦ traverse a big amount of atmosphere until
they are detected. The thickness of the atmosphere in horizontal di-
rection (Θ = 90◦) amounts to about 35 times the column density of
the vertical atmosphere. Thus, the e/m shower component is mostly
absorbed and only muons are detected with the particle detectors.
The atmosphere is transparent for radio emission in our band (tens
to hundreds MHz) and radio measurements are an ideal tool for
a calorimetric measurement of the electromagnetic component in
horizontal air showers. The combination of electromagnetic and
muonic information is used to derive the mass/particle type of the
incoming cosmic ray. Another method with enormous potential to determine the mass/particle type
of the incoming cosmic ray is interferometry [20]. This requires sub-ns time resolution, which can
be achieved, e.g. by using time synchronization signals from the Galileo satellite GPS system.
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The relatively steep lateral distribution of the radio emission requires a detector spacing around
1 500 m or smaller. This makes radio detection in particular interesting for inclined air showers
with zenith angles Θ > 60◦. Due to cost constraints, the spacing of the particle detector array (see
above) will probably be of the order of 2 km or above. A smaller grid size for the radio detector
array could be achieved by introducing satellite radio stations to each particle detector station. They
could be rather simple, only being comprised of a radio antenna and a low-noise pre-amplifier,
connected to the particle detector station by cables in the ground. Thus, the satellite radio stations
could be rather cheap and easy to deploy. The particle detector station could contain the main
electronics (filter amplifier and digitization) and communication systems.
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