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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
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with excellent mass separation operating until >2035
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ABSTRACT
We present a suite of models of the coherent magnetic field of the Galaxy (GMF) based on new divergence-

free parametric functions describing the global structure of the field. The model parameters are fit to the latest
full-sky Faraday rotation measures of extragalactic sources (RMs) and polarized synchrotron intensity (PI) maps
from WMAP and Planck. We employ multiple models for the density of thermal and cosmic-ray electrons in the
Galaxy, needed to predict the skymaps of RMs and PI for a given GMF model. The robustness of the inferred
properties of the GMF is gauged by studying many combinations of parametric field models and electron density
models. We determine the pitch angle of the local magnetic field ((11±1)�), explore the evidence for a grand-
design spiral coherent magnetic field (inconclusive), determine the strength of the toroidal and poloidal magnetic
halo fields below and above the disk (magnitudes the same for both hemispheres within ⇡10%), set constraints
on the half-height of the cosmic-ray diffusion volume (� 2.9 kpc), investigate the compatibility of RM- and
PI-derived magnetic field strengths (compatible under certain assumptions) and check if the toroidal halo field
could be created by the shear of the poloidal halo field due to the differential rotation of the Galaxy (possibly).
A set of eight models is identified to help quantify the present uncertainties in the coherent GMF spanning
different functional forms, data products and auxiliary input. We present the corresponding skymaps of rates
for axion-photon conversion in the Galaxy, and deflections of ultra-high energy cosmic rays.

Keywords: Galactic magnetic field, Galactic physics, Milky Way, Cosmic rays

1. INTRODUCTION

Spiral galaxies are known to be permeated by large-scale
magnetic fields, with energy densities comparable to the
turbulent and thermal energy densities of the interstellar
medium; see e.g. Beck (2016) for a recent review. A good
knowledge of the global structure of these fields is important
for understanding their origin, infering their effect on galac-
tic dynamics, estimating the properties of diffuse motion of
low-energy Galactic cosmic rays, and studying the impact of
magnetic deflections on the arrival directions of extragalactic
ultrahigh-energy cosmic rays. The GMF is also important for
new physics studies, for instance axion-photon conversion in
the GMF or the interpretation of possible signatures of astro-
physical dark matter annihilation.

The determination of the large-scale structure of the mag-
netic field of our Galaxy is particularly challenging since one

michael.unger@kit.edu

gf25@nyu.edu

must infer it from the vantage point of Earth, located inside
the field. Previous attempts to model the Galactic magnetic
field (GMF) are summarized by Jaffe (2019). In this paper,
we focus on the coherent magnetic field of the Galaxy, leav-
ing the study of its turbulent component to the near future.
Following Jansson & Farrar (2012a) (hereafter JF12), we de-
rive the GMF by fitting suitably general parametric models of
its structure to the two astrophysical data sets which are the
most constraining of the coherent magnetic fields: the rota-

tion measures (RMs) of extragalactic polarized radio sources
and the polarized intensity (PI) of the synchrotron emission
of cosmic-ray electrons in the Galaxy.

The relation of these two astrophysical observables to the
magnetic field is detailed in Sec. 2, followed by a description
of the RM and PI data in Sec. 3. The interpretation of this
data relies on the knowledge of the three-dimensional density
of thermal electrons and cosmic-ray electrons in the Galaxy.
We discuss these auxiliary models in Sec. 4. The parametric
models of the GMF investigated in this paper are introduced
in Sec. 5 and the model optimization is described in Sec. 6.
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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 R

nocorr
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 R

corr
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

need to know rigidity (mass) 
of incoming cosmic rays

R =
E

Z
⇡ E

A/2
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Expected number of sources

3.1.8 MICHAEL UNGER: Sources Discoveries with GCOS

The Telescope Array and the Pierre Auger Observatory have reported tantalizing evidence
for intermediate-scale anisotropies in the arrival directions of UHECRs. For instance, Auger
reported a hotspot of Nobs = 153 events in the the Centaurus region, expecting Nobs = 97.7
for isotropy. If the signal grows with the current rate, this observation is expected to reach a
significance of 5 s at a total accumulated exposure of (165 000±15 000) km2 yr sr [37], i.e. when
the exposure reaches approximately 1.5 of the Auger Phase I exposure. This milestone would
signify the first image of a UHECR source. But to truly discover the sources of the UHECRs, a
large-exposure observatory like GCOS is needed to discover fainter sources and to distinguish
between different source classes.

How many sources can we hope for to detect for a given exposure? To answer this question,
we assume that the Centaurus excess of Auger is caused by the brightest objects in its direc-
tion present in the usual catalogues of UHECR source candidates. We consider the starburst
galaxies [91] (Centaurus objects: NGC4945 and M8, flux proxy: 1.4 GHz radio flux), SwiftBAT
AGNs [92] (Centaurus objects: CenA and NGC4945, flux proxy: 14-195 keV X-ray flux) and
powerful radio galaxies [93,94] (Centaurus object: CenA, flux proxy: 1.4 GHz radio flux). These
are visualized in Fig. 7 as flux-“mountains” of arbitrary width as function of Galactic latitude.

Figure 7: UHECR source candiates. Left: active galactic nuclei (AGN), middle: starburst galaxies (SBG), right:
powerful radio galaxies (RG).
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Figure 8: Expected number of source images as a function of expo-
sure for the different source classes shown in Fig. 8.

Current observatories will soon be
able to discover the top of the high-
est mountain and GCOS will explore
the next lower ensemble of moun-
tain peaks. The source discovery po-
tential as a function of exposure is
shown in Fig. 8. For each source cat-
alogue, GCOS is expected to observe
a different number of sources. The
distribution of source strength to-
gether with the positions on the sky
will allow to identify the sources of
UHECR. Note that the more source
images are discovered, the easier it
will be to match their positions to
catalogues allowing for deflections
in magnetic fields.

Within one year of operation,
GCOS can confirm the hot spots of TA and Auger and after several years of operation the
answer to the question on the origin of UHECR sources is in reach.
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GCOS exposure
GCOS: 
projected Auger exposure in 2030  
in 1 year

start: 2033, 6 years constructionM. Unger
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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 lnA
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�.

4

fluorescence 
telescope

200 km

20
0 

km

40000 km2

3000 km2

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.
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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
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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 lnA
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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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.
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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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Concept of CRAFFT project
• Extension of detection area for much more statistics 
• Development of cost effective detectors 
• Operation with less man power 
• automation system and maintenance free 
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• Xmax measurements (ex. FD) 
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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 lnA
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.
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(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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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.
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Cherenkov detectors and radio antennas46 as well
as fluorescence telescopes. For comparison, the
circumference of the existing observatories is indi-
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Layered Water Cherenkov Detectors for 
Next Generation Air-Shower Arrays

Benjamin Flaggs1, 2, Ioana Mariş2

1 Bartol Research Institute, University of Delaware, USA
2 Université Libre de Bruxelles, Belgium 

Layered water Cherenkov detectors are 
a proposed detector for next generation 

air-shower arrays that can separate 
electromagnetic and muonic signals on 

an event-by-event basis [1], [2].
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Obtaining Electromagnetic and Muonic Signals

a + b → from simulations, depend on detector specifics
Stop + Sbot → from calibrated PMT signals

Analysis Goal: Obtain calibrated Stop and Sbot
Can then invert matrix to obtain SEM and Sμ

Determination of Matrix Coefficients (a + b)

From simulations: 
a + b are 

independent of 
air-shower 
properties

Depend on 
detector 
geometry

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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segmented water Cherenkov detectorSpacing: How large is the air-shower footprint on the ground?
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Spacing between detectors cannot be larger than about 2-2.5 km to
reach 100% e�ciency 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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Spacing: How large is the air-shower footprint on the ground?

Spacing between detectors cannot be larger than about 
2-2,5 km to reach 100% efficiency at 10-30 EeV.

On a triangular grid: 15k - 22k detectors for 60000 km2.
I. Maris

http://particle.astro.ru.nl/gcos/index.html
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GCOS - particle detector array
segmented water Cherenkov detector

Layered water Cherenkov detector 

Layered Water Cherenkov Detectors for 
Next Generation Air-Shower Arrays

Benjamin Flaggs1, 2, Ioana Mariş2

1 Bartol Research Institute, University of Delaware, USA
2 Université Libre de Bruxelles, Belgium 

Layered water Cherenkov detectors are 
a proposed detector for next generation 

air-shower arrays that can separate 
electromagnetic and muonic signals on 

an event-by-event basis [1], [2].

γ
e+/-

μ+/-

1.2 m

0.4 m

0.8 m

Obtaining Electromagnetic and Muonic Signals

a + b → from simulations, depend on detector specifics
Stop + Sbot → from calibrated PMT signals

Analysis Goal: Obtain calibrated Stop and Sbot
Can then invert matrix to obtain SEM and Sμ

Determination of Matrix Coefficients (a + b)

From simulations: 
a + b are 

independent of 
air-shower 
properties

Depend on 
detector 
geometry

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.

Q / FADC counts

C
ou

nt
s

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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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%

Fluorescence Detector Tasks
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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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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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• 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

http://particle.astro.ru.nl/gcos/index.html
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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�.

4

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)

EPJ Web of Conferences , 06011 (2023) https://doi.org/10.1051/epjconf/202328306011283
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this observation period. The expected number of events
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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
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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
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concept of Phase 1 was completed.
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is lower than that of conventional telescopes and a shower
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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,
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a measured air shower

http://particle.astro.ru.nl/gcos/index.html
http://www.fast-project.org
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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%

Fluorescence Detector Tasks
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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

6

• 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

http://particle.astro.ru.nl/gcos/index.html
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GCOS in Snowmass White Paper 

Figure 2: Upgraded and next-generation UHECR instruments with their defining features, main
scientific goals, and timeline.

Recommendations:

• Even in the most optimistic scenario, the first next-generation experiment will be operational
until around 2030. AugerPrime and TA⇥4 should continue operation until at least 2032.

• IceCube and IceCube-Gen2 provide a unique laboratory to study particle physics in air showers.
For this purpose, the deep detector in the ice should be complemented by a hybrid surface array
for su�ciently accurate measurements of the air showers.

• A robust e↵ort in R&D should continue in detector developments and cross-calibrations for all
air-shower components, and also in computing techniques. This e↵ort should include, whenever
possible, optimized triggers for photons, neutrinos and transient events.

• To achieve the high precision UHECR particle physics studies needed to provide strong con-
straints for leveraging by accelerator experiments at extreme energies, even finer grained cali-
bration methods, of the absolute energy-scale for example, should be rigorously pursued.

• The next-generation experiments (GCOS, GRAND, and POEMMA) will provide complementary
information needed to meet the goals of the UHECR community in the next two decades. They
should proceed through their respective next stages of planning and prototyping.

• At least one next-generation experiment needs to be able to make high-precision measurements
to explore new particle physics and measure particle rigidity on an event-by-event basis. Of the
planned next-generation experiments, GCOS is the best positioned to meet this recommendation.

• As a complementary e↵ort, experiments with su�cient exposure (& 5⇥105 km2 sr yr) are needed
to search for Lorentz-invariance violation (LIV), SHDM, and other BSM physics at the Cosmic
and Energy Frontiers, and to identify UHECR sources at the highest energies.

• Full-sky coverage with low cross-hemisphere systematic uncertainties is critical for astrophysical
studies. To this end, next generation experiments should be space-based or multi-site. Common
sites between experiments are encouraged.

• Based on the productive results from inter-collaboration and inter-disciplinary work, we recom-
mend the continued progress/formation of joint analyses between experiments and with other
intersecting fields of research (e.g., magnetic fields).

• The UHECR community should continue its e↵orts to advance diversity, equity, inclusion, and
accessibility. It also needs to take steps to reduce its environmental impacts and improve open
access to its data to reduce the scientific gap between countries.

vi

http://particle.astro.ru.nl/gcos/index.html
https://arxiv.org/abs/2205.05845
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GCOS next steps
- straw man design together with write-up of Brussels and 

Wuppertal workshops will be put on arXiv before the end of 2024

- GCOS Japan has regular meetings to coordinate R&D

- also in Europe R&D on potential detectors has started

- GCOS workshop 2025 in Japan?

Further reading:  
- ICRC 2021  
- ICRC 2023  
- UHECR 2022  
- 1st GCOS workshop 2021  
- 2nd GCOS workshop 2022  
- 3rd GCOS workshop 2023

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 physcs
• 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 g = Etot/mc2

exceed values of g > 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 h > 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 which is twenty times
larger than current observatories, GCOS aims to begin operations after 2030, coinciding with
the gradual phase-out of existing detectors [21].

2 A Straw-Man Design for GCOS

2.1 General Considerations

To probe the fundamental nature and origin of ultrahigh-energy cosmic rays a major leap in
the available exposure for detecting air showers is needed. We therefore target a detector

• total area: 60 000 km2

• number of sites � 2
• trigger threshold: 1019 eV
• high-quality threshold: 3 ⇥ 1019 eV
• sE: 10%, sln A: 1, sq : 1�
• high duty cycle, low maintenance

GCOS Requirements
design which would allow to collect the
exposure of the Pierre Auger Observatory
(projected for 2030) within just one year of
data taking, corresponding to an area of
60 000 km2. To achieve full sky coverage,
the GCOS will require at least two observa-
tional sites strategically placed around the
globe, ideally placed at intermediate geo-
graphical latitudes of ±35�, see Sec. 3.2.1.
This setup will ensure comprehensive mon-
itoring of cosmic rays from all directions, providing a complete picture of the cosmic-ray sky.
The work horse of the observatory will be its particle detector (PD) consisting of an array of
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