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- Ultra-large aperture (~100,000 km sr)

- Composition sensitivity essential

- Good energy resolution (~20%)


- Multi-messenger instrument

- Full-sky observations (space-borne 

instrument or several observatory sites)

- Include geo-sciences etc.


- Helmholtz funding: use name GCOS
HELMHOLTZ-ROADMAP FÜR
FORSCHUNGSINFRASTRUKTUREN II
2015

Germany: Helmholtz Roadmap 2015
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宇宙から到来する「マルチメッセンジャー」
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Figure 1 – Multi-messenger spectrum of the universe. Measurements of, or limits on, cumulative emissions from
astrophysical sources are indicated by coloured markers, together with the colour-coded names of the corresponding
observatories as shown in the figure. Extracted and adapted from Ref. 1.

from 40TeV to 2.5PeV, and the extragalactic cosmic-ray background (ECRB), which reaches en-
ergies close to 200EeV.a Although the underlying question has been the subject of century-long
theoretical debates, popularized by Olbers’ paradox, the measurement of cosmic backgrounds of
astrophysical origin is a young field of research, involving virtually all the astronomical observato-
ries of this century. Particularly noteworthy in the optical band is the recent convergence of direct
measurements (New Horizons probe), indirect measurements (H.E.S.S., MAGIC and VERITAS)
and galaxy counts (Hubble Space Telescope);2 the measurement of the gamma-ray background up
to flux suppression at TeV energies by the Fermi -LAT satellite launched in 2008;3 the discovery of
the ENB in 2013 by the IceCube experiment in Antarctica (see Ref.4 for the latest measurements);
and the measurement of the cosmic-ray flux at the highest energies, as accumulated over nearly
20 years at the Pierre Auger Observatory.5

The census of astrophysical sources contributing to the EBL, ranging from star-forming galaxies
for the optical and infrared components to active galactic nuclei with and without jets for the
gamma-ray and X-ray components, has reached a high level of completeness. More than 80% of
the backgrounds can be assigned to known source populations in the eV, keV, and GeV bands.
These emissions are driven by star formation, accretion onto supermassive black holes, and ejection
around some of these black holes. This knowledge has led to the recent emergence of broadband
population synthesis models that reproduce with relative success the full range of EBL observations
from the near millimetre to TeV energies (see the black line from Ref. 6 in Fig. 1). Comparable
knowledge is still lacking for ENB and ECRB due to the low flux of their sources, which goes as
Iω or EJ(E) i.e., one power of frequency/energy less than in Fig. 1, and to the angular spread of
the charged particles of the ECRB in the Galactic and intergalactic magnetic fields.

The aim of these proceedings is to give an overview of what is known about the nature and origin
of ECRB particles above 5EeV, the energy which marks the ankle of the cosmic-ray spectrum,
as shown by the arrow in Fig. 1.b Above the ankle energy, the origin of cosmic rays was already

a1TeV → 1012 eV, 1PeV → 1015 eV, 1EeV → 1018 eV.
bThe cosmic-ray spectrum is shown in Fig. 1 with transparency between the iron knee, around 100PeV, and the
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2021 May 27, 04:35:56 AM
Detection of "Amaterasu particle"
2.44x1020 eV = 244 exa-electron volts (EeV)

Telescope Array Collaboration, Science 382, 903 (2023) 

© Osaka Metropolitan University/L-INSIGHT Kyoto University/Ryuunosuke Takeshige

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


Source candidates and next-generation astronomy 4

Limitation of nearby sources due to "GZK cutoff" 

Less deflections of Galactic/extragalactic magnetic fields  

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

A next-generation "astronomy" using charged particles

)$-I ,39>�R�

��

]���·į�į���������,��,�į)!	��,�"įĄ į�]į�������,1$į�!1����į��į�]į),��	į�������1��Yį
�1
į,�į���1�į���į7M���Ċ�1į�Xį����įQu���į��įK�į	��$��į���1į$G;C�I��į

HMLQhXuBu%8:+�@C�I bÊį

�����įQiYu@�į@1į�������;įk�@�į	@�@���@�1į��@���į�đ��į@�į���Ã����į����Ē����@��į
��������į�����į�1į!�]±įQnH�Zu7�$�Xį��,�!�į]���į���į���,�1į�]į�į��1
�����į
7����
įnu �� ă Xį,1į�į��$1����įQ!	
į�1
į��"įK�į����	"į�)�,	�K	�į%��į������	!į
���!	!��a,��į�Qu'�4įK!įa�!į
¢�'!�!�į�%į�į��a�a,�$į�!�a���į�a��Zį%��į¢��a���!XOį

V�įh,$���įtį��!į�	���!
į'��4į�,���į��!�!į����,�	!į���!	����,��į��"į�����Zį
�,��į�@�!�į�û�$@�$į%��'į`,	�'!�!��į��į'!$�����!��Tį y,�!�į 	4,�$įK!	��į��!į

,�$���	į	,�!į%�,	į��į���@�%4į��1
@�,��į7bOX�į!/!1į%��įÓį�� b�į%��įtD��į!5į�����1�į
7��!į
����
įē,1�į�!%!��į��įtD��į�5į,��1į1��	!,X�į%��į����į�ÿ�����K	�į�	����į
)�	��@�,!�į ,1į��!į���$!įWuBunuBu bDDDį`'į�į���� ��!į 	@1�į�,		į	,�į!)!�į�@$�!�Zį
��'���!�!į �,��,�į ��!į ��,��	!
į K��
;į �	!��	4Zį /!�4į %!�į �,�!�į �!'�,�į ��į
����,K,	@�@!�áį !,��!�į ��!į �����į �,$�	4į ���
!��!
į �K£!���į �,��į ��$!įHu ��į
!�������	"į!|�!1
�
į�Kn����OįV�į!,����į����¸į)��"į��$�į���!
�į���į�!§�,��
Oį
P��1$į���į�3�	�
�
į�,���į���į�����1�)�į���1�1�į�1)�	����;į

:���Ġ:ÿŒ à��æßė�ĊąHŒ ���4į����,�	!�į��/,�$į!�!ġ$4į ��# �� ®
�ÈŒ !5į��/!į
K!�1į�������
Zį�1
į��1"į�%į�����į���,)�į]���į
�����,�1�į)��"į%��į%���į��!į
$�	�����į�	�1�į7�DX:į��į��į����1į�1įë,$���įU?į�����į
��,���į�į����ċ�1į�����$�į
���įL�	�34;įV%į�����į����@�	��į��/�įK���į
�^����
į%���į�����!�į�@��,�į��!į
���@)�į ��$@���į �%į ���įL�	�3"Zį ��į ��§�,��į �į ��$���,�įQ�	
į �āį ���!����į

$_aq �·Ķ9ęŒ $gWq $_hq$IgWq
oV}J·

���T�NŒ�ą J�ÚdÝU�bÝ�Uy�dÀ�\Ývd�bÝ·½±d�y½�Ý ¥lÝ©¥··�Y�dÝ·�Àd·Ý¥lÝ©U±À�\�dÝ U\\d�d²UÀ�¥��Ý EY�d\À·Ý
[h�§ÐÝÄ{hÝc�Wy§¡W�Ý�� hÝ]W¡ §ÀÝW]]h�h³WÀhÝ«³§Ä§¡¸ÝÀ§Ý +&/(� hO�Ý

A
nn

u.
 R

ev
. A

str
on

. A
st

ro
ph

ys
. 1

98
4.

22
:4

25
-4

44
. D

ow
nl

oa
de

d 
fro

m
 w

w
w

.a
nn

ua
lre

vi
ew

s.o
rg

 A
cc

es
s p

ro
vi

de
d 

by
 K

yo
to

 U
ni

ve
rs

ity
 o

n 
12

/1
0/

20
. F

or
 p

er
so

na
l u

se
 o

nl
y.

 

A. M. Hillas, Astron. Astrophys., 22, 425 (1984)

( Emax
100 EeV ) ≤ Z ( B

10 μG ) ( R
10 kpc )

Hillas 
condition

Supernova 
remnant

Neutron starGamma-ray burst Active 
galactic nuclei

or "New physics"

= Z ( B
100 mG ) ( R

1 pc )
Image credits: Max Plank Inst./DESY/Science Comm/RIKEN

https://www.annualreviews.org/content/journals/10.1146/annurev.aa.22.090184.002233
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Arrival direction of Amaterasu particle
E = 244 ± 29 (stat.) +51,-76 (syst.) EeV

Unexpectedly, come from the Local Void
No promising astronomical source candidates

6

primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

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

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

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

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

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

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

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°

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

Comparison with previous events

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

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

Possible sources of the cosmic ray

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

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

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

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

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

galaxy PKS 1717+177. The dotted large circle centered around (R.A., Dec.) = (146.7°,
43.2°) indicates the previously reported TA hot spot (21). The dashed horizontal line
indicates the limit of the TA field of view (FoV). The dotted circle centered around
(R.A., Dec.) = (279.5°, 18.0°) is the location of the Local Void (40). The galactic plane
(G.P.) and the supergalactic plane (S.G.P.) are shown as solid and dotted curves,
respectively. The Galactic Center (G.C.) is indicated by the cross symbol. deg., degrees.
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Possible source region [Unger and 
Farrar, ApJL 962 L5 (2024)]
Magnetic monopole [Frampton, 
Phys.Lett.B 855, 138777 (2024)]
Ultra-heavy composition like Te or Pt 
[Zhang, Murase+, arXiv:2405.17409]
Binary neutron star merger [Farrar, 
PRL 134, 081003 (2025)]
Bursting magnetar [Shimoda and 
Wada, arXiv:2409.19915] 

primarily consist of electromagnetic particles.
We applied a neural network proton-photon
classifier, developed for photoinduced shower
searches using the TA SD (23, 24), to this event.
The classifier excludes a photon as the pri-
mary particle at the 99.986% confidence lev-
el, instead favoring a proton as the primary

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

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

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

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

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

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

27 May 2021 10:35:56 244 T 29 stat:ð Þ þ51
$76 syst:ð Þ 530 ± 57 38.6 ± 0.4° 206.8 ± 0.6° 255.9 ± 0.6° 16.1 ± 0.5°

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .
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Raw-data publicly available

Telescope Array Collaboration, Science 382, 903 (2023) 

https://www.science.org/doi/10.1126/science.abo5095
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Alves Batista et al. Open Questions in Cosmic-Ray Research at Ultrahigh Energies

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

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

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

2.2 Energy spectrum: Well established but not well explained

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

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

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

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

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

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

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

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

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

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

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

Figure 1: Expected exposures of GCOS (dashed red line) and existing air shower arrays as function of time. A band
is shown to indicate the exposure for various deployment schedules for TA→4. The solid blue line denotes the
total Auger exposure and the exposure collected with the upgraded AugerPrime detectors is indicated by the blue
dashed line. Adapted from [21].
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Detector of the Global Cosmic Ray Observatory (GCOS)
Number of sites ≧ 2, Trigger energy threshold: 10 EeV

Energy resolution: 10%, mass resolution: ln(A) ~ 1, 
arrival direction: 1 degree

Under considerations about detector design and possible 
installation sites
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3. Detection concepts

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

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

3.1 Advanced water Cherenkov detectors

nested water Cherenkov 
detector

layered water Cherenkov 
detector

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

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

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

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

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

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

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

2. The FAST prototype telescopes

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

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

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

4

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

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

3.4 Further considerations

Two arrays can cover the full sky,
and the coverage seems to be most
uniform for � � ±30°.

�at’s why Auger was deployed
at 35° S in the �rst place —
“Auger north” had also been planned.

A. di Ma�eo (INFN Torino) Optimal declinations GCOS Workshop, May 2021 7 / 23

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

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

Further constraints on the site locations arise from the detection principles used. For example,
fluorescence telescopes will require clear atmospheres. A large ground array will require a region
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FAST model of fluorescence detection has been demonstrated,
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array with an order of magnitude larger ground coverage than
previous-generation detectors targeted at the highest-energy
cosmic rays. UHECRs with energies above 1019 eV have been
measured and vertical laser signals to investigate the atmo-
spheric transparency above the detector have been analyzed
[100]. Further, a novel method for event reconstruction has
been established that allows to circumvent the principal lim-
itations of a coarsely-pixelized camera: the lack of timing
information to tightly constrain the shower geometry. Con-
tinued operation will allow to further test the robustness of
the FAST telescope concept, while work towards achieving
full independence from the existing FD infrastructure will be
continued, and in the process, FAST telescopes installed at
both, the Telescope Array and Pierre Auger Observatory sites
will allow to compare the quality of the atmosphere and sky
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Location of GCOS On of the most important
decisions to be made will be the locations of the
GCOS site(s). Building an observatory with an
exposure of the order of 40 000 km2 or more
with a huge number of individual detector sta-
tions will most likely require to distribute the re-
sources to build, maintain, and operate such an
installation over several host countries/regions.
In order to achieve full-sky coverage from a
single location, one needs to be on the equator
and needs full 2c aperture. The celestial poles
would only be detectable through horizontal air
showers. Thus, also from a scientific point of
view it is useful to have several sites, located in the Northern and Southern Hemispheres in order
to achieve an optimal sky coverage. The optimal latitudes will depend on the number of sites to be
implemented. As illustration, choosing a pair of sites in the Northern and Southern Hemisphere,
respectively, the optimum latitude is found to be ±30� [103]. This is illustrated in Fig. 8 for two
sites with an area of 20 000 km2 each, covering zenith angles up to 80�.

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

Fig. Wehr et al. (2023)

Some key figures for lidar instrument ATLID: 
▪ High-Spectral Resolution Lidar HSRL, bi-axial optical design
▪ laser wavelength 354.8 nm, PRF 50 Hz, energy 35-40 mJ (at laser output), linear polarization, 36 µrad 

divergence (Ø 16 m footprint on ground)
▪ telescope diameter: 62 cm, 66 µrad FOV
▪ 3 channels: molecular Rayleigh signal, aerosol/cloud Mie co-polar signal, aerosol/cloud Mie cross-polar 

signal, with 3 memory MCCD detectors (specific for ATLID)

EarthCARE - Auger, 14 Feb 2025

K. Fujita (ICRR)

M. Takeda (ICRR)
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Intersection with Earth science as "global light source"

M. Unger (KIT)
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mapping. The point size corresponds to the number of detected par-
ticles. The point color shows particle arrival timing. The adjacent
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Figure 6: Signal waveforms from SDs in the vicinity of shower core.
Red and blue correspond to the two PMT channels for two layers of
scintillator. Each horizontal level corresponds to the pedestal of indi-
vidual SD. Vertical value has shifted to avoid superposition of wave-
forms from different SDs. Top: Burst event 120706-014911-184219.
Middle: Burst event 120706-014911-184307. Bottom: Normal event
080701-234921-873245.
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Figure 8: The color scale shows the height from ground up to 3,000 m.
The red points show shower core hit positions. The blue circle shows
lightning position with 300 m radius of uncertainty. Synchronized
(intracloud) lightning is set at z = 3, 000 m.

lightning, and negative peak current. Related lightning
tends to have the flag indicating cloud to ground light-
ning, and negative peak current.

4. Comparison with Precedents

The TASD burst events have similar features to prior
observations.

Dwyer, et al. [9] reported high energy radiation on
the ground from each step of the stepped leader pro-
cess. The time intervals of the stepped leader are in the
10 microsecond to 100 microsecond range. TASD burst
events have time intervals of similar duration.

Several satellites observed high energy radiation
bursts correlated with lightning. Cummer, et al. [19] re-
ported high energy radiation detected by satellite, which
is correlated with positive lightning. In contrast, TASD
burst events on the ground are correlated with negative
lightning. In both situations, the electric field direction
works to accelerate electrons towards the detector.

Briggs, et al. [2] reported high energy radiation at
satellite, which shows roughly two types of burst wave-
forms. One is Gaussian like and the other is log-normal
like. TASD burst events also have roughly two type of
waveforms. Figure 10 is Gaussian like, and Figure 11
is log-normal like. Although the signal shapes of TASD
burst events and terrestrial gamma-ray flashes detected
by satellite are similar, the signal timescale of SD events
is about 2 orders of magnitude shorter. This can be due
to the difference of the size of accelerating region or the
distance between the radiating point and the detector.
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Figure 9: Time difference between lighting and all TASD events (in-
cluding non-burst events). The bin width is 2 ms. Synchronized light-
ning occurs in the central bin. The remainder of bins are included in
the category of related lightning.

5. Conclusion and Discussion

We have detected bursts of high energy events us-
ing the TASD. By comparing the times and positions of
these events with lightning data in the NLDN database,
we infer that these events seem to come from negative
high current intracloud lightning. There is no evidence
that burst events come from cloud to ground lightning.

What generates these individual events in a burst? We
do not have a clear answer. The event rates in bursts are
inconsistent with the flux of cosmic rays with energies
estimated by deposited energies in SDs. By the time in-
terval of events in a burst, it seems that they come from
the stepped leader process. We summarize the features
of the TASD bursts:

1. This burst phenomenon does not come from thun-
derstorm intermittently. It comes from negative
high current intracloud lightning.

2. The reconstructed shower directions, within recon-
struction accuracy, indicate that they come from a
small region at low altitudes in the sky.

3. These showers seem to start development at low
altitudes in the sky, as determined by shower front
curvature.

4. The time gap of detected radiation on the wave-
form is consistent with stepped leader process.
(Several tens of microseconds.) These showers are
generated at the initial processes of the lightning
flash.

5. There is a less-sharp rising edge feature on the
waveform at the detectors near shower cores for

8
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directions. As the field of view of the telescopes overlap, the 360� azimuthal coverage of247

the detector is spanned more than once. The same elve may be measured by multiple FD248

telescopes, each with an optical aperture of 2.2 m diameter and a time resolution (�⌧ =249

100 ns) unprecedented in the field of TLE observations. The combination enables detailed250

measurements of large numbers of single-peaked and multi-peaked elves.251

Figure 1. Top panel: a diagram of the FD telescope with its 3.6 m diameter mirror at the Pierre Auger

Observatory [Abraham et al., 2010] . The FD, optimized for the detection of cosmic rays up to 30 km, also

turns out to be sensitive to elve signatures that are 1000 km away. The axes of lowest pixels have an elevation

angle of 1.5� while the axes of highest pixels have elevation angles of 30�. Panel A: the time signature of a

cosmic-ray shower propagating from top to bottom. Panel B: the first 200µs of the propagation of an elve

across an FD telescope camera field of view, showing the one side of the elves expanding towards the detector.
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When an UHECR strikes the atmosphere, its kinetic energy is converted into an air258

shower of relativistic secondary particles, mostly electrons, positrons and muons. These259

secondary particles collide inelastically with molecules in the troposphere, exciting the260

local nitrogen. The UV emission, also known as fluorescence, occurs from the fast de-261
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B Y  A L E X A N D R A  W I T Z E

Some of the worst thunderstorms on the 
planet are about to give up their secrets.

Deadly downpours, grapefruit-sized 
hail and severe lightning regularly pepper 
the eastern side of the Andes mountains in 
Argentina. These storms often flood towns 
and destroy the vineyards of the region’s wine 
industry, but remain poorly understood. About 
160 atmospheric scientists — mostly from the 
United States, Argentina and Brazil — have 
descended on central Argentina to change that.

Their ultimate goal is to improve severe-
weather warnings, so that people know to 
avoid areas where flash floods are likely, or to 
prepare their vineyards for a hailstorm.

The US$30-million project kicked into high 
gear on 1 November, as researchers headed to 
the centre of the country with storm-chasing 
equipment, including radar scanners mounted 
on trucks. The atmospheric-sciences experi-
ment, called Remote sensing of Electrification, 

Lightning, And Mesoscale/microscale 
Processes with Adaptive Ground Observations 
(RELAMPAGO, which is Spanish for light-
ning), is the biggest of this type ever conducted 
outside the United States.

“It’s the craziest activity I have ever been 
in in my life,” says 
Pa o l a  S a l i o ,  a n 
atmospheric scien-
tist at the University 
of Buenos Aires and 
the Argentina lead 
on the project. “But 
it is also like a dream 
come true.”

From now until mid-December, the 
scientists hope to chase at least a dozen severe 
storms to study air temperature, wind speed 
and direction, rainfall amounts, the number 
of lightning strikes and other factors. They 
want to use those data to improve models of 
how descending air on the eastern side of the 
Andes triggers towering thunderstorms that 

regularly reach 18 kilometres into the atmos-
phere. Such storms are more powerful than 
typical thunderstorms elsewhere, which might 
grow 12 kilometres high.

The lines of thunderstorms that often form 
along the Andes look very similar to the ones 
in the central United States that usually pro-
duce tornadoes. But the Argentinian storms 
are larger and, for some reason, don’t spawn 
tornadoes nearly as often as the US storms do.

“That’s one of the mysteries we want to 
answer, why there are so few tornadoes,” says 
Steve Nesbitt, an atmospheric scientist at the 
University of Illinois at Urbana-Champaign 
who heads RELAMPAGO.

In addition, the researchers will drive 
hundreds of kilometres southwest of their base 
near Córdoba to target systems that produce 
strong hail in Mendoza province. 

A second, related project called CACTI 
(Cloud, Aerosol, and Complex Terrain Interac-
tions) will focus on how atmospheric particles 
such as dust or haze influence storm develop-
ment. Funding for both projects comes from 
national research agencies and institutions 
in the United States — such as the National 
Science Foundation and the Department of 
Energy — Argentina and Brazil.

The work would not have been possible 
a few years ago, before Argentina beefed up 
its national weather radar system. Workers 
installed the first of the upgraded radars in 
Córdoba in 2015, says Celeste Saulo, director 
of Argentina’s weather service in Buenos Aires. 
There are seven other such radars operating 
around the country, and three more should be 
up and running by December, she adds.

RELAMPAGO scientists plan to compare 
the data from the Córdoba radar with those 
from their truck-based instruments — which 
can reach more rural areas and capture addi-
tional information on how storms grow — to 
gain a better picture of how severe weather 
works in central Argentina.

During the project, the weather service 
will test a type of forecasting system that 
continually ingests updated weather data to 
improve forecasts. It’s similar to ones used 
by meteorologists in the United States and 
Europe. Argentina’s weather agency wants to 
use the system going forward, Saulo says. 

RELAMPAGO could even provide a glimpse 
of the future, says Kristen Rasmussen, an 
atmospheric scientist at Colorado State Uni-
versity in Fort Collins. As global temperatures 
rise, the warming atmosphere will provide 
more energy to feed thunderstorms around 
the world. Rasmussen’s computer simulations 
show that those changes could result in storms 
similar to the powerful ones now seen in 
Argentina (K. L. Rasmussen and R. A. Houze 
Jr Mon. Weather Rev. 144, 2351–2374; 2016).

“What we’re seeing in South America 
could be more like what we will see in a future 
climate,” she says. This means that other parts 
of the world could soon get a taste of the storms 
that Argentina knows so well. ■
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Towering thunderstorms regularly roll over central Argentina.

AT M O S P H E R I C  S C I E N C E

Inside Argentina’s 
mega-storms
Massive project aims to improve severe-weather predictions 
in shadow of the Andes mountains.

“What we’re 
seeing in South 
America could 
be more like 
what we will 
see in a future 
climate.”
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bursts of shower correlating with lightnings

Pierre Auger Collaboration 
(2020) https://
agupubs.onlinelibrary.wiley.com/
doi/full/10.1029/2019EA000582

https://www.sciencedirect.com/science/article/pii/S0375960117305893
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA000582
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA000582
https://agupubs.onlinelibrary.wiley.com/doi/full/10.1029/2019EA000582


GCOS-Japan consortium のタスクリーダー 14

起源・加速・伝搬の理論： 
大平 豊（東京大学理学系研究科） 
タスク：宇宙線の発生源・加速メカニ
ズムや伝搬過程を中心とした理論研究
など

地表粒子検出器： 
木戸 英治（東京大学宇宙線研究所、
理化学研究所） 
タスク：地表粒子検出器の検討・開
発・最適化・試験観測など

アウトリーチ・教育： 
一方井 祐子（金沢大学） 
タスク：宇宙線の魅力の発信、アウト
リーチ推進、次世代研究者の育成など

大気蛍光望遠鏡： 
多米田 裕一郎（大阪電気通信大学） 
タスク：大気蛍光望遠鏡の検討・開
発・最適化・試験観測など

ハドロン相互作用： 
毛受 弘彰（名古屋大学ISEE） 
タスク：ハドロン相互作用モデルの最
適化や、加速器実験との連携など

F. Bradfield (OMU) ロードマップ2026へ向けて、日本語文章を作成予定



GCOSの早期実現にむけた開発研究

低コスト化、量産体制の確立
大気蛍光望遠鏡の完全自立稼働による宇宙線
の長期安定観測の実現
多地点観測による再構成精度の実験的検証
TAとAugerのエネルギー・Xmaxの相互較正

15

73

(a)メンテナンス作業を終えた SDとの記念撮影 (b)メンテナンス対象の SDへと向かう様子
図 C.1: SD メンテナンスの様子。(a) メンテナンス作業を終えた TALE-infill SD との記念撮影。念願の TALE-
infill SDとの対面で満面の笑みをみせるのが著者である。(b)メンテナンス作業を行う次の SDへと向かう大島氏。
一台、また一台と直す。

環境モニター
• 取得データ 
• 日付時刻：RaspiDATE, RaspiTIME 
GPS日付時刻：GPSDATE, GPSTIME 
緯度経度標高：LAT, LONG, ALT 
照度：Lux 
湿度：Humidity 
風速：WindSpeed 
雨：Rain 
リミットスイッチ：Shutter4 
気圧：Pressure(Pa) 
気温：Temperature(C) 

• データ取得頻度：毎分（cronにより実行）常時取得

検出器案の最適化（シンチレーター、水
チェレンコフ検出器、電波検出器）
鉛・コンクリートシールド、二層式水
チェレンコフ検出器
機械学習による粒子識別能力の評価・検証　

Y. Kawachi (OMU)

CRAFFT FAST

TAサイトを検出器のテストベンチとして活用

TA Auger



【過去の大型研究、コミュニティの合意状況】
未来の学術振興構想（2023年度版）へのGCOSの提案書より

GCOSは、2011年に“TA2”という名称で提案され、宇宙線研究者会議（CRC）
から展望を持って進めるべき計画として推進されている。以後、CRCタウン
ミーティングで提案と計画のアップデートを報告し続けている。2015年には、
テレスコープアレイ実験の拡張計画であるTAx4実験をその前段階として提案
し、科研費特別推進研究により予算化された。2022年現在、テレスコープアレ
イ実験の2.5倍の1800平方キロメートルの有効検出面積まで拡張が進み定常観
測を実施している。

GCOSは、東京大学宇宙線研究所の将来計画検討委員会の報告書にも取り上げ
られ、テレスコープアレイ実験のこれまでの成果とともに、宇宙線研究の重要
な研究課題として評価されている。GCOSは、TA2の提案時に課題として挙げ
られていたピエールオージェ観測所との共同研究体制を構築した、新たな国際
共同研究組織となっている。

16



まとめと今後
GCOS：次世代の天文学である荷電粒子天文学
を開拓し、極限宇宙物理現象を解明する
日本国内の連携強化のため、GCOS-Japan 
consortiumを結成
ロードマップ2026へ向けて日本語文章を作成
予定
開発の最新状況は3月19日の日本物理学会の
GCOS連続講演にて

研究会開催：September 9 - 11, 2025, 
"Workshop for The Global Cosmic Ray 
Observatory -- Challenging next-generation 
multi-messenger astronomy with 
interdisciplinary research", @Koshiba Hall, 
Hongo Campus, University of Tokyo 
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Backup
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10 EeV skymap 19

NASA/DOE/Fermi Collaboration

GAIA Collaboration

Converted to            Galactic coordinates

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

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

4From https://www.cosmos.esa.int/web/planck/picture-gallery, reproduced with permission from Astro-
nomy & Astrophysics, c� ESO; original source ESA and the Planck Collaboration.
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 IMAGINE project 
(arXiv:1805.02496)

"Deciphering" magnetic fields
Synchrotron emission 
at 30 GHz 

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


Nuclear Physics meets UHECRs (PANDORA project)20

www.nature.com/scientificreports/

3Scientific RepoRts | 7: 4882  | DOI:10.1038/s41598-017-05120-7

refer to residual and light fragment cross sections as inclusive cross section σ
→Al Na

incl
27 24  or σ

→nAl
incl

27 , respectively 
(yellow boxes, if at least one of these measured). Data are sparse, and mostly available for stable elements along 
the main diagonal. Note that we did not !nd any σabs measurement for nuclides in the same isobar, i.e., two ele-
ments with the same mass number A. Furthermore, note that in astrophysical environments, unstable isotopes 
gain importance, since all kinds of secondary nuclei are created in the disintegration chain and their lifetime is 
dilated by the relativistic boost. "erefore, these radioactive nuclei can re-interact with the photon !eld and create 
secondaries within the lifetime of the system.

We also show the availability of nuclear models and data !les in Fig. 1, that use interpolated or !tted σabs where 
measurements are available. Unmeasured σabs are obtained from model evaluations of photo-neutron cross sec-
tions where available, otherwise from empirical parameterizations33, implying that, in the absence of data, the 
cross sections further o$ the main diagonal are uncertain. Inclusive reaction cross sections are calculated with 
numerical or Monte Carlo codes, which are partially !ne-tuned to data on branchings. We refer to EXFOR’s σabs 
datasets as data, where real measurements are available (red boxes in Fig. 1). Model evaluations for a subset of 
isotopes (yellow boxes) might exist and partially included in the cross section library of PEANUT. "e latter sub-
set demonstrates the potential for including corrections to the estimated σabs for isotopes, which are not covered 
by data.

Cross sections and photo-nuclear disintegration rates. In the upper panels of Fig. 2, we illustrate one 
example of a typical situation on cross sections and their model representations for two isobars with A = 40: 40Ca 
is a double magic nucleus for which one photo-absorption cross section measurement is available34, while 40Ar is 
expected to have di$erent properties due to a di$erent shell structure. Figure 2 demonstrates that the TALYS 
predictions are almost independent of the isotope, while PEANUT, which is the base model for hadron-nucleus 
and photon-nucleus interactions in the FLUKA code35, 36, shows substantial changes between 40Ca to 40Ar and 
reproduces the data for 40Ca. "e low-energy and high energy peaks observed in data are not present in the listed 
models, as well as in an evaluated dataset contained in EXFOR37. "e PSB cross section is, by de!nition, the same 
for isobar nuclei. We estimate uncertainty among di$erent models to be of order two. An alternative case for 
mirror nuclei with A = 23, where one would expect equal cross sections but !nds di$erences in models is shown 
in the Supplementary Material. An equivalent comparison for A = 56, that is frequently used in astrophysical 
calculations, is not possible due to absence of measurements. On the model side, TALYS and PEANUT predict a 
similar σabs and σ γ( , 1n)Fe56 , but di$er by factor 2 in σ γ( ,1p)Fe56  and σ γ( ,2n)Fe56  for the standard parameter set-

Figure 2. Comparison of cross sections (upper row) and disintegration lengths (lower row) for the isobar 
nuclides 40Ca (le% column) and 40Ar (right column). "e total absorption cross sections for photo-disintegration 
are shown as a function of the energy εr in the nucleus’ rest frame, where data are shown if available. "e 
corresponding Lorentz factor of the nucleus is given by εr/ε, where ε is the energy of the photons in the 
observer’s frame (see the Supplementary Material for additional information). "e di$erent curves correspond 
to models as given in the plot legend, where the GDR box approximation is based in the assumptions in ref. 30. 
"e corresponding disintegration rates are calculated at redshi% z = 0 as a function of the observed energy; the 
corresponding Lorentz factor of the nucleus is given by E/mA, where mA is the mass of the nucleus. "e 
disintegration rates are calculated for two di$erent target photon spectra: for the GRB spectrum, a broken 
power law with spectral indices −1 and −2 and a break at 1 keV (energies in shock rest frame) has been 
assumed, whereas the CMB spectrum refers to the cosmic microwave background at redshi% zero, i.e., a thermal 
target photon spectrum with T = 2.73 K. Dashed lines refer to disintegration rates calculated for measured cross 
sections.

D. Boncioli et al., Sci. Reports 7:4882 (2017)

On the simple versus complicated model

17

• Available measurements are sparse 

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

DB, Fedynitch & Winter, Sci. Reports 2017

• Theoretical models  do not always reproduce 
(available) data

A. Tamii, E. Kido et., Eur. Phys. J. A 59, 208 (2023)

A
ZN + γCMB → A−1

Z−1N′ + p
Large uncertainty of the cross section from the 
giant dipole resonants for A < 60 nuclei
Multidisciplinary research among nuclear 
physics, UHECR and CMB

Experiment

12C

E. Kido et al., Astropart.Phys. 152 (2023) 102866 

Model

PANDORA Project
A<60 核の光核反応の理解が目的

主目的の1つは超高エネルギー宇宙線のエネルギー質量減衰機構の定量的記述

https://www.nature.com/articles/s41598-017-05120-7
https://arxiv.org/abs/2211.03986
https://www.sciencedirect.com/science/article/pii/S092765052300052X?via=ihub


Muon puzzle 21
3

Fig. 3 Compilation of muon measurements converted to the abstract z-scale and after cross-calibrating the energy scales
of the experiments as described in the text (image from Dembinski et al. (2019)). Shown for comparison are predicted
zmass-values based on air shower simulations and Xmax-measurements (grey band). The prediction from the GSF model
(Dembinski et al. 2018) for zmass is also shown (dashed line).

appear point-like in the sky. The incoming flux of cos-
mic rays is very isotropic (Aab et al. 2014d). The
reason is that cosmic rays are charged and scattered
by inhomogeneous galactic and extra-galactic fields on
their way to Earth. Their movement through space re-
sembles a di↵usive flow and their arrival directions at
Earth are largely random. The average angle of deflec-
tion decreases with energy, however, and evidence of
anisotropies has been found above the EeV scale (Aab
et al. 2017b,a, 2018; Abbasi et al. 2014).

Up to particle energies of about 100TeV, cosmic rays
are observed directly by space-based experiments, like
AMS-02 (Kounine 2012), and high-altitude balloons,
like CREAM (Yoon et al. 2011). At higher energies the
flux is too low for direct observation and ground-based
experiments with huge apertures (up to 3000 km2) like
the Pierre Auger Observatory (Aab et al. 2015b) and
Telescope Array (Abu-Zayyad et al. 2013; Tokuno et al.
2012) are used. Ground-based experiments observe cos-
mic rays indirectly through the particle showers (exten-
sive air showers) produced in Earth’s atmosphere. How
air showers arise from cosmic rays and how observable
air shower features are linked to the properties of the
cosmic ray, its direction, energy E, and nuclear mass A
is described in Sections 2.1 and 2.2.

In regard to determining the dominant sources of
cosmic rays, an important complementary approach to
anisotropy studies is to measure the energy-dependent

elemental (or mass) composition of cosmic rays. The
fluxes of individual elements can be directly measured
with suitable satellite- and balloon-borne experiments,
but this is not equally possible with indirect air shower
observations. The mass has to be inferred from air
shower features in the latter case, which change depend-
ing on the mass and are subject to stochastic randomi-
sations because of intrinsic fluctuations in the shower.
These fluctuations overwhelm the small average shower
di↵erences between neighbouring elements. The com-
position above the PeV scale is therefore often sum-
marised by a single number, the mean-logarithmic mass
hlnAi. In Fig. 2 left-hand side, predictions for hlnAi are
shown for several proposed source classes (lines) (Kam-
pert and Unger 2012, and references therein). Precise
measurements of hlnAi can rule out many of these com-
peting theories. In particular, whether the cosmic rays
with the highest energies are light or heavy is of cru-
cial importance for the design of the next generation of
cosmic ray and cosmic neutrino observatories, see e.g.
Aloisio et al. (2011); Alves Batista et al. (2019).

Two main features of an air shower are used to es-
timate the mass, its depth of shower maximum Xmax,
and the number of muons Nµ produced in the shower.
The two bands in Fig. 2 right-hand side represent an
envelope of the measurements carried out by various
air shower experiments (Kampert and Unger 2012).
The composition estimates derived from measurements

J. Albrecht et al., arXiv:2105.06138 (2021)



Workshop for the Global Cosmic Ray Observatory

1st GCOS workshop 2021 online
https://agenda.astro.ru.nl/event/18/

2nd GCOS workshop 2022 Wuppertal
https://agenda.astro.ru.nl/event/21/

3rd GCOS workshop 2023 Brussels (June 10 - 11, 2023)
https://indico.iihe.ac.be/event/1729/

4th GCOS workshop 2025 (September 9 - 11, 2025)
Workshop for The Global Cosmic Ray Observatory -- Challenging next-
generation multi-messenger astronomy with interdisciplinary research
Koshiba hall, Hongo Campus, University of Tokyo

22Summary: Global Cosmic Ray Observatory
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- Ultra-large aperture (~100,000 km sr)

- Composition sensitivity essential

- Good energy resolution (~20%)


- Multi-messenger instrument

- Full-sky observations (space-borne 

instrument or several observatory sites)

- Include geo-sciences etc.


- Helmholtz funding: use name GCOS
HELMHOLTZ-ROADMAP FÜR
FORSCHUNGSINFRASTRUKTUREN II
2015

Germany: Helmholtz Roadmap 2015

https://agenda.astro.ru.nl/event/18/
https://agenda.astro.ru.nl/event/21/
https://indico.iihe.ac.be/event/1729/


Global Cosmic Ray Observatory (GCOS)

Greisen, Chudakov, Oda, Suga   →  Wow, GCOS!!
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Fathers of Fluorescence: Oda, Suga, Chudakov and Greisen

Oda

Suga
Greisen

P. Sokolsky (UHECR 2022)

Greisen
Oda

Suga



Possible extension at Auger site, ~10000 km2
24

Existing sites

The detection sites for GCOS will be strategically distributed across the globe, with a minimum
of two locations—one in the Northern Hemisphere and one in the Southern Hemisphere. The
ideal placement for these sites lies at latitudes between approximately 35° and 40° north and
south, respectively.

Figure 2: Illustration of a potential exten-
sion of the Pierre Auger Observatory.

Existing large-scale facilities for observing ultra-high-
energy cosmic rays, such as the Pierre Auger Observatory
in Argentina (at 35° S) and the Telescope Array in Utah
(at 39° N), are positioned in optimal locations. These sites
could function as infill arrays, benefiting from increased
station density and, consequently, lower energy detection
thresholds. Given the established infrastructure at both
locations, they present excellent foundations for the ex-
pansion of larger GCOS arrays.

Beyond the Pierre Auger Observatory

The Pierre Auger Observatory in Argentina 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 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 PD area.
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Ideas and Requirements for the Global 
Cosmic-Ray Observatory (GCOS)
https://arxiv.org/abs/2502.05657

https://arxiv.org/abs/2502.05657

