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What are cosmic rays?
Energetic particles in the universe

Discovered by V.F. Hess (1912), Nobel Prize 
in Physics (1936)
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Proton(90%), Helium(8%), 
electron and heavier nuclei

Landing at Bad saarow, Germany 
on Aug. 7th, 1912

Centenary of cosmic ray discovery 
on Aug. 7th, 2012

V. F. Hess, Phys. Z. 13, 1804 (1912)
5350 m

図 1.3: Kolhörsterによる気球実験 [5].

図 1.4: Hess と Kolhörster による高度ごとのイ
オン密度の実験結果.上空へ行くにつれてイオン
密度が上昇している [5].

その後の宇宙線物理学は, ガイガーミュラーカウンターとクラウドチェンバーで宇宙線の飛跡を解
析することによって発展し, 多くの新粒子が発見された. これらの粒子は理論的に既に予測されていた
ものも多く, 実験での粒子発見によって理論の発展にもつながった. 陽電子は 1928年 P.A.M. Dirac

自らが導いた, 式 (1.1) で表される Dirac 方程式の中で理論的に予測され [7], 1932 年にアメリカの
C.D. Andersonにより発見された [8]. 式 (1.1)の γµ はガンマ行列を, ψ はスピノル場を表しており,

解として登場する負のエネルギー解を解消するためにディラックの海と呼ばれる概念を登場させ, こ
の中で反粒子の存在を認めている. Dirac は 1933 年に, Anderson は 1936 年にそれぞれノーベル物
理学賞を受賞している.

(iγµ∂µ −m)ψ = 0 (1.1)

ミューオンは, 1936年に Andersonらにより発見された [9]. この 2年前の 1935年に湯川秀樹は中
間子論と呼ばれる論文で中間子の存在を予言した [10]. 中間子論は陽子と中性子で構成される原子核
を安定に保つ機構として, 核子間に中間子を媒介とした核力が働いているとした素粒子物理学の理論
である. ミューオンが発見された当初, この粒子はまさに湯川が予言した中間子であると認識された
が（実際に初期は µ 中間子と呼ばれていた）, 後に核力を媒介する中間子ではないことが判明した.

その後, π 中間子は 1947年に原子核乾板を用いて C.F. Powellらにより発見された [11]. π 中間子の
発見により湯川は 1949年に日本人初のノーベル賞受賞者となり, 翌年の 1950年には π 中間子の発見
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W. Kolhörster, Phys. Z. 14, 1153 (1913)
9300 m

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

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

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

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

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

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

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

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

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

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

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

eV as reported by Auger.

If the cosmic-ray flux at the highest energies is cosmological in
origin, there should be a rapid steepening of the spectrum (called
the GZK feature) around 5 × 1019 eV, resulting from the onset of

1 particle/m2/yr
at "Knee"

1 particle/km2/yr
at "Ankle"

E > 50 EeV, 1 particle/km2/century 
at "Toe" or "cutoff"

  

Energy spectrum of cosmic rays
Measurements of cosmic 
rays from 109 eV to 1020 eV

Origins are still largely 
unknown 

The most energetic 
particles in the universe 

Only ~1013 eV by the 
Earth's largest particle 
accelerator

Extremely infrequent
A huge effective area, 
~1000 km2

Long term observation in 
decades

3
E2.6 J(E)

Particle Data Group, Phys.Rev.D, 98, 030001 (2018)1 exa-electron volts (EeV) = 1018 eV

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.030001
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Extensive air showers

Surface detector array

Fluorescence detector
©︎ Osaka Metropolitan University/Kyoto University/Ryuunosuke Takeshige

How to detect extremely infrequent UHECRs?
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Fig. 1. Image of a particle cascade, or shower, as seen in a cloud chamber at 3027 m altitude.
The primary particle is estimated to be a proton of about 10 GeV. The first interaction will
most probably have been in one of the lead plates. Neutral pions feed the cascade which
multiplies in the lead. Charged pions make similar interactions to protons, or decay into
muons. The cross-sectional area of the cloud chamber is 0.5⇥ 0.3 m2 and the lead absorbers
have a thickness of 13 mm each [Fretter, 1949].
.

1928] had already allowed to verification that Compton scattering produces a recoil
electron simultaneously with the scattered �-ray. Bothe’s coincidence circuit reached
a resolving time for singly charged particles of 1.4 ms but was limited to only twofold
coincidences. Only few months later, Rossi described a coincidence circuit which was
conceptually di↵erent from Bothe’s as it could accommodate many channels [Rossi,
1930]. He also pushed the resolving time down to 0.4ms. This, together with the strong
reduction of accidentals in triple coincidences, allowed for the detection of rare cosmic
events. In the mid-1930s the coincidence method has also been used to trigger a cloud
chamber inside a magnetic field. Instead of using the usual method of random expan-
sion of the chamber, as had to be performed by Dimitry Skobeltzyn for his discovery
of multiple production of fast �-particles in single interaction processes [Skobeltzyn,
1927, 1929], Blackett and Occhialini [Blackett, 1932] placed Geiger-Müller counters
above and below a vertical cloud chamber, so that charged particles passing through
the two counters would also pass through the chamber, triggering its expansion. This
technique allowed the observation of apparently simultaneous production of numerous
electrons and positrons much more e↵ectively (cf. Fig. 1). Blackett in his Nobel lec-
ture of 1948 recalled “that the development of the counter-controlled cloud chamber
method, not only attained the original objective of achieving much economy in both
time and film, but proved to have the unexpected advantage of greatly enhancing
the number of associated rays photographed” [Blackett, 1948a]. In retrospect, this
experiment marked the birth of “rare event triggering”, which became a key tool for
making progress in nuclear and particle physics experiments.

The development of the coincidence approach was crucial also for the discovery
and study of extensive air showers. In 1933 Rossi made a key observation which

Particle shower at 3027 m 
(W.B. Fretter, 1949)
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Fig. 3. The discovery of extensive air showers: Decoherence curves measured with Geiger
counters separated up to 300 m distance. Data of [Schmeiser, 1938] and [Kolhörster, 1938]
were measured at sea level with counters of 91 cm2 and 430 cm2 e↵ective area, respectively,
while data of [Auger, 1939a] were measured with counters of 200 cm2 at the Jungfraujoch
at 3450 m.

Kolhörster et al. [Kolhörster, 1938] reported data on the rate at which coincidences
between a pair of Geiger counters fell as a function of separation. The results of these
pioneering measurements are shown in Fig. 3. It is clear, however, that Rossi had made
the same discovery some years earlier. In 1934, he made observations in Eritrea that
suggested to him that there was a correlated arrival of particles at widely-separated
detectors. In his publication [Rossi, 1934] he gave the phenomenon the name “sci-
ami”. He was not able to follow up this work before he had to leave Italy and it seems
to have been unknown to either Bothe or Kolhörster.

Despite the work of Rossi and the two German groups, credit for the discovery of
extensive air showers has usually been given to Auger and his collaborators for what
seems to have been a serendipitous observation [Auger, 1939a] depending strongly
on the electronic developments by Roland Maze who improved the resolving time
of coincidence circuits to 5 µs [Maze, 1938]. Auger, Maze and Robley found that
the chance rate between two counters separated by some distance greatly exceeded
the chance rate expected from the resolving time of the new circuit. For a while
the phenomenon was known as “Auger showers” [Auger, 1985, page 214]. In their
measurements performed at the Jungfraujoch in the Swiss Alps they were able to
separate their detectors by up to 300 m. The decoherence curves are shown again
in Fig. 3. Di↵erences in the coincidence rates between the three groups of authors
can be understood both by the di↵erent e↵ective areas of the Geiger counters and
by the di↵erent altitudes at which the measurements were performed. In view of the
sequence of air shower observations, the important achievement of Auger and his
group, what distinguishes their work from that of Rossi, Schmeiser & Bothe, and
Kolhörster appears not so much in separating their detectors by up to 300m, but in
estimating the primary energy to be around 1015 eV. This estimate was based on the
number of particles in the showers, assuming that each particle carried, on average,
the critical energy. A factor of 10 was added to account for the energy lost in the
atmosphere. A similar conclusion came from using the work of Bhabha and Heitler,
based on the ideas of quantum electrodynamics (QED). It is worth quoting the final
remarks of Auger from his paper presented at the 1939 Symposium held in Chicago
[Auger, 1939b]:

Discovered coincidence 
signals of distant detectors 
with 150 m spacing at 3450 
m (P. Auger, 1939)

K.H. Kampert, A.A. Watson, Eur. Phys. J. H 37, 359–412 (2012)

Development of 
coincidence method 
within 0.4 millisecond 
(B. Rossi, 1931)Karl-Heinz Kampert and Alan A. Watson: Extensive air showers and ultra... 363

Fig. 2. Rossi’s transition curve: the experiment in which the abundant production of sec-
ondary radiation by cosmic rays was discovered. Coincidences between Geiger-Müller coun-
ters, arranged as on the left, are produced by groups secondary particles generated by cosmic
rays in the lead shield above the counters. The curves labeled I-III refer to p and Fe absorbers
of different thicknesses placed above the counters [Rossi 1933].

When extending previous measurements by Bothe and Kolhörster about the absorp-
tion of cosmic rays to a maximum of 101 cm of lead, he concluded that 50% of the
rays could penetrate a metre of lead for which the maximum particle energy exceeded
1.4 × 1010 eV based on energy-loss estimates by Heisenberg [Heisenberg 1932]. All
this gave support to the corpuscular nature of cosmic rays in agreement with con-
clusions by Bothe and Kolhörster. The key result of this paper later became known
as “Rossi’s transition curve”. Rossi observed a rapid increase of triple coincidences
in a triangular arrangement of Geiger counters (cf. Fig. 2) when some centimetres
of lead was placed above [Rossi 1933]. Only with with further increasing absorber
thickness did the coincidence rate start to decline. Rossi correctly concluded that soft
secondary particles were produced by cosmic particles entering the material. These
secondary particles then suffer increasing absorption with increasing total thickness
of the absorber. It is interesting to note that the same basic observation was made a
year later by Regener and Pfotzer [Regener 1935] when studying the vertical intensity
of cosmic rays in the stratosphere up to a height of 28 km by recording the rate of
threefold coincidences. Flying and operating sensitive instruments in the stratosphere
was a remarkable experimental achievement in itself which became possible because
of Regener’s long term experience in flying balloon-borne instruments for atmospheric
studies and because of his tedious work in patching hundreds of tiny pinholes in the
rubber balloons to prevent untimely bursting of the balloons in the upper atmosphere.
All this work paid off by observing an unexpected clear maximum in the coincidence
rate at a pressure of 100 mm of mercury (about 14 km above sea level). This became
known as the “Pfotzer Maximum”. Regener correctly interpreted [Regener 1938] the
maximum as being due to the multiplication of electrons in the atmosphere – which
he called “Schauer” – such as had been suggested by Bhabha and Heitler [Bhabha
1937]. However, neither Rossi nor Regener seem to have recognized that the same
physical mechanism was behind their observations.

Schmeiser and Bothe pointed out that Rossi’s transition curve implied the oc-
currence of showers in air – which they named “Luftschauer” – and showed that
particles in air showers had separations up to 40 cm [Schmeiser 1938]. Independently,
Kolhörster et al. [Kolhörster 1938] reported data on the rate at which coincidences
between a pair of Geiger counters fell as a function of separation. The results of
these pioneering measurements are shown in Figure 3. It is clear, however, that Rossi

https://link.springer.com/article/10.1140/epjh/e2012-30013-x


The beginning of 100 EeV (1020 eV) detection 6

(a) (b)

Figure 2.18. (a) The layout of the Volcano Ranch array, showing the position of the 19
scintillation detectors (black dots) in their original configuration as well as the
size of the expanded array, which corresponds to the outer hexagon [101] and
(b) the density map of the event above 1020 eV. The numbers correspond to
the shower density at each detector (particles/m2) and point ‘A’ corresponds to
the estimated shower core [102].

2.6.2 Haverah Park

The Haverah Park extensive air shower array was built as a collaborative experiment
between Universities of Durham, Leeds, Nottingham and London (Imperial College).
The array operated between 1968 and 1987 and consisted of water Cherenkov
detectors distributed over an area of ≥12 km2 with an irregular spacing due to
restricted land access [105, 106]. The experiment originally consisted of only a
500 m array of four detectors which recorded its first air showers in December
1962 [107]. These detectors are shown in Figure 2.19 as A1-A4. Each of the four
detectors of area 34 m2 consisted of 15 individual Cherenkov detectors made out
of galvanised steel tanks with an area of 2.29 m2 and a height of 1.2 m. Each tank
was instrumented by a single 5-inch PMT [105–107]. In addition to the 500 m array,
six sub-arrays comprising of four 13.5 m2 detectors surrounded the 500 m array at
≥2 km from its centre, shown as B to G in Figure 2.19. From May 1980, several
plastic scintillation detectors were operated at Haverah Park in order to perform
cross-calibration with Volcano Ranch and Yakutsk. They found excellent agreement
in measurements of the lateral distribution function (LDF) and energy calibration
between the three experiments [108]. The success of the Haverah Park experiment
and its use of water Cherenkov detectors paved the way for current experiments like
Auger, which later used a similar design for its SD.

36 Chapter 2 Ultra-High Energy Cosmic Rays

J. Linsley, “Evidence for a Primary Cosmic-Ray Particle with 
Energy 1020 eV”. Phys. Rev. Lett. 10 (4 Feb. 1963), 146–148

First detection of ~100 EeV 
at Volcano Ranch Array (1963)

2.7K cosmic microwave backgrounds 
(CMB) by Penzias and Wilson (1965)

From wikipedia

Prediction of Greisen, Zatsepin and Kuzmin (GZK) 
Cutoff (1966)

K. Greisen, “End to the cosmic ray spectrum?” Phys. Rev. Lett. 16 (1966), 748–750 
G.T. Zatsepin and V.A. Kuzmin, “Upper limit of the spectrum of cosmic rays”. JETP Lett. 
4 (1966), 78–80

A.A. Penzias and R.W. Wilson, "A Measurement of Excess Antenna Temperature at 4080 
Mc/s", Astrophys. J. Lett. 142: 419–421 (1965)

p + γCMB → Δ+ → p + π0
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Proposed by K. Suga 
and M. Oda (1958), 
also by Greisen and 
Chudakov at the same 
time 
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The Universe's most energetic particle 9

Xmax = 815 ± 60 g/cm2

D.J. Bird et al., ApJ 441 (1995) 144

Observed Xmax is consistent with 
hadron primary, unlikely with 
gamma-ray

(R.A., Dec.) = (85.2°, 48.0°)Figure 2.21. Image of the Fly’s Eye I detector with mirrors mounted in steel drums and PMT
arrays [117].

The High Resolution Fly’s Eye (HiRes) experiment, which consisted of two FD
stations (HiRes-I and HiRes-II) 12.6 km apart, was operated from 1998 to 2006 at
the existing Fly’s Eye site. The goal of HiRes was to increase the aperture by an order
of magnitude above 10 EeV and to improve the reconstruction resolution [118, 119].
The HiRes telescopes achieved a factor of 7 increase in the signal-to-noise ratio by
increasing the number of PMTs observing the same field of view (FoV) with a 16
◊ 16 array of PMTs, and the mirror diameter from 1.5 to 2 m. HiRes-I consisted
of 22 mirrors with an elevation FoV from 3¶ to 17¶ and HiRes-II consisted of 43
mirrors, providing a larger elevation FoV from 3¶ to 30¶ [119, 120]. HiRes was the
first to observe the GZK cut-off in the cosmic ray energy spectrum, at an energy of
6 ◊ 1019 eV [121, 122]. The observed energy spectrum shown in Figure 2.22 clearly
shows the ankle and the GZK cut-off. HiRes also made significant progress in mass
composition measurements using Xmax above 1018 eV which are consistent with a
proton-dominated composition [96, 122].

2.6.6 Akeno Giant Air Shower Array (AGASA)

The Akeno Giant Air-Shower Array (AGASA) was located near the village of Akeno in
Japan, and covered an area of 100 km2, making it the largest cosmic ray observatory
during its operation from 1990 to 2004 [123–125]. The Akeno Giant Air-Shower
Array (AGASA) consisted of 111 2.2 m2 scintillation detectors with a spacing of
1 km. Additionally, 27 of the scintillation detector sites also contained a muon

40 Chapter 2 Ultra-High Energy Cosmic Rays

Fly's Eye (Utah, USA)
Construction started from 1976, 
after a confirmation of 
fluorescence signal at Volcano 
Ranch Array

The highest energy cosmic ray so far, 15th October, 1991
320 ± 38 (stat.) ± 85 (syst.) EeV, "Oh-My-God" particle 

Start the High Resolution Fly's Eye (HiRes-1) from 1994.

https://ui.adsabs.harvard.edu/abs/1995ApJ...441..144B/abstract


Pierre Auger Observatory 
(Auger) 

Malargüe, Argentina 

2004~, 3000 km2 

AugerPrime upgrade 
scintillator + small PMT + 
radio + buried muon detector 
+ high speed electronics

Telescope Array 
Experiment (TA) 

Utah, USA 
2008~, 700 km2  

TA×4 → 3000 km2

10

Google Earth

dŚĞ�ƐƚƌĂƚĞŐǇ ŽĨ�ƚŚĞ�hƉŐƌĂĚĞ

DĞĂƐƵƌĞ�ǁŝƚŚ�ƚŚĞ�WŝĞƌƌĞ��ƵŐĞƌ�KďƐĞƌǀĂƚŽƌǇ�ƵŶƚŝů�ϮϬϮϱ͘�
;DKhƐ�ŚĂǀĞ�ďĞĞŶ�ƐŝŐŶĞĚ�ŝŶ�EŽǀ�ϮϬϭϱͿ

dŚĞ��ƵŐĞƌWƌŝŵĞ ƵƉŐƌĂĚĞ͗
ϭ͘ �ĚĚ�Ă�^ƵƌĨĂĐĞ�^ĐŝŶƚŝůůĂƚŽƌ��ĞƚĞĐƚŽƌ�;^^�Ϳ�ƚŽ�ŵĞĂƐƵƌĞ�ƚŚĞ�ŵĂƐƐ�ĐŽŵƉŽƐŝƚŝŽŶ�ŝŶ�ĐŽŵďŝŶĂƚŝŽŶ�ǁŝƚŚ�ƚŚĞ�tĂƚĞƌ�

�ŚĞƌĞŶŬŽǀ��ĞƚĞĐƚŽƌƐ�;t��Ϳ͘
Ϯ͘ �ĚĚ�Ă�ƐŵĂůů�WDd�ƚŽ�ŝŶĐƌĞĂƐĞ�ƚŚĞ�ĚǇŶĂŵŝĐ�ƌĂŶŐĞ�ŽĨ�ƚŚĞ�t��͘
ϯ͘ hƉŐƌĂĚĞ�ƚŚĞ�^ƵƌĨĂĐĞ��ĞƚĞĐƚŽƌ���ůĞĐƚƌŽŶŝĐƐ��;^��Ϳ�ƚŽ�ŝŵƉƌŽǀĞ�ƚŚĞ�ƉĞƌĨŽƌŵĂŶĐĞ�ŽĨ�ƚŚĞ�t��͕�ĂĐƋƵŝƌĞ�ƚŚĞ�^^��ĂŶĚ�

ƚŚĞ�ƐŵĂůů�WDd͘
ϰ͘ �ĚĚ�ĂŶ�hŶĚĞƌŐƌŽƵŶĚ�DƵŽŶ��ĞƚĞĐƚŽƌ��;�D/'�Ϳ�ƚŽ�ŚĂǀĞ�Ă�ĚŝƌĞĐƚ�ŵƵŽŶ�ŵĞĂƐƵƌĞŵĞŶƚ�ĂŶĚ�ĐƌŽƐƐͲĐŚĞĐŬ�ƚŚĞ�^^�Ͳ

t���ĐŽŵďŝŶĞĚ�ĂŶĂůǇƐŝƐ͘
ϱ͘ �ǆƚĞŶĚĞĚ�ƚŚĞ�&ůƵŽƌĞƐĐĞŶĐĞ��ĞƚĞĐƚŽƌ�;&�Ϳ�ĚƵƚǇ�ĐǇĐůĞ�ƚŽ�ŝŶĐƌĞĂƐĞ�ƚŚĞ�ƐƚĂƚŝƐƚŝĐƐ�ŽĨ�ƚŚĞ�ŵŽƌĞ�ĞŶĞƌŐĞƚŝĐ�ŚǇďƌŝĚ�

ƐŚŽǁĞƌƐ͘

ϳ
dĞǀW� ϮϬϭϴ �͘�DĂƌƚĞůůŽ��

Latest UHECR observatories



Pierre Auger Observatory @Malargüe, Argentina
11



Telescope Array experiment @Utah, USA 12
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2021 May 27, 04:35:56 AM
Detection of "Amaterasu" particle

Telescope Array Collaboration, Science 382, 903 (2023) ©︎ Toshihiro Fujii, L-INSIGHT, Kyoto University and Ryuunosuke Takeshige
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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

15

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, arXiv:2312.13273)
Monopole (Frampton, 
arXiv:2403.12322)
Binary neutron star merger 
(Farrar, arXiv:2405.12004)  
Ultra-heavy composition like Te 
or Pt (Zhang+, arXiv:2405.17409) 

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°

.. .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. .. . ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... ..... ... .. ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .. ... ... .. ... .. ... ... .. ... ... .

RESEARCH | RESEARCH ARTICLE

Telescope Array Collaboration, Science 382, 903–907 (2023) 24 November 2023 2 of 5

D
ow

nloaded from
 https://w

w
w

.science.org at O
saka M

etropolitan U
niversity on N

ovem
ber 23, 2023

Open raw-data of this event

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

15
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6 (2019) 23 A. Coleman, Astropart. Phys. 149, 102819 (2023)
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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.

15

Firmly confirmed the spectrum cutoff above 50 EeV 

No detection above 300 EeV 

Tension of the spectra at highest energies?

"Instep", softening 
around 20 EeV

"Shin" (= second 
knee) around 0.1 EeV

A. Coleman et al., Astropart. Phys. 149, 102819 (2023)
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Ankle

https://www.sciencedirect.com/science/article/pii/S0927650523000051?via=ihub


Mass composition 18

θ ∼ 10∘ Z ( E
10 EeV )
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energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

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

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

R.A. Batista et al.,  Front.Astron.Space Sci. 6 (2019) 23 

Z : atomic number 
     (mass composition)

Gradually increase to the heavier composition above 3 EeV

TA reported a heavy composition 
above 100 EeV from isotropy
Telescope Array Collaboration, PRL 133, 041001 (2024)
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>10 EeV skymap 20

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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(arXiv:1805.02496)

"Deciphering" magnetic fields
Synchrotron emission 
at 30 GHz 
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>50 EeV skymap
T. Fujii et al., PoS (ICRC2021) 291 (2020)
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Intriguing intermediate-scale anisotropies (~20 degrees) such as hot/warm spots
No excess from M87 of Virgo cluster, dubbed "Virgo scandal"

Isotropic distributions of UHECRs than our (optimistic) expectation

https://arxiv.org/pdf/2107.02949
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energy spectra for the Southern sky, seen by Auger only, for the Northern sky, seen by TA only, and for the
declination range �15�  �  24.8�, seen by both observatories. The energy spectrum for the common
declination band is depicted in the right panel of Figure 3. Obviously, the agreement is much better, but
some differences are still seen. It should also be noted that the energy spectrum measured by Auger does
not show any significant declination dependence, but that of TA does. As it is still too early to draw definite
conclusions about the source of the differences, the joint working group will continue their studies. It is
also worthwhile to note that the declination dependence of the energy spectrum seen by TA should cause a
significant anisotropy in the arrival directions of UHECR. This has been studied in [34] and was found to
be in tension with astrophysical models aimed at reproducing observational constraints on anisotropies.

Another important question related to the UHECR energy spectrum is about the origin of the flux
suppression observed at the highest energies. The GZK cut-off was predicted 50 years ago independently
by Greisen and Zatsepin & Kuzmin [2, 3] and was claimed to be found by the HiRes collaboration in
2008 [21]. At the same time, the Auger collaboration reported a flux suppression at about the same energy
and with a significance of more than 6� [35]. Above 1019.8 eV, TA has reported the observation of 26
events [36] and Auger has reported 100 events [37] by ICRC2017. However, these numbers cannot be
compared directly due to the difference in the energy calibration of the experiments. We discuss more this
problem in Section 3.1.
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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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R.A. Batista et al.,  
Front.Astron.Space Sci. 
6 (2019) 23 A. Coleman, Astropart. Phys. 149, 102819 (2023)

After over-100-year endeavor for detecting cosmic rays, 
origins of UHECRs are still inconclusive...😅 We need future observatories! 😁

Summary and future perspective
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Art of cosmic ray (Hiroshi Nakajima, Japan)
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ミュオグラフィ実験室Ⅲ 中島裕司（日本）

← Amaterasu particle
↓ Muon tomography 
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UHECRs as a high energy pioneer
Pros 

The most energetic particle in the Universe, ~3.2x1020 eV (=320 EeV) 

√s ~ 800 TeV  (ref. √s ~ 14 TeV at the Earth's largest accelerator) 

to make a light bulb flash during only 1 second 

Possible directional correlations toward nearby powerful astronomical objects as next 
generation astronomy 

Pioneering search for new physics at an unprecedented energies for accelerators 

Cons 

Extremely infrequent: 1 particle/km2/century (>50 EeV) 

Challenging to detect UHECRs 

Manage a lot of systematic uncertainties 

26

θ ∼ 10∘ Z ( E
10 EeV )
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Cosmic'Ray�

Cosmic'microwave'
background'radia5on'(CMBR)'� Earth�

Cosmic'Ray�

Greisen–Zatsepin–Kuzmin (GZK) Cutoff

Interaction between >50 EeV proton and CMB via pion 
production 

Heaver nuclei also interact via photo-disintegration
Mean free path: 50-100 Mpc (cosmological 
neighborhood)

Cutoff feature of energy spectrum above 50 EeV
The universe's largest-scale interaction between 
the most energetic particles and the oldest photons

27

Planck CollaborationK. Greisen, PRL 16 (17): 748–750. (1966), G.T. Zatsepin and V.A. Kuz'min, JETP Letters. 4: 78–80 (1966)

p + γCMB → Δ+ → p + π0

A
ZN + γCMB → A−1

Z−1N′￼+ p



Less deflection by Galactic magnetic fields 28

Galactic Center

1 EeV proton
= O(8 EeV), Fe(26 EeV)

10 EeV proton
= O(80 EeV), Fe(260 EeV)

Earth

R. Higuchi (RIKEN) by CRPropa
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Deflection angle
in Milky Way

Important observable
Z : atomic number (mass composition)
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Source candidates and next-generation astronomy 29

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
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Supernova 
remnant

Neutron star Gamma-ray burstActive 
galactic nuclei

... or "New physics"
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Low energy 
cosmic rays

"Charged particle astronomy" using 
ultra-high-energy cosmic rays 

(UHECRs)

©︎ Osaka Metropolitan University/Kyoto University/Ryuunosuke Takeshige



Fine pixelated camera

Low-cost and simplified telescope

✦Target : > 1019.5 eV, ultrahigh-energy cosmic rays, neutrino and gamma rays 
✦Huge target volume (10x Auger or TAx4) ⇒ Fluorescence detector array 

Too expensive to cover a huge area

31

Smaller optics and single or few pixels

Fluorescence detector Array of Single-pixel Telescopes 

Segmented mirror telescope   
Variable angles of elevation – steps. 

construction is still in development  

15 deg  45 deg  

Joint Laboratory of Optics Olomouc – March 2014 
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UHECR detections

33

Event 1: SD: 4.1 EeV, Zen: 31.74◦, Azi: -29.05◦, Core(-2.729,
-15.892), Date: 20190110, Time: 054148.882881 FD: 5.13 EeV,
Zen: 29.2◦, Azi: -28.3◦, Core(-3.44, -15.84), Date: 20190110,
Time: 054148.882947015

Event 2: SD: 15.8 EeV, Zen: 36.15◦, Azi: 18.0◦, Core(5.002,
-4.461), Date: 20190110, Time: 063617.657363 FD: 19.95 EeV,
Zen: 33.2◦, Azi: 35.8◦, Core(6.12, -5.26), Date: 20190110,
Time: 063617.657398690

Event 3: SD: 1.36 EeV, Zen: 50.24◦, Azi: 21.15◦, Core(10.421,
-8.062), Date: 20190110, Time: 064456.386161 FD: 0.72 EeV,
Zen: 49.8◦, Azi: 21.3◦, Core(10.78, -8.07), Date: 20190110,
Time: 064456.386176926

Event 4: SD: 1.32 EeV, Zen: 39.07◦, Azi: -4.84◦, Core(9.045,
-2.982), Date: 20190110, Time: 070221.485684 FD: 1.86 EeV,
Zen: 33.9◦, Azi: 10.0◦, Core(9.8, -3.91), Date: 20190110, Time:
070221.485723180

2

FAST top-down reconstruction (Preliminary)
Zenith       Azimuth       Core(X)   Core(Y)     Xmax       Energy 
33.9 deg              

FAST result

TA result
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Zenith       Azimuth       Core(X)   Core(Y)    Energy 
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TA FD (Preliminary)
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FAST@TA
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✦Preliminary resolution at 40 EeV 
✦  Arrival direction: 4.2 degrees 
✦Energy: 8%, Xmax: 30 g/cm2  

✦Expected sensitivity with a "full-
size" FAST array (500 stations to 
cover 150,000 km2)  

✦Hunting the Universe's 
most energetic particles
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Summary: Global Cosmic Ray Observatory

 6

- 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

Global Cosmic ray Observatory (GCOS)Fluorescence detector Array of Single-pixel Telescopes (FAST)

FAST@Telescope Array, Utah USA FAST@Pierre Auger , Argentina

https://www.fast-project.org

Low-cost, easily deployable 

https://www.fast-project.org


Extragalactic diffuse

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

Multi-messenger synergies 36

Neutrinos 
(IceCube)

UHECRs 
(TA, Auger)

L. Lu, PoS(ICRC2023)1188

Neutrinos 
(IceCube-Gen2)

FAST

TALE/
TALE-infill

TAx4

Gamma-rays 
(Fermi-LAT)
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Mass composition 38

θ ∼ 10∘ Z ( E
10 EeV )

−1

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.

R.A. Batista et al.,  Front.Astron.Space Sci. 6 (2019) 23 

Z : atomic number 
     (mass composition)

Gradually increase to the heavier composition above 3 EeV
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Figure 1. Directional exposure from the surface detectors of the Telescope Array (long-dashed blue line: events up to zenith angles of
55 �) and Pierre Auger Observatory (dashed red line: vertical events up to zenith angles of 60 �; dashed orange line: inclined events with
zenith angles in 60�80 �). Left: Dataset compiled for EAuger/TA > 8.86/10 EeV. Right: Dataset compiled for EAuger/TA > 40/53.2 EeV.

from deflections within the Galactic magnetic field.1 The
study of anisotropies over the full celestial sphere in these
regimes could thus provide invaluable insights into both
the propagation of UHECRs over cosmic scales and the
distribution of their sources, be they localized in a few di-
rections or distributed following local structures.

2 Ultra-high energy datasets

Following previous joint searches over the full celestial
sphere [7, 8], we aim in this contribution at establishing
and characterizing datasets covering energy ranges above
the ankle and above the flux suppression of the cosmic-ray
spectrum. In Sect. 2.1, we describe the datasets collected
above threshold energies measured by the Telescope Array
and the Pierre Auger Observatory, ETA and EAuger, respec-
tively. We combine in Sect. 2.2 these datasets above com-
mon threshold energies, as defined from a match in flux in
the declination band covered by both observatories.

2.1 Telescope Array and Pierre Auger Observatory

datasets

The Telescope Array has been fully operational since May
2008. Data with fiducial cuts described in [9] were shared
up to May 2017 above an energy threshold of ETA =
10 EeV, where the array of 507 scintillator detectors is
fully e�cient.

The detectors of the Telescope Array pave an area of
nearly 700 km2, with a zenith-angle coverage up to 55 �.
The geometrical exposure associated with the dataset stud-
ied in this contribution, corrected for bin-to-bin migra-
tion induced by the limited energy resolution, is estimated
to 11,500 km2 sr yr at ETA > 10 EeV, increasing by less
than a percent at the highest energies (11,600 km2 sr yr for
ETA > 50 EeV).

The Pierre Auger Observatory started taking data in
2004 and has been fully operational since January 2008.

1Median deflections are estimated to be on the order of ⇠ 3� ⇥ Z ⇥
(E/100 EeV)�1, with a spread of similar amplitude [6].

Two datasets were shared, with cuts optimized for, on
the one hand, analyses above a full-e�ciency threshold of
EAuger = 4 EeV [1] and, on the other hand, analyses at the
highest energies [10].

Following [1], the low-energy dataset consists of
events detected from 2004 January 1 up to 2016 Au-
gust 31. Zenith angles up to 60 � are covered using
so-called “vertical” events while a di↵erent reconstruc-
tion is used from 60 � up to 80 � for so-called “inclined”
events. The 1,600 water-Cherenkov detectors of the
Pierre Auger Observatory are deployed over area of nearly
3,000 km2 resulting in a geometrical exposure amount-
ing to 76,800 km2 sr yr for the period covered by the low-
energy dataset. Correcting for energy resolution e↵ects
yields an unfolded exposure of 78,400 km2 sr yr. At higher
energies, above EAuger = 40 EeV [4], the collected dataset
covers the period 2004 January 1 up to 2017 April 30 as in
[10], with a geometrical exposure of 86,900 km2 sr yr, that
is 91,300 km2 sr yr after correction for resolution e↵ects.2

2.2 Flux match in the common declination band

The exposures from the Telescope Array and Pierre Auger
Collaborations are determined with an accuracy better
than 3 %, a level at which the contrast in flux recon-
structed from the Northern and Southern hemispheres is
not expected to have a significant impact on anisotropy
constraints given current UHECR statistics. On the other
hand, full-sky anisotropy studies could be substantially
impacted by a systematic shift in the energy scales, the un-
certainty on which is estimated to be 21 % and 14 % for the
Telescope Array and Pierre Auger Observatory, respec-
tively. Shifting the energy scale of a power-law spectrum
of index � by a factor r results in a shift by a factor r��1 on
the flux integrated above a fixed energy threshold. Thus,
a 10 � 20 % mismatch in energy scale could result in a
30�60 % mismatch in flux for an index � ⇠ 4. To account
for such a flux mismatch, an analysis approach has been

2The dataset is 2 % larger than that analyzed in [10], both in terms of
exposure and number of events, thanks to an improved data treatment.

2

EPJ Web of Conferences 210, 01005 (2019) https://doi.org/10.1051/epjconf/201921001005
UHECR 2018

J. Biteau, TF et al., EPJ Web of Conferences 210, 01005 (2019) 
using a different color contour

Energy calibration at 
common declination band

Auger/TA = 8.86/10 EeV
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E > 8 EeV

NORMALIZED RATENORMALIZED RATE

Compatible with dipolar distribution

First Harmonic 
(χ2/dof = 10.5/10)

Observation of dipole structure above 8 EeV 40

9

FLUX MAP ABOVE 8 EeVFLUX MAP ABOVE 8 EeV

Galactic center

Equatorial coordinates

Observation of Dipolar anisotropy above 8 EeVObservation of Dipolar anisotropy above 8 EeV
Harmonic analysis in right ascension ↵

E [EeV] events amplitude r phase [deg.] P (� r)

4-8 81701 0.005+0.006
�0.002 80± 60 0.60

> 8 32187 0.047+0.008
�0.007 100± 10 2.6⇥ 10

�8

significant modulation at 5.2� (5.6� before penalization for energy bins explored)

 0.9
 0.92
 0.94
 0.96
 0.98

 1
 1.02
 1.04
 1.06
 1.08
 1.1

 0 60 120 180 240 300 360

N
or

m
al

iz
ed

 R
at

e

Right Ascension [deg]

data E>8 EeV
first harmonic

 

0.38

0.42

0.46

k
m

-2
 sr

-1
 y

r
-1

-90

90

360 0

 

0
.3

8

0
.4

2

0
.4

6

km-2 sr-1 yr-1

-9
0

9
0

1
8
0

-1
8
0

2
M

R
S 5

 E
eV

2
 E

eV

3-d dipole above 8 EeV:

(6.5
+1.3
�0.9)% at (↵, �) = (100

�
,�24

�
)

[22 of 30]

Pierre Auger Collaboration. Science 357, 1266 (2017)

1 January 2004 - 31 August 2016, ~12 years



Energy dependence on the dipole amplitude 41

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

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

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

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

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

Figure 1. Reconstructed equatorial dipole amplitude (left) and phase (right). The upper limits at 99%CL are shown for all the energy bins in which the measured
amplitude has a chance probability greater than 1%. The gray bands indicate the amplitude and phase for the energy bin E�8 EeV. Results from other experiments
are shown for comparison (IceCube Collaboration 2012, 2016; KASCADE-Grande Collaboration 2019).
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Multi-wavelength observation at NGC6946 42

\https://sky.esa.int/?target=308.71805%2060.15367778&hips=DSS2+color&fov=0.4038209968608235&cooframe=J2000&sci=true&lang=en No significant emissions at hard X-ray and gamma-ray

https://sky.esa.int/?target=308.71805%2060.15367778&hips=DSS2+color&fov=0.4038209968608235&cooframe=J2000&sci=true&lang=en


UHECR full-sky by TA and Auger 43

Ankle (ETA>10 EeV, EAuger>8.86 EeV) 45° circle

Suppression (ETA>52.3 EeV EAuger>40 EeV) 20° circle

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

https://pos.sissa.it/395/402/


Overeview 44

A. M. Hillas, Astron. Astrophys., 22, 425 (1984)
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A new "lens" for visualizing extensive air showers 45
Directly penetrating Subaru HSC CCDs

Image credit: https://subarutelescope.org

Altitude 4139 m, Mauna Kea, Hawai 
Optical and Infra-red telescope  
8.2 m diameter mirror 
34' x 27' field of view

CCD size 
30 mm x 60 mm  
0.2 mm thickness 
150 sec. exposure 

116 CCDs

individual particles of  
an extensive air showerApp Store (Mac)

S. Kawanomoto, M. Koike, TF et al., Scientific Reports 13:16091 (2023)

https://subarutelescope.org
https://www.nature.com/articles/s41598-023-42164-4


Figure1:(Left)Anexampleofacosmic-rayextensiveairshowerrecordedbytheCCDof
Subaru-HSC.(Right)Aschematicviewofthefourpossibleincidentdirectionsofacharged
particlepenetratingthedepletionlayerofaCCD.

MaunaKeainHawaii.SubaruHSCtypicallyobservesdistantstars,galaxiesandotherinter-

stellarobjectsintheopticalandinfraredbyutilisingmorethanonehundred2k⇥4kCharge

CoupledDevices(CCDs).ThetotalareaoftheCCDarrayisapproximately0.18m2.

WhenanextensiveairshoweroccursinthevicinityofSubaruHSC,chargedparticlespene-

trateintothedepletionlayeroftheCCDs.Ifthisoccursduringanexposureperiodi.e.whilstthe

telescopeismeasuring,theparticlesleavelongthin“tracks”onthefinalimage.Anexampleof

thiseffectisshowninFigure1(left).Inthiscase,themajorityoftracksarealignedinasimilar

direction,indicatingtheprobablearrivaldirectionoftheoriginalcosmicray.Noticeably,there

areafewtracksnotalignedwiththegeneraldirectionoftheshower.Thesemaybedeflected

particlesfromthesameshower,orrandomlydirectedparticlesoriginatingfromtheconstant

backgroundoflowenergycosmicrayshowers.

TheangleofentryintotheCCDforeachparticlecanbedeterminedbasedonthetracks

length.However,thisstillleaves4possibilitiesforthe3Ddirectionoftheparticle,asillus-

tratedinFigure1(right).Theprocedurefordecidinguponaparticlesdirectionandhowthese

3

46

10 mm

S. Kawanomoto, M. Koike et al., Scientific Reports 13:16091 (2023)

https://www.darkenergysurvey.org/

Dark Energy Survey

A new "lens" for deciphering extensive air showers

https://www.nature.com/articles/s41598-023-42164-4
https://www.darkenergysurvey.org/


Air-shower Lensing Observatory at High Altitude (ALOHA)47

Possible installation of surface detector array at ventilation room of Subaru Telescope 
4 plastic scintillators with 20 m spacing, providing a unique detection combining 
with Subaru telescope and cosmic ray detectors, like a "lens" of extensive air shower

0

10

20

30

10
20
30
40

20
40
60

0

10

20

30

10
20
30
40
50

0
20
40
60
80

0
20
40
60

0
100
200
300
400

0
10
20
30
40

10
20
30
40

0

100

200

300

0
200
400
600
800

20

40

0
20
40
60

0
10
20
30

0
20
40
60

0

2000

4000

0

50

100

0

100

200

300

0

500

1000

1500

10
20
30

0
20
40
60

20

40

0
100
200
300
400

0

20

40

0

50

100

10
20
30

20

40

60

10
20
30

0

50

100

10

20

30

20
40
60
80

10
20
30
40

10
20
30

10
20
30
40

10
20
30
40
50

10

20

30

5 10 15 20 25

20

40

SDBUP711

SDBLO711

SDBUP712

SDBLO712

SDBUP710

SDBLO710

SDBUP811

SDBLO811

SDBUP609

SDBLO609

SDBUP810

SDBLO810

SDBUP709

SDBLO709

SDBUP809

SDBLO809

SDBUP910

SDBLO910

SDBUP708

SDBLO708

SDBUP909

SDBLO909

SDBUP808

SDBLO808

SDBUP1010

SDBLO1010

SDBUP607

SDBLO607

SDBUP707

SDBLO707

SDBUP1009

SDBLO1009

SDBUP908

SDBLO908

SDBUP807

SDBLO807

SDBUP1008

SDBLO1008

SDBUP907

SDBLO907

SDBUP706

SDBLO706

SDBUP1109

SDBLO1109

SDBUP806

SDBLO806

SDBUP1007

SDBLO1007

SDBUP1108

SDBLO1108

SDBUP906

SDBLO906

SDBUP805

SDBLO805

SDBUP1107

SDBLO1107

SDBUP1208

SDBLO1208

SDBUP1006

SDBLO1006

SDBUP1207

SDBLO1207

SDBUP1106

SDBLO1106

H\EULG�6D�HYHQW­>DDWH:20160523�7LPH:70203.690178

FA
D
C
�c
oX
nW

6D711
6=6.4866�MI3

5=2720.91572�P

6D712
6=2.7903�MI3

5=3498.56269�P

6D710
6=20.1141�MI3

5=2053.421145�P

6D811
6=7.2391�MI3

5=2711.688439�P

6D609
6=5.7124�MI3

5=2625.948658�P

6D810
6=37.693�MI3

5=1789.451454�P

6D709
6=41.5164�MI3

5=1697.857263�P

6D809
6=284.2056�MI3
5=1002.656857�P

6D910
6=11.5959�MI3

5=2077.104406�P

6D708
6=23.1758�MI3

5=1853.078216�P

6D909
6=208.5933�MI3
5=1115.636199�P

6D808
6=554.6441�MI3
5=823.287801�P

6D1010
6=4.7856�MI3

5=2746.782653�P

6D607
6=5.3667�MI3

5=3407.750974�P

6D707
6=4.4948�MI3

5=2422.370096�P

6D1009
6=31.4747�MI3

5=1898.682475�P

6D908
6=4034.6435�MI3
5=212.605018�P

6D807
6=61.3539�MI3

5=1496.790428�P

6D1008
6=150.5589�MI3
5=1236.405779�P

6D907
6=601.2278�MI3
5=854.911678�P

6D706
6=2.5204�MI3

5=3192.195886�P

6D1109
6=6.4375�MI3

5=2847.232495�P

6D806
6=3.0861�MI3

5=2431.544479�P

6D1007
6=172.4634�MI3
5=1162.434503�P

6D11086=5.6821�MI35=2272.179195�P

6D906
6=26.0936�MI3

5=1814.036635�P

6D805
6=2.0322�MI3

5=3314.322781�P

6D1107
6=11.7404�MI3

5=2024.779644�P

6D1208
6=2.9682�MI3

5=3305.863505�P

6D1006
6=37.3604�MI3

5=1743.654467�P

6D1207
6=4.3587�MI3

5=2997.076821�P

6D1106
6=13.6886�MI3
5=2221.19263�P

6D1005
6=4.1706�MI3

5=2573.411686�P

6D1206
6=2.7615�MI3

5=2991.191155�P

6D1105
6=5.5177�MI3

5=2762.460515�P

6D1004
6=2.809�MI3

5=3472.169057�P

6D1306
6=1.7126�MI3

5=3913.181784�P

6D1205
6=5.5425�MI3

5=3282.309704�P

í15 í10 í5 0 5 10 15
í20

í15

í10

í5

0

5

10

15

TA�SD�PaS:�daWa�HYHQW

EaVW�[kP]

N
RU
Wh
�[
kP
]

]HQ:51.14,�D]L:130.87�
�EQH:1.7204H+20�
ORJS8:2.2989

E>100EeV

prototype 
scintillator @OMU

Subaru telescope

shower
 front
v ~ c

shower 

direction

1MIP波形確認のためのセットアップ

11

-1014V

シンチ
25cm×25cm×1.2cm

Image credit: https://subarutelescope.org

https://subarutelescope.org


Extremely energetic particles detected by AGASA 48

Akeno Giant Air Shower Array（AGASA）
1993~2004, Effective area of 100 km2 

December 3rd 1993, 213 (170 − 260) EeV
May 10th 2001, ~280 EeV 

N. Hayashida, et al., 
Phys. Rev. Lett. 73, 
3491 (1994) 

2 Updated Results

The updated energy spectrum observed with AGASA (without A20) is shown in Figure 1,
multiplied by E3 in order to emphasize details of the steeply falling spectrum. Error bars
represent the Poisson upper and lower limits at 68% and arrows are 90% C.L. upper limits.
Numbers attached to points show the number of events in each energy bin. The dashed
curve represents the spectrum expected for extragalactic sources distributed uniformly in the
Universe, taking account of the energy determination error [9]. Now we observed 8 events
above 1020eV.

h12

Supergalactic Plane

+60

-60

-30

+30

0

o

o

o

o
Galactic Plane

Dec

RA
h h

24

AGASA + A20

Figure 2: Arrival directions of cosmic rays with energies above 1019.0eV on the equatorial
coordinates. Open circles, and open squares represent cosmic rays with energies of (4 – 10) ×
1019eV, and ≥ 1020eV, respectively. The galactic and supergalactic planes are shown by the
red and blue curves. Large circles indicate event clusters within 2.5◦ as noted in Table 1.

Figure 2 shows arrival directions of cosmic rays with energies above 4 × 1019eV in the
equatorial coordinates. Open circles, and Open squares represent cosmic rays with energies of
(4 – 10) × 1019eV, and ≥ 1020eV, respectively. The shaded regions indicate the celestial regions
excluded in this paper due to the zenith angle cut of ≤ 45◦. The galactic and supergalactic
planes are drawn by the red and blue curves. The shaded circle near the center is the C2 triplet
– three events are observed within 2.5◦ – and the chance probability of observing such triplet
under an isotropic distribution is about 1 %. This value becomes somewhat larger than our
Ap.J. publication [2], but this triplet is an interesting phenomenon. A new doublet is observed
around (14h 10m, 37.5◦), which is referred to as “C6” on the basis of our Ap.J. publication [2].

3

M. Takeda et al., ApJ 
522, 225 (1999)

N. Sakaki et al., Proceedings of 
ICRC 2001: 337
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Fig. 4. Candidate for the highest energy event so far observed by the AGASA. The left panel shows the lateral distribution of charged
particles (filled dots) and of muons (shaded squares). The solid line is the empirical formula of lateral distribution for charged particles and
the dashed line is the lateral distribution for muons by the AGASA. In the right panel, dots are the positions of the scintillation detectors and
open circles are the particle densities observed by the detectors. The radius is proportional to the logarithm of the density. The shower core
is located at the cross and the arrival direction is shown by the arrow.

steeper than the average one in the lower energy region, and
the ratio of muon to electron densities gives a smaller value
than the average of other highest energy events. We have
analyzed air shower data with fixed slope (⌘ parameter) of
the lateral distribution, because the ⌘ parameter is almost in-
dependent of the primary energy and it gives a more stable
estimate on the primary energy (Hayashida et al., 1999). If
we analyze this event with variable ⌘, the estimated energy
becomes higher, 3.3 ⇥ 1020eV, which is almost the same en-
ergy as the Fly’s Eye highest event, 3.2 ⇥ 1020eV. The de-
tailed analysis of this event is going on and the results will
be reported at this conference.

7 Summary

We have successfully developed a method to obtain the pri-
mary energy of cosmic rays up to 60�. As a consequence,
the exposure is increased by 50 % compared to that within
45�. The energy spectrum of inclined showers is consistent
with that of vertical showers. The combined spectrum using
events within 60� extends up to a few times 1020eV with-
out showing the GZK cutoff and the total number of can-
didates above 1020eV is 17. The highest energy event of
⇠ 3 ⇥ 1020eV was observed in May 2001.
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Figure 1. The ultrahigh energy cosmic-ray spectral data from the analysis of Fly’s Eye (full
triangles), AGASA (full circles), HiRes I-monocular (open triangles) and HiRes II-monocular
(open squares) observations.

for astrophysics as well as physics. We will take a synoptic view of ultrahigh energy hadrons,
photons and neutrinos. In this way, one can gain insights into the profound connections
between different fields of observational astronomy and astrophysics which use different
experimental techniques.

2. The highest energy cosmic rays

2.1. The data

Figure 1 shows the data (as of this writing) on the ultrahigh energy cosmic-ray spectrum from
the Fly’s Eye, AGASA and HiRes detectors. Other data from Haverah Park and Yakutsk,
which may be found in the review by Nagano and Watson (2000), are consistent with figure 1.
The new HiRes data are from Abu-Zayyad et al (2002).

For air showers produced by primaries of energies in the 1–3 EeV range, Hayashida et al
(1999) have found a marked directional anisotropy with a 4.5σ excess from the galactic centre
region, a 3.9σ excess from the Cygnus region of the galaxy, and a 4.0σ deficit from the
galactic anticentre region. This is strong evidence that EeV cosmic rays are of galactic origin.
A smaller galactic plane enhancement in EeV events was also reported by the Fly’s Eye group
(Dai et al 1999).

As shown in figure 2, at EeV energies, the primary particles appear to have a mixed or
heavy composition, trending towards a light composition in the higher energy range around
30 EeV (Bird et al 1993, Abu-Zayyad et al 2000). This trend, together with evidence of a
flattening in the cosmic-ray spectrum in the 3–10 EeV energy range (Bird et al 1994, Takeda
et al 1998) is an evidence for a new component of cosmic rays dominating above 10 EeV
energy.

F W Stecker, J. Phys. G: Nucl. Part. 
Phys. 29 R47 (2003)

of the presently operating experiments but may
be within the reach of the Auger Observatory.
However Auger in the southern hemisphere looks
away from the Virgo cluster, where there are sig-
nificant concentrations of extra-galactic matter
which might serve as sources.

5.3. Composition
To measure the composition of the primary cos-

mic rays is the most difficult challenge of all, far
more so than the energies and directions. One
seeks to infer the nature of the primary parti-
cle from the 1010 secondaries produced. The two
principal observables that can be traced to the
nature of the primary are the depth of maxi-
mum of the shower (Xmax) and the ratio of the
muonic to to electromagnetic components of the
shower. There are secondary observables related
to these primary observables. For a given en-
ergy the showers are successively more penetrat-
ing (larger Xmax) as one passes from a heavy pri-
mary to a proton to a photon. A deeper shower
has a sharper lateral distribution (the shower has
less distance to spread). The spread in time of
shower particles that arrive at a detector far from
the axis is larger for a deeply penetrating shower.
In addition the muon to electromagnetic ratio de-
creases as the shower is more penetrating. This
ratio is roughly 40% lower for protons than for
the heaviest nucleus expected in the cosmic rays.
Photons at the highest energy ≥ 1019 eV have a
muon to electromagnetic ratio more than a factor
three less than protons.

In all the literature concerning composition one
speaks of protons and iron as if these are the
only possibilities. This is because these two pri-
maries represent the extremes. There is barely
the means to even separate iron and protons, so
that any mixture of protons and nuclei can be fit
in this two component model. A measurement
of Xmax is a quantity most directly related to
composition. A measurement of this quantity as
a function of energy is Linsley’s elongation rate.
The bounds of the elongation rate must be cal-
culated by simulation, and these can vary by 10’s
of gm/cm2 so the absolute position of Xmax as a
function if primary is quite uncertain. The slopes
of the boundaries are less sensitive to the interac-

Figure 35. Plot of Xmax vs energy measured by
measurements of the Fly’s Eye and HiRes ex-
periments. The boundaries indicated for iron
and proton are based on the QGSJET interac-
tion model (solid) and the Sibyll model (dashed).
The elongation rate for photons is also plotted.

tion models. A steepening or a flattening of the
elongation rate indicates a change in composition
towards a lighter or heavier mix of nuclei.

Additional composition information is con-
tained in the fluctuation of Xmax. In the section
on shower properties we saw that the fluctuation
for Xmax for protons was 53 gm/cm2, while for
iron it was 22 gm/cm2. The magnitude of these
fluctuations is weakly dependent on the choice of
interaction model.

The fluorescence detectors can measure Xmax

with a statistical error of ≤ 30 gm/cm2. Re-
cently the HiRes group presented a measurement
of Xmax in the range from 1018 eV to 2 x 1019 eV
[34]. These results and prior measurements made
with the HiRes prototype [35] and the original
Fly’s Eye experiment [36] are plotted in Figure
35. Two different interaction models for the pro-
ton and iron boundaries are indicated. While the
boundary differences are significant, it is amazing
that the data do lie within the boundaries and the
elongation rate for the different cases are about
the same, 55 gm/cm2 per decade.

In Figure 35 the elongation rate for photon
showers is also plotted. Above 1019 eV the curve
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