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Congratulations on KICP 20th years anniversary!!
I was in KICP from 2013 to 2016, working with 
Paolo and Angela about cosmic rays

Millions of memories with fantastic colleagues!!
Congratulations on 20-years "birthday" of KICP
おめでとうございます (Omedetou gozaimasu)
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Taken from video message for wedding of my friend (scientist)



More memories 3



Birthday of cosmic rays (Aug. 7th 1912)
Energetic particles in the universe

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

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

100 years anniversary 
on Aug. 7th 2012
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V. F. Hess, Phys. Z. 13, 1804 (1912) 
5350 m
W. Kolhörster, Physikalische 
Zeitschrift 14 (1913) 1153–1156. 
6300 m, 9300 m (1914)

Grandson of V. F. Hess

https://www.sciencedirect.com/journal/astroparticle-physics/vol/53/suppl/C

https://www.sciencedirect.com/journal/astroparticle-physics/vol/53/suppl/C
https://www.sciencedirect.com/journal/astroparticle-physics/vol/53/suppl/C
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29. Cosmic rays 429

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 
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

6
E2.6 J(E)

Particle Data Group, Phys.Rev.D, 98, 030001 (2018)1 Exa-electron-volts (EeV) = 1018 eV
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Low energy 
cosmic rays

Emerging "Charged particle astronomy"   
with Ultra-High-Energy Cosmic Rays (UHECRs)



Less deflection by Galactic magnetic fields 8

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)



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

9

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



Source candidates and UHECR "astronomy" 10

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

Active galactic nuclei Gamma-ray bursts
Image credits: DESY, Science Comm. Space News, NASA

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

( Emax
100 EeV ) ≤ Z ( B

10 μG ) ( R
10 kpc ) "Hillas" condition
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→ Extensive Air Showers

How to detect extremely infrequent UHECRs?



Unexpectedly "Seeing" the extensive air showers by Subaru HSC 12

Direct detection of 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

Seeing shower!
App Store (Mac)

S. Kawanomoto, T.Fujii 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

13

10 mm

S. Kawanomoto, T.Fujii et al., Scientific Reports 13:16091 (2023)

https://www.darkenergysurvey.org/

Dark Energy Survey

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

Surface detector array

Fluorescence detector
© Ryuunosuke Takeshige and Toshihiro Fujii (L-INSIGHT, Kyoto University)

How to detect extremely infrequent UHECRs?



Observing extensive air showers and mass composition15
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UHECR results 20 years ago (when KICP was founded)16

J. Cronin,  Nucl.Phys.Proc.Suppl. 138:465 (2005)

R48 Topical Review
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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

J.W. Cronin / Nuclear Physics B (Proc. Suppl.) 138 (2005) 465–491 487Proton dominated composition 
at highest energies?

No GZK cutoff in spectrum?

"Oh-My-God" particle (320 EeV)
 by Fly's Eye

Super GZK events 
by AGASA

https://www.sciencedirect.com/science/article/abs/pii/S0920563204006723?via=ihub
https://iopscience.iop.org/article/10.1088/0954-3899/29/10/201


Pierre Auger Observatory 
(Auger) 

Malargüe, Argentina 

2004~, 3000 km2 

AugerPrime upgrade 
scintillator + radio + 
buried muon detector

Telescope Array 
Experiment (TA) 

Utah, USA 
2008~, 700 km2  

TA×4 → 3000 km2
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Google Earth
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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.

15
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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.
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A. Coleman et al., Astropart. Phys. 149, 102819 (2023)
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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.
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Anisotropy of UHECRs (10 EeV)
Significant (> 5σ) large-scale anisotropy 
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Supporting the extragalactic origins
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Northern TA ApJL, 898:L28 (2020)
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10 EeV skymap 25

NASA/DOE/Fermi Collaboration

GAIA Collaboration

Converted to            Galactic coordinates

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

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

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

"Deciphering" magnetic fields
Synchrotron emission 
at 30 GHz 
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https://arxiv.org/abs/1805.02496


50 EeV skymap
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Cutoff (ETA>52.3 EeV EAuger>40 EeV), ~1000 events

Intriguing intermediate-scale anisotropies (~20 degrees) such as hot/warm spots
No excess from Virgo cluster, dubbed "Virgo scandal"

Isotropic distributions of UHECRs than our (optimistic) expectation

https://arxiv.org/abs/2107.02949


l

b

NGC253

M82

NGC4945

M83

IC342

NGC1068

NGC6946

NGC4631

M51

CenA

M87

NGC1275/IC310
Mrk421Mrk501

360 300 240 180 120 60 0(deg)
 R.A.

G.P.

G.C.

S.G.P.

30

60

90

-30

-60

-90

 (deg)Dec.

Equatorial ICRC 2023 
Preliminary

○ TA  
□ Auger

100 EeV skymap 27

>100 EeV of TA 15-years and Auger 17-years No obvious clustering appeared

T. Fujii, PoS (ICRC2023) 031 (2023)

★ : Starburst galaxies  ♦ : Active galactic nuclei

https://pos.sissa.it/444/031
https://pos.sissa.it/444/031
https://pos.sissa.it/444/031
https://pos.sissa.it/444/031


28

2021 May 27, 04:35:56 AM
Detection of "Amaterasu" particle

Published in TA Collab. 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

29

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

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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→ Need more events at the highest energies

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°

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

30

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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Validations of the FAST concept
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1 

FAST - today  

Accepted for publication 
in Astroparticle Physics 

P. Privitera in UHECR 2012
EUSO-TA optics
          +
Single-pixel PMT

Time (100 ns)
0 100 200 300 400 500 600 700 800

 / 
(1

00
 n

s)
p.

e.
N

0

50

100

150

200

250

300

350
Data

Simulation

Time (100 ns)
0 100 200 300 400 500 600 700 800

 / 
(1

00
 n

s)
p.

e.
N

-20

0

20

40

60

80

Cosmic Ray
(1 EeV, 2 km)

Vertical laser
(~ 30 EeV)

Feb. 2012

Sep. 2017

Apr. 2014

Oct. 2016

Oct. 2018

Apr. 2019

FAST@TA FAST@Auger

@TA

＠Auger

T. Fujii et al., Astroparticle Physics 74 (2016) 64-72

M. Malacari et al., Astroparticle Physics 119 (2020) 102430 D. Mandat et al., JINST 12, T07001 (2017) 

Jun. 2022

https://www.sciencedirect.com/science/article/abs/pii/S0927650515001462
https://www.sciencedirect.com/science/article/abs/pii/S0927650520300037?via=ihub
https://iopscience.iop.org/article/10.1088/1748-0221/12/07/T07001


"FAST" installation and scientific goal
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Summary and future perspective 34
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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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.

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

J.W. Cronin / Nuclear Physics B (Proc. Suppl.) 138 (2005) 465–491 487
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Origins of UHECRs are still inconclusive...  
I remind the word from James W. Cronin that "The greatest pleasure a 
scientist can experience is to encounter an unexpected discovery." 

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.

20 years

https://pos.sissa.it/444/031
https://www.science.org/doi/10.1126/science.abo5095


Receiving a baton from Jim 35

“I hope you can bring the single pixel fluorescence detector to 
practical application. While most of my colleagues are pleased with 

the results of Auger, I am disappointed we failed to find sources. 
Instrumentation like yours may make that possible some day.” 

James W. Cronin, From email received in March 2016

KICP workshop: Next-Generation Technique for UHE Astroparticle Physics  (Feb. 2016)


