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Abstract—The origin and nature of ultrahigh-energy cosmic rays (UHECRs, E > 1018 eV) is one of the most
intriguing unsolved problems of modern astrophysics. This review is dedicated to the current status of
research in this field. We describe the largest ongoing experiments carried out at the Pierre Auger Obser-
vatory and Telescope Array, at the first orbital detector of UHECRs, that is, TUS, and for the KLPVE and
JEM-EUSO orbital telescopes, which are currently being developed. We discuss the latest results on the
energy spectrum and mass composition of UHECRs and the relationship between UHECRs on the one hand
and ultrahigh-energy neutrinos and photons on the other. Finally, we review the latest results on the anisot-
ropy of the arrival directions of UHECRs, which is a crucially important area of research in the search for
astrophysical sources of cosmic rays in the highest energy range.
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INTRODUCTION
A cosmic particle with an energy of approximately

55 EeV (1 EeV = 1018 eV) (more precisely, the so-called
extensive air shower generated by it) was detected for
the first time 55 years ago [1]. An event with a higher
energy of approximately 100 EeV was observed 2 years
later [2]. Since then, considerable experimental and
theoretical resources have been invested searching for
ultrahigh-energy cosmic rays, but their nature and ori-
gin still remain one of the most important unsolved
problems of modern astrophysics. This study provides
a brief review of experiments in the domain of
UHECRs and the most significant latest results on the
energy spectrum, mass composition, and anisotropy
of cosmic rays (CRs), as well as on the search for the
events from neutrinos and photons of ultrahigh
energy. In addition, this study describes promising
experiments that are being developed. The main atten-
tion is paid to the results obtained in the ≳50 EeV
ultrahigh-energy range, which is far beyond the
capacities of ground-based elementary-particle accel-
erators.

One particular vast theme that is not considered in
this review is the mechanisms of acceleration of
UHECRs and their possible sources (active galactic
nuclei, gamma-ray bursts, shock waves in the large-
scale structure of the Universe, rapidly rotating mag-

netars, particle decay of superheavy matter, etc.). For
an introduction to these subjects, we recommend
recent reviews [3, 4].

1. EXPERIMENTAL INSTALLATION

The most prominent installation for observing
UHECRs is the Pierre Auger Observatory located at
the western part of Argentina. The observatory uses a
hybrid technique of CR observation that consists of
1660 Cherenkov detectors spaced 1.5 km apart over a
surface of more than 3000 km2 and 24 f luorescent tele-
scopes gathered into four stations installed at the bor-
ders of the installation. The Cherenkov detectors are
water tanks with a volume of 12 m3 equipped with
three photoelectric multipliers. The observatory also
operates a group of Cherenkov detectors distributed
on a regular grid with a spacing of 750 m, three f luo-
rescent telescopes that observe the atmosphere above
the installation at higher angles than the main set of
the telescopes does, and other instruments [5]. The
experiment started to collect data in 2004. During
10 years of observation, the total exposure has exceeded
50000 km2 sr year [6]. More than 500 researchers from
16 countries work for the Auger Collaboration.
Recently, the plans of further development of the
installation were published. First of all, they consist of
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an additional scintillation detector with a surface area
of 4 m2 at the top of each water tank. These additional
detectors will make it possible to distinguish the elec-
tromagnetic and muon components of EASs, which is
necessary for studying the UHECR composition [7].

The second significant experiment in the domain
of UHECRs is carried out at the Telescope Array (TA)
situated in Utah, United States. Similarly to the Auger
experiment, the TA experiment is also equipped with
both ground-based detectors and fluorescent tele-
scopes, but as ground-based detectors they use dual-
layer scintillators with a surface area of 3 m2. The array
consists of 507 detectors spread on a square grid with a
spacing of 1.2 km that covers a surface of approxi-
mately 680 km2, i.e., a fourth of the surface area of the
Auger experiment. At the corners of the installation
are three stations consisting of 38 f luorescent tele-
scopes [8]. The experiment has been carried out since
March 2008 and is sensitive to UHECRs with an
energy higher than 3 EeV. During 7 years of the exper-
iment’s operation, the total exposure has reached
8600 km2 sr year [9]. In the near future, 500 detectors
(with a spacing of 2.08 km) will be added to the instal-
lation and its surface area will reach 3000 km2, so it will
be equal to the surface area of the Auger experiment
[10]. The installation also uses a Telescope Array Low
Energy (TALE) extension: “an extension” with a more
dense filling with ground-based scintillation detectors
and with a larger elevation angle of the f luorescent
telescopes. TALE provides the sensitivity to CRs in the
energy range higher than ~3 × 1015 eV.

In the Russian Federation, the complex Krasil-
nikov Yakutsk EAS array has operated since the begin-
ning of the 1970s. Simultaneous recordings of three
main components of extensive air showers (EASs),
namely, the f lux of protons, muons, and the Cheren-
kov radiation, are performed only at the Yakutsk array
[11, 12]. The surface area of the array is 12 km2.

The ANITA (Antarctic Impulsive Transient
Antenna) balloon experiment is worth mentioning,
whose aim is to detect the radio emission generated
while an ultrahigh-energy neutrino is passing through
ice (the so-called Askaryan effect [13]) [14]. Thus far,
ANITA has performed three f lights over the Antarctic
Continent.

The Askaryan effect is the basis of the method for
recording ultrahigh-energy cosmic rays and neutrinos
in the LORD (Lunar orbital radio detector) experi-
ment [15]. The gist of the method is as follows: a
detector that operates in a circumlunar orbit detects
radio-frequency radiation generated by a cascade ini-
tiated by a high-energy particle in the regolith of the
Moon. The main element of the detector will consist
of two conic log-periodic antennas, one of which will
provide the detection of a signal with a left circular
polarization, while another will detect a signal with a
right circular polarization. According to calculations,
at energies higher than 500 EeV the exposure of the

experiment will be several times greater than that of
the Auger experiment. The launch of the detector,
which is part of the instrumentation of the Luna-26
spacecraft (Luna-Resurs OA) is planned for 2020.

Finally, on April 28, 2016, TUS, the world’s first
ultrahigh-energy CR detector, which is part of the sci-
entific equipment of the Lomonosov satellite, was
launched from the Vostochnyi spacecraft launching
site. The detector is designed on the principle of a
refracting telescope. Its principal elements are a con-
centrating mirror with an area of 2 m2 and a focal dis-
tance of 1.5 m and a photodetector consisting of
256 pixels [16]. The field of view is ±4.5°. On an orbit
of approximately 500 km, this corresponds to an area
of approximately 6400 km2 at the Earth’s surface. The
angular resolution is equal to 10 mrad, or 5 km at the
Earth’s surface. This instrument is designed to detect
photons of f luorescent and Cherenkov radiation in the
ultraviolet wavelength range that occur due to the
development of an extensive air shower in the atmo-
sphere and its ref lection from the Earth’s surface. It is
expected that TUS will be able to detect CRs with an
energy of higher than 100 EeV. In addition, TUS can
detect slower processes, first of all, so-called transient
atmospheric phenomena, and can gather a great vol-
ume of information about the value and variations of
the UV background of the nocturnal atmosphere,
which is of great importance for the orbital detectors of
the next generation.

2. THE ENERGY SPECTRUM

The most important parameter of the cosmic ray
flux is the energy spectrum. Shortly after the first
recording of CRs with an energy higher than 50 EeV
was made, Greisen [17] and, independently, Zatsepin
and Kuz’min [18] showed that at such energies the
flux of protons must be suppressed due to interaction
with the photons of the relict microwave radiation.
This effect, which was predicted theoretically, was
named the GZK cut off. The situation with the GZK
cut off was unclear for many years because different
experiments gave contradictory results. The riddle was
solved only in 2007–2008, when the cut off of the CR
flux at an energy of approximately 60 EeV was detected
in the High Resolution Fly’s Eye (HiRes) experiment,
a predecessor to the TA experiment, at a level of statis-
tical significance higher than 5σ [19, 20]. Soon after-
wards, this discovery was supported by the Auger Col-
laboration [21] and later by the TA Collaboration [22].

From the time when the discovery was first made,
the spectrum of UHECRs has been measured with
increasing statistical accuracy. The last results pub-
lished by the Auger and TA collaborations are shown
in Fig. 1 [6, 23]. It is clearly seen from Fig. 1 that the
spectra obtained in both experiments are similar to
each other at energies higher than log10(E/eV) = 17.5.
Both spectra demonstrate a so-called “ankle” in the
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range of approximately 5 EeV and a drastic steepening
of the spectrum (cut off) at energies predicted by Grei-
sen, Zatsepin, and Kuz’min.

A joint working group of the Auger, TA, and
Yakutsk Array collaborations has come to the conclu-
sion that after energy scaling the spectra obtained by
the Auger and the TA collaborations are in agreement
with each other with respect to normalization and
shape within the margin of error [24]. Nevertheless,
there is a considerable difference in the region of the
GZK cut off: in the case of the Auger experiment, the
steepening of the spectra starts at an energy of approx-
imately 30 EeV, whereas in the case of the TA experi-
ment it occurs at 60 EeV; in this case, the spectrum of
the Auger experiment becomes steeper than the spec-
trum of the TA experiment. This difference in the
spectra along with some results related to the chemical

compositions of UHECRs (see below), do not allow
one at present to determine whether the observed
behavior of the spectrum can be explained by the GZK
effect or by achieving the maximum of the possible
energy of acceleration in the sources, or by a combina-
tion of both factors.

In this connection, it is necessary to note that the
absolute energy of CRs is calibrated on the basis of f lu-
orescent observations, for which it is possible to relate
the energy release in the form of ultraviolet radiation
to the total energy of an EAS and, thus, to the energy
of a primary particle. At the present time, there is a
systematic difference of 20–30% between the energy
scales of the scintillation and fluorescent detectors,
which has not been explained yet in a satisfactory way
and is corrected by calibration against the f luorescent
scale. It is possible that considerable progress will be

Fig. 1. Left side: The combined energy spectrum of CR on the basis of data of the Auger experiment [6]. The number of events is
indicated above the experimental points. Right side: Energy spectrum measured by the TA experiment using four different meth-
ods [23].
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achieved by calibration methods on the basis of Che-
renkov radiation [25] and radio-frequency signals
from EASs [26, 27].

3. UHECR COMPOSITION
One more characteristic of cosmic rays that is of an

essential importance for the identification of their ori-
gins is their chemical (mass) composition. The con-
clusions about CR composition are made principally
on the basis of observations of the depth of the EAS
maximum Xmax measured in units of g/cm2 and by
modeling EASs generated by different primary parti-
cles. It is assumed that the mean value of Xmax depends
on the energy E and the mass number A as follows:

where a and b are constants. Using data obtained by
fluorescent detectors in 2004–2012, the Auger Col-
laboration executed a detailed analysis of Xmax distri-
bution [28, 29]. The experimental dependence of
mean values and variations in Xmax distributions were
compared with the results of modeling carried out
using a number of models of hadron interactions:
EPOS-LHC [30], QGSJet II-4 [31], and Sybill 2.1
[32]. The conclusion was made that the UHECR flux
in the energy range of 2 EeV consists mainly of light
nuclei, but the fraction of heavy nuclei increases up to
40 EeV [29].

The TA Collaboration also carries out an intensive
study of the mass composition of CRs using the data
on the Xmax distribution. The reconstruction proce-
dure uses results obtained simultaneously, whether by
any two fluorescent detectors (FD), or by surface
detectors and one FD detector (so-called hybrid
regime).

Recently published results obtained in the hybrid
regime were based on data obtained from 5 years of
observations using surface detectors and the Middle
Drum station equipped with 14 modernized telescopes
of the HiRes experiment. The analysis was similar in
many ways to that provided by the Auger experiment.
It was made for the purpose of simplifying the com-
parison of the results of these two experiments. The
mean values and the elongation rate of Xmax obtained
by the TA Collaboration demonstrated good agree-
ment with the results obtained by the Auger experi-
ment, but the data from the TA proved to be inconsis-
tent with a purely iron composition of CRs over the
entire investigated energy range [33]. The latest results
published by both collaborations are shown in Fig. 2.
Since the determination of the CR mass composition
requires the use of results of observations by f luores-
cent telescopes with a relatively small part of the effec-
tive operation time (~10%), the study of the CR mass
composition for the energies higher than 4 × 1019 eV is
nearly impossible because of insufficient statistics.
Enhancement of surface detectors and a more com-

〈 〉 = − 〈 〉 +max (ln ln ) ,X a E A b

plete use of different characteristics observed by them
will make it possible to investigate the CR mass com-
position for higher energies in the region of the “GZK
cut off” in the future.

Comparing the results of the Auger experiment and
TA, it is necessary to bear in mind that measuring the
mass composition of primary CRs is one of the most
challenging problems in the range of ultrahigh ener-
gies, since it is based on the data of the hadron inter-
action models at energies far beyond those achievable
at nuclear accelerators like the LHC, which leads to
the necessity of the extrapolation by approximately
two orders of magnitude. It is worth mentioning that
the Auger and TA experiments use different methods
of data selection and data treatment. As an example,
the value 〈Xmax〉 published by the TA Collaboration
were obtained on the basis of the data on the Xmax dis-
tribution, which contained some detection effects.
The interpretation of such data is carried out by their
comparison with the results of modeling that consid-
ers the operating particularities of a concrete detector,
in particular, its resolution and recording efficiency. In
turn, the analysis provided by the Auger Collaboration
was based on EAS geometry, which made it possible to
obtain a practically unbiased Xmax distribution that
considered residual errors related to the recording effi-
ciency, resolution, and reconstruction [34, 35].

A joint working group of the TA and Auger collab-
orations has analyzed the energy dependence of 〈Xmax〉

on the basis of data obtained in both experiments.
After having considered the differences in the charac-
teristics of both installationes and in the methods of
data treatment, the conclusion was made that the
results are in a good agreement with each other within
the limits of systematic errors (Fig. 3). However, a
more detailed analysis is continuing.

4. ANISOTROPY OF ARRIVAL DIRECTIONS
One of the most important aspects in searching for

the sources of UHECRs is the analysis of the anisot-
ropy of their arrival directions. It is also an indirect test
of the CR mass composition, because it is expected
that protons and light nuclei of ultra-high energies
would be only insignificantly deflected by extragalac-
tic magnetic fields in the process of propagation from
their sources.

One of the traditional approaches in this domain is
the investigation of large-scale anisotropy. Recently,
the Auger Collaboration presented the result of har-
monic analysis of the arrival direction distribution of
CRs with an energy higher than 4 EeV and zenith
angles up to 80° in declination and right ascension
(Fig. 4) [36].

The greatest deviation from the isotropic f lux was
found for the events with an energy E > 8 EeV. The
amplitude of the first harmonic in the right ascension
is found to be (4.4 ± 1.0) × 10–2. The probability of
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such a deviation is 6.4 × 10–5. On the assumption that
the only considerable contribution to the anisotropy is
made by the dipole component, the f lux can be
described by a dipole with an amplitude of 0.073 ±
0.015 in the direction (α, δ) = (95° ± 13°, –39° ± 13°).
This supports the result obtained earlier for the events
with zenith angles up to 60° [37]. The study has been
performed recently with new data, and the key conclu-
sions remained the same [38]. The TA Collaboration
has also analyzed the large-scale UHECR anisotropy
using a different technique [39]. Due to the GZK
effect, the propagation of UHECRs is bounded by dis-
tances of approximately 100 Mpc. At these scales, the
Universe is still considerably inhomogeneous. In the
overwhelming majority of models of the generation of
CRs of such energies, one should expect a correlation
between their arrival direction and the distribution of
galaxies in this volume, which is well known from
observations. Under the assumption of a purely proton
composition of CR, it was found that the distribution

of events with an energy higher than 10 EeV and higher
than 40 EeV agrees with the isotropy hypothesis and
does not follow the large-scale matter distribution at
“smearing” angles of the arrival directions of less than
20° and less than 10°, respectively. In contrast, for the
events with energies higher than 57 EeV their distribu-
tion agrees with the matter distribution and does not
agree with the isotropy hypothesis at the significance
level of approximately 3σ.

It is important to note that the investigation of the
large-scale anisotropy of the CR arrival directions is a
challenging problem, because an accurate determina-
tion of a complete set of multipole coefficients
requires knowing the CR flux over the entire celestial
sphere; however, existing ground-based experiments
cannot provide it. Therefore, the investigation of the
anisotropy of UHECRs carried out jointly by the TA
and Auger collaborations [40, 41] is of special interest.
The data obtained within the swath width of the decli-
nation band that is available for the observation by
both experiments were used for the purpose of inter-
calibration of f luxes. The analysis was carried out on
the basis of 2560 events with zenith angles up to 55°
and an energy higher than 10 EeV observed by the
TA Collaboration during 6 years of operation and
16 835 events with zenith angles up to 80° and an
energy higher than 8.8 EeV of the Auger Collaboration
during 10 years of operation. The results did not reveal
any statistically significant deviations from the isotro-
pic distribution of the CR flux; however, they made it
possible to obtain an upper estimate for the amplitudes
of the dipole and quadrupole moments as functions of
the direction on the celestial sphere. The value of the
dipole amplitude was found to be (6.5 ± 1.9)% with
a probability equal to 5 × 10–3 along the direction (α,
δ) = (93° ± 24°, –46° ± 18°) (see Fig. 5). It is interest-
ing that the angular spectral density obtained in [41]
demonstrates a clear dipole moment, in contrast to the
result from a previously published paper [40]. The
value of the amplitude of the dipole moment is found
to lie within the interval of expected f luctuations of the
isotropic f lux.

Fig. 3. The dependence of the mean values of Xmax on the
basis of the data obtained by the Middle Drum experiment
of the TA Collaboration (blue squares). For better illustra-
tion, the experimental points are slightly shifted along the
abscissa axis. The color bars indicate the systematic uncer-
tainties of the Xmax values [35].
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Studies intended to study anisotropy at a less angu-
lar scale are also of a great importance, since they
enable searching for the correlations with the matter
distribution in the local region of the Universe, as well
as with possible sources of cosmic rays of ultrahigh
energies. In particular, at the end of the 2000s great
interest was excited by the result obtained by the Auger
Collaboration that demonstrated the correlation
between the arrival directions of CRs with energies
higher than 55 EeV and the arrangement of active
galactic nuclei (AGN) at the distance of up to 75 Mpc,
including correlation with the Centaurus A radio gal-
axy (Cen A) located at a distance of less than 4 Mpc
from the Solar system [42–44]. Recently, the results of
a number of tests intended to search for the anisotropy
of CRs with an energy higher than 40 EeV were pub-
lished. Among them, there were 231 events with an
energy of ≥52 EeV [45]. None of those tests revealed a
statistically significant deviation from the isotropic
distribution, however, it was shown that there was cer-
tain excess of events with the energy of ≥58 EeV in the
direction towards Cen A and AGN indicated in the
Swift-BAT catalog, which are situated at distances of
up to 130 Mpc and have a luminosity of more than 1044

erg/s. In both cases, the probability of the random
occurrence of such an excess was found to be 1.3–
1.4%. On the other hand, a similar investigation
undertaken by the TA Collaboration on the basis of the
data on CRs with the energy higher than 40 EeV
observed by surface detectors during the first
40 months of its operation did not reveal any statisti-
cally significant correlation with AGN from several
catalogs [46]. Searches for the sources of energies
higher than 1017 eV carried out by the Auger and TA
collaborations did not find any statistically significant
candidates for this role [47, 48].

Undoubtedly, the most intriguing result obtained
in the domain of the UHECRs in recent years is the

discovery of a so-called “hotspot” with an excessive
flux of CR with an energy higher than 57 EeV [49]. At
the time when the paper was published, the “hotspot”
was a region with a radius of 20° and with its center at
the point (α, δ) = (146.7°, 43.2°). Inside of this region,
19 events were detected (from 72 events detected
during 5 years of the operation time of this installa-
tion) with an expected number of events equal to 4.49.
The prior statistical significance of such a deviation
from the isotropic distribution was found to be 5.1σ;
the posterior significance considering the probability
of a random appearance of such a “hotspot” is 3.4σ.
Observations carried out during the next 2 years
proved the existence of a hotspot, but did not increase
the statistical significance of the deviation from the
expected isotropic distribution: at the time of the most
recent publication, the number of the events detected
inside the hotspot was 24, while the expected number
was 6.88 [50] (Fig. 6).

Thus far, it is not clear what could lead to the
appearance of a hotspot that is located near the super-
galaxy plane but does not contain any clear candidates
for the role of an accelerators of CR at such high ener-
gies. The TA Collaboration suggested that the hotspot
could be related to the cluster of galaxies located in the
vicinity of the Milky Way or to the structure connect-
ing the Milky Way with the Virgo galactic cluster. If
the detected CRs are heavy nuclei, as follows from the
results of the Auger experiments, they could be accel-
erated by sources situated in the supergalaxy plane and
then deflected by magnetic fields [49].

5. NEUTRINOS AND PHOTONS 
OF ULTRAHIGH ENERGIES

An important direction of UHECR studies consists
of attempts to detect the events generated by neutrinos
and photons with energies higher than 1 EeV. The

Fig. 5. Left side: The map of the f lux of CRs with energies higher than 10 EeV in the units km–2 sr–1 year–1 obtained by the Auger
and the TA experiments and smoothed over the regions with an angular radius of 60°. The equatorial coordinates are used. The
white asterisk indicates the location of a dipole that was found. Right side: Joint angular spectral density based on the Auger and
TA data [41].
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recording of astrophysical neutrinos in the energy
range from 30 TeV to several PeV made by the IceCube
experiment [51] gave a new impetus to these studies.
The interest in neutrinos and photons of UHE occurs
for a number of reasons.

Being electrically neutral particles, neutrinos and
photons propagate in space with no deflections in
magnetic fields and, thus, point to the direction of
their origin. Neutrinos interact weakly with matter and
thus can travel to practically infinite distances (at least
to the red shift z ~ 30) carrying information about
sources located far beyond the sphere bounded by the
GZK effect. Moreover, in the case of transient
sources, for example, gamma-ray bursts, the detection
of neutrinos and photons (and, perhaps, gravitational
waves) may be the only way to obtain data for under-
standing the processes that occur in such a source [52].

As noted above, at energies of approximately
50 EeV, protons and heavier nuclei interact with the
relict microwave radiation, which leads to the genera-
tion of so-called cosmogenic neutrinos, whose typical
energy is approximately 1/20th of the energy of a pri-

mary particle [53], as well as photons. In this sense,
UHECRs are an “assured” source of neutrinos and
photons. Protons that interact with the photon back-
ground generate, as a rule, a greater number of cosmo-
genic neutrinos than compound nuclei of the same
energies [54, 55]. This can be explained by the fact that
the threshold of photopion production, which is the
main process that generates neutrinos of UHE, is pro-
portional to the mass of the nucleus. At the same time,
the nuclei lose actively their energy due to photodisin-
tegration on the microwave and infra-red background.
The last process may also lead to the generation of
neutrinos due to the beta decay of unstable compound
nuclei and neutrons; however, in this case, the energy
of secondary neutrinos is 3–4 orders of magnitude
lower than the energy of the primary nuclei. This rea-
soning allows one to determine the mass composition
of the primary CRs on the basis of a neutrino signal or
its absence.

One can say almost the same concerning photons
of UHE, but with one reservation. In contrast to neu-
trinos, UHE photons interact actively with the relict
background producing electron–positron pairs; thus,

Fig. 6. Left side: Arrival directions of CRs with E > 57 EeV detected in the TA experiment (in equatorial coordinates). Blue dots
represent events detected in the first five years of observations, while red dots correspond to events recorded in the following two
years. Right side: Map of statistical significance of deviations from the 7-year isotropic f lux smoothed over circles with a radius
of 20° [50]. 
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at the energies of approximately 100 EeV, they have a
chance to be detected on Earth only when they come
from distances of up to 10 Mpc. This is a fundamental
difference between the neutrino signal and the signal
from GZK photons. The first accumulates at cosmo-
logical distances and, thus, strongly depends on the
evolution of the source, whereas the second is sensitive
only to the configuration of the sources inside the
GZK sphere.

One more source of neutrinos is their generation in
the process of decay of charged pions that occur due to
the interaction of CRs with matter or with radiation in
such potential accelerators of UHECRs as gamma-ray
bursts, AGN [56, 57]. If UHECRs are generated in the
processes of decay of heavier particles (“top-down”
models), this must lead to considerable f luxes of sec-
ondary photons and neutrinos [58], significantly
exceeding the f luxes one can expect in the case when
neutrinos and photons are the secondary product of
the interaction between hadrons and relict radiation.
The constraints to the f lux rating obtained up to the
present time (see below), deny, or at least considerably
limit, the possibility for the processes suggested in the
top-down models to provide a substantial part of the
flux of UHECRs, except perhaps for the highest ener-
gies E ≃ 100 EeV, i.e., in the energy range where the
accumulated statistics still do not enable one to draw
reliable conclusions. In particular, the constraints on
the parameters of supermassive dark matter were
obtained in this way [59].

The constraints on the f lux of photons or the
recording of even a single UHE photon event can be of
key significance for the quantum gravitation theories
that allow breaking the Lorentz invariance (see, for
example, [60, 61]). Similarly, the observation of UHE
neutrinos would make it possible to limit the possible
breaking of the Lorentz invariance in the neutrino
spectrum [62]. All this stimulates active searching for
neutrinos and photons of UHE.

Up to the present time, the Auger Collaboration
has carried out a number of investigations intended to
search for UHE neutrino and photon events (see, for
example, [63–66]). In what follows, we will dwell
upon only the latest results.

A recently published paper [64] presents the results
of the search for two types of events: “descending”
(the zenith angles lie within an interval from 60° to
90°) and “ascending” (the zenith angles lie within the
interval from 90° to 95°). The events of the first type
develop in the atmosphere similar to hadron air show-
ers (but with a significantly greater depth of the first
interaction) and can be generated by neutrinos of all
types. The events of the second type can occur in the
case when a tau neutrino “scratches” the earth’s crust.

The results revealed no candidate for the role of a
UHE neutrino; however, a constraint on the diffusion
flux of neutrinos of one type was found at the signifi-
cance level of 90% based on the assumptions of the

exponent spectrum dN(Eν)/dEν = kE–2 and equal
contents of neutrinos of various types in the energy
range from 1.0 × 1017 eV to 2.5 × 1019 eV; k < 6.4 ×
10‒9 GeV cm–2 s–1 sr–1, which made it possible to come
to some important conclusions:

(1) The obtained limit is four times lower than the
Waxman–Bahcall bound for the generation of neutri-
nos in optically thin sources [67, 68];

(2) Some models of neutrino generation in astro-
physical sources such as ANG are excluded for the sig-
nificance level equal to 90%;

(3) Cosmogenic neutrino models that assume a
purely proton composition of CRs in sources are con-
siderably limited.

In addition, the Auger Collaboration obtained the
bounds for a f lux of photons with energies in the EeV
range for the first time. At the 95% significance level,
it is shown that at energies higher than 2, 3, 5, and
10 EeV, the photon’s fraction in the common CR flux
does not exceed 3.8%, 2.4%, 3.5%, and 11.6%, respec-
tively [65], which supported the estimates obtained
earlier for the photon f lux with an energy of higher
than 10 EeV [69] that have imposed significant con-
straints on some of the top-down models of UHECR
generation.

The Auger experiment undertook a search for the
point sources of photons with energies of approxi-
mately 1 EeV [66]. The results revealed no source;
however, the upper estimates of the photon flux for all
possible directions in the range of declinations δ from
–85° to 20°. This made it possible to impose con-
straints on the models in which UHE protons acceler-
ate in galactic sources. On the basis of the data that
were collected during 7 years of operation, the TA
Collaboration obtained the constraints for the f lux of
photons with energy of 3 EeV [70]. In particular, it was
shown that at E > 10 EeV, the photon f lux does not
exceed 4.7 × 10–3 km–2 sr–1 year–1 at the significance
level of 95%.

Thus, up to the present time, no experiment has
succeeded in reliably detecting any neutrino or photon
event with an energy of ≳1 EeV, although there are
some candidates for the role of UHE photons [52].
Figure 7 demonstrates the constraints for the f luxes of
photons and neutrinos of ultrahigh energies.

Joint research intended to find a correlation
between the arrival directions of astrophysical neutri-
nos detected in the experiment IceCube and the
UHECRs detected by the Auger (E > 52 EeV) and TA
collaborations (E > 57 EeV) studied different groups of
neutrino events (“cascade” and “track”) and various
models of deflection of CRs in magnetic fields [71].
No statistically significant correlation between the
arrival directions of neutrinos and CRs was found. The
collaborations plan to continue research in this direc-
tion as far as new data are obtained.
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In view of the attempts to find UHE neutrinos, the
detection of three approximately horizontal events and
one ascending event in the energy range of 0.6–10 EeV
that was recently performed by ANITA [72] is of inter-
est. From the viewpoint of the Collaboration, if the
source of the ascending event is the decay of a tau lep-
ton, it may require revising the interaction cross sec-
tion of the tau neutrino in the standard model.

6. DIFFUSE GAMMA RAYS 
AND THE SOURCES OF UHE COSMIC RAYS

Information about the nature of UHECRs and
their possible sources can be obtained not only by
direct measurements but also through the secondary
signals that must occur due to the interaction of CRs
with the intergalactic photon background. These
include the cosmogenic neutrinos and photons men-
tioned above, as well as the diffuse γ-rays. Protons and
nuclei with an energy higher than EeV produce elec-
tron–positron pairs. The electron–positron pairs ini-
tiate a fast electron-photon cascade due to the chain of
the Compton backscattering of electrons on the back-
ground photons and the generation of electron–posi-
tron pairs by photons on the same background. As a
result, electrons and photons quickly lose their energy;
thus, their quantity grows exponentially. The rapid
development of the electron–photon cascade finishes
when the photons attain the threshold energy for pair
production on the infrared background, i.e., in the
energy range of a few TeV. For photons with an energy
below 200 GeV, the Universe becomes transparent.
Practically the entire energy of electrons is gradually
transferred to the sterile photons. Therefore, all the
energy emitted by UHECRs in the form of photons
and electrons is accumulated in the form of diffuse γ-

ray radiation in the energy range from tens of MeV
to TeV.

Presently, due to the Fermi LAT satellite experi-
ment [73], as well as to its predecessor EGRET, the
spectrum of the diffuse γ-ray radiation is being mea-
sured in the energy range from 100 MeV to 820 GeV. It
is thought that in addition to UHECRs, the contribu-
tion to the diffuse radiation is made by photons emit-
ted in astrophysical objects, in particular, in AGN, as
well as by products of annihilation or decay of dark
matter. In [74], it was demonstrated for the first time
that the definite contribution from UHECRs may
exceed the direct contributions from astrophysical
objects. Similar to the situation with neutrinos, the
flux of diffuse γ-ray radiation is sensitive to the sup-
posed evolution of sources and to the primary compo-
sition of UHECRs. The last peculiarity is related to the
fact that protons and light nuclei produce electron–
positron pairs more efficiently than heavy nuclei of the
same energies. As the data on the γ-ray radiation were
defined more precisely the constraints on the evolu-
tion and composition of the sources of UHECRs
became more precise as well [75, 76].

At the present time, the models that assume a
purely proton character of the primary composition of
UHECRs are at the point of being excluded from con-
sideration because of the overproduction of cascade
radiation in the energy range higher than 500 GeV [76,
77]. At the same time, as was noted above, the analysis
of the UHECR mass composition obtained in the
Auger, Telescope Array, and HiRes experiments indi-
cates their light composition, at least in the energy
range of 1–4 EeV. This contradiction can be avoided
by assuming that the population of the CR sources is
concentrated in the region of relatively moderate red
shifts. Among the candidates for the role of astrophys-

Fig. 7. Left side: Constraints for the photon flux obtained in experiments from AGASA (A), Auger (PA), and TA, as well as at the
Yakutsk experiment on EASs (Y) [70]. Right side: Experimental constraints for the neutrino flux and predictions of some models [7].
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ical accelerators, BL Lacertae objects satisfy such a
criterion. However, it should be noted that the density
of such objects in the Universe is not high, which, in
its turn, can lead to consequences for the anisotropy of
the UHECR flux.

7. FUTURE EXPERIMENTS
As we have already noted in the first section of this

review, all ongoing experiments are being modernized,
expanded, and enhanced. Nevertheless, as noted
above, all operating ground-based experiments have
fundamental deficiencies that cannot be easily elimi-
nated in the foreseeable future due to their enormous
costs. First of all, these deficiencies consist of the rel-
atively small exposure that makes it impossible to col-
lect sufficient data to statistically come to conclusions
on the compositions and sources of UHECRs, as well
as the incomplete coverage of the celestial sphere,
which is of great importance for the study of the
anisotropy of the arrival directions of CR. It is evident
that an experiment that could provide independent
data with high accuracy and sufficient statistics, as well
as drawing inferences about the energy spectrum and
mass composition of CR, in particularly, in the ultra-
high-energy region, would be of great significance for
solving the existing problems. Moreover, it is impossi-
ble to prove that the spectrum and/or the composition
of UHECRs don’t differ in different hemispheres (the
hypothesis of nearby sources), and thus, the Auger and
TA collaborations observe somewhat different objects.
A cosmic experiment that can detect UHECRs that
arrive from all the directions of the celestial sphere has
an unique ability to verify this.

The principle of operation of all orbital UHECR
detectors is based on the recording of ultraviolet f luo-
rescent and Cherenkov radiation that occurs during

the development of an EAS initiated by a primary cos-
mic particle that enters the atmosphere. The number
of f luorescent photons emitted in any point of the EAS
track is proportional to the number of charged parti-
cles in the cascade, mainly electrons and positrons.
Thus, the Earth’s atmosphere within the range of the
detector plays the role of a giant calorimeter. The Che-
renkov radiation reflected from the surface is an addi-
tional source of information about the event. The data
about both types of radiation detected by the detector
are used for the reconstruction of the arrival direction
and the energy of a primary particle, as well as for
determining the depth of the maximum and other
characteristics of the air shower. The idea of detecting
CRs in the orbit of the Earth was suggested for the first
time by Benson and Linsly more than 30 years ago
[78], but it was not performed because of a number of
scientific and technological problems related to the
necessity to identify and detect a weak flux of UV pho-
tons generated by an EAS on the background of the per-
manently changing Earth’s atmosphere which is noisy
because of numerous sources of light. The TUS experi-
ment that was described in the first section of this
review is the first time this idea has been carried out.

TUS is a pioneer in the domain of orbital detection
of UHECRs but it is not of the highest technology and
is not likely to produce a scientific breakthrough.
Therefore, in Russia and abroad, one can see the
active processes of the design and development of
new-generation orbital detectors: the KLPVE reflect-
ing telescope that is intended to be installed on the
Russian segment of the International Space Station
[79] and the JEM-EUSO refracting telescope [80, 81].
The optical system of the KLPVE detector in its basic
variant will consist of a mirror with a diameter of 3.4 m
and a corrector lens with a diameter of 1.7 m. The
JEM-EUSO telescope will include three Fresnel

Fig. 8. Left side: A possible schematic of the placement of the KLPVE detector at the small research module of the Russian seg-
ment of the ISS [79]. Right side: A possible design of the JEM-EUSO detector and the scheme of its operation [80].

International Space Station (ISS)International Space Station (ISS)International Space Station (ISS)

JEM-EUSOJEM-EUSOJEM-EUSO

Soyuz TMA

FGB

MRM-1

KLPVE

Extensive air shower (EAS)Extensive air shower (EAS)Extensive air shower (EAS)

UV photonUV photonUV photon #Part
icl

es

#Part
icl

es

#Part
icl

es



154

MOSCOW UNIVERSITY PHYSICS BULLETIN  Vol. 72  No. 2  2017

ZOTOV et al.

lenses with a diameter of 2.65 m. Both detectors will be
equipped with photodetectors with a number of pixels
of approximately a few hundred thousand. The field of
view will be equal to ±14° for KLPVE and ±30° for
JEM-EUSO. The angular resolution will reach
1 mrad. The detectors will be entirely efficient for
detecting CRs in energy ranges higher than 30 and
60 EeV for KLPVE and JEM-EUSO, respectively.
The schematics of the operation and distribution of
the detectors in the ISS are shown in Fig. 8.

The main scientific goals of these experiments are
the recording of cosmic rays, neutrinos, and photons
of ultrahigh energies with statistics that are unattain-
able in ground-based experiments. According to
the calculations, in the energy range higher than
30‒60 EeV, the annual exposure of the KLPVE and
JEM-EUSO detectors will exceed the annual Auger
exposure by two and nine times, respectively [79, 82,
83]. In particular, owing to this, both detectors will
present excellent opportunities for an independent
verification of the existence of the CR hotspot in the
energy range higher than 57 EeV discovered by the TA
Collaboration [84].

Finally, the ARA project (the Askaryan Radio
Array), which is planned to be carried out in Antarc-
tica, is worth mentioning [85]. In this experiment,
neutrinos in the energy range of 1016–1019 eV will be
detected through their radio-frequency radiation that
occurs as a result of the Askaryan effect.

CONCLUSIONS
In a short time span, a number of results of the

greatest importance have been obtained in the domain
of ultrahigh energy cosmic-ray physics; in particular,
the cut-off of the energy spectrum in the region pre-
dicted by Greisen, Zatsepin, and Kuz’min 50 years
ago has been reliably established. Nevertheless, prob-
lems of great importance concerning the composition
and the sources of UHECRs still remain open. The
ongoing experiments and those being developed pro-
vide hope considerable progress in solving these prob-
lems during the upcoming decades.
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