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The energy spectrum of cosmic rays extends to beyond 102° eV, i.e., to energies higher by eight
orders of magnitude than the highest energies attained so far at terrestrial particle accelerators. The
origin of these particles remains unknown: neither their sources, nor the underlying physical processes
of emission and acceleration of them have been identified. Although many models of cosmic ray
origin have been proposed, a conclusive verification of them has not been possible so far due to
limited statistics of available experimental data on the cosmic ray energy spectrum and composition
at the highest energies. The current experimental data are reviewed in this paper. Prospects to

gather sufficiently large statistics in the near future, especially from the Pierre Auger Observatory, are
discussed.

H3MepeHHbIe 9HEPIHH KOCMITIECKHX Jydeii focTur 1ot 30 yennii 1020 aB n 6omee, uto mpuMepHo
H BOCEMb ITOPSIKOB IIPEBBIII €T M KCHM JIbHbIC ®HEPIUH COBPEMEHHBIX YCKOPHTENCH ®JIEMEHT PHbIX
9 crul. IIpowcxoxaeHue 9 CTHI, BBI3BIB IOMIMX KOCMIYECKHe JIydd T KHMX BBICOKHX DHEpIrHii, OocT -
eTcsl 10 CHX IOp 3 T' AKOW. HensBecTHO MX NPOMCXOXJEHHE, He MOHSTHI KJII04eBble (pu3nYecKue mpo-
Lecchl UX HCIYCK HUA U ycKOopeHHs. XOTd yXe ObUIO IMPETOXKEHO HeM JIO MOJeNeil MPOUCXOXKIECHUS
KOCMHMYECKHX JIydeil, TeM He MeHee [0 MOJyYeHHs] OKOHY TEIbHOTO PEIIeHHs 3TOH NpolieMsl eme J -
JIEKO, TIOCKOJIBKY MMEIOIIHECs] SKCIIEPUMEHT JIbHbIE 1 HHBIE O COCT BE U CIIEKTPE KOCMHYECKHX JIydei
9KCTpPeM JIBHO BHICOKHX DHEPIUil OYeHb CKyOHble. B I HHOI cT The I eTcst 0630p COBpEeMEHHBIX dKCIIe-
PUMEHT JIbHBIX JI HHBIX M 0OCYXH 0TCS NEPCIeKTHBB H 60p JOCT TOYHO GOINBIIOTO YMCH COOBITHIA B
KOCMHMYECKHX JIyd X ®KCTPEM JIbHO BBICOKHX DHEpIHil, B U CTHOCTH, B dKcrepuMeHte «OO6CepB TOpHS
IIsep Oxe».

INTRODUCTION

The energy spectrum of cosmic rays extends over about 14 orders of mag-
nitude, from nonrelativistic energies (order of 107 eV) to beyond 10?° eV. The
highest energy of a cosmic ray recorded so far was 320 EeV = 3.2 - 10%° eV,
i.e., about 50 J. This is a macroscopic energy, for example, the kinetic energy
of a tennis ball moving at a velocity of more than 100 km/h. For a cosmic
ray particle, it is a truly enormous energy: more than eight orders of magnitude
higher than energies attained so far in terrestrial particle accelerators. The highest
energy cosmic rays are the most energetic particles known. In the following,
the «ultrahigh energy cosmic rays» (UHECR) will denote those particles with
energies above 10 EeV = 109 eV.

Cosmic rays were discovered more than 90 years ago, yet explaining their
origin continues to be one of the most interesting problems in astrophysics. It
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is known that most of cosmic rays originate from the sources within our galaxy.
The low energy range of the cosmic ray spectrum is dominated by the Sun and
processes in the heliosphere. At higher energies, galactic sources of cosmic rays
prevail and there is a general consensus that the main source of cosmic rays
in the range below 10'® eV are the supernova remnants in the galaxy, with the
diffusive shock acceleration being the dominant process. Sources of particles with
still higher energy are less certain, but they are expected to predominantly lay
in the galaxy, since the galactic magnetic fields are sufficiently strong to confine
these particles. Only at energies above about 10'® eV the proton gyroradius (i.e.,
the radius of curvature of its path) in regular large-scale galactic magnetic fields
becomes larger than the radius of the galaxy, so there is no possibility to confine
such cosmic rays in the galaxy. Thus the highest energy particles are likely to
come from sources beyond the Milky Way. However, both the astrophysical
sources and the physical processes responsible for emission of particles with so
high energies remain so far unknown.

The differential spectrum of cosmic rays is shown in Fig. 1. This is a power
law dependence dN(E) ~ E~7dE, with v ~ 2.7 below the «knee» around
10'® eV and 7 ~ 3.1 above the knee, up to energies about 10'® eV. A flattening
of the spectrum above the «ankle» at ~ 10! eV (y &~ 2) may suggest emergence
of a new, presumably extragalactic component of the cosmic ray flux. The
integrated cosmic ray intensity, i.e., numbers of particles above a given energy,
falls steeply with energy. While at low energies the cosmic rays are abundant and
can be studied with relatively small detectors, at energies above 1 EeV (108 eV)
the flux is merely 1 particle/lkm?/y, dropping to about 1 particle/km?/century at
the highest energies known. The only way currently available to detect cosmic
rays at these highest energies is to let them interact with air nuclei and initiate
extensive air showers (EAS). These showers can then be detected by appropriate
detector systems on the ground. In order to compensate for the small flux, very
large detector areas and long exposure times are needed. The low statistics of
events at the highest energies, that can be collected with existing detectors, is the
main difficulty in UHECR study.

The ultrahigh energy cosmic rays are a subject of intense studies. There are
excellent reviews of the subject — see, for example, [1-5]. The reader is referred
to them for detailed discussion of various aspects of cosmic-ray studies. In this
paper, a review of current experimental status is given.

1. QUEST FOR ORIGIN OF UHECR
Soon after the discovery of the cosmic microwave background, Greisen [6]

and Zatsepin and Kuz’min [7] pointed out that the ultrahigh energy cosmic rays
cannot propagate freely in the Universe due to interactions with the cosmic mi-
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Fig. 1. Energy spectrum of cosmic rays compiled from results of various experiments.
The energy ranges of direct measurements (on balloons and satellites) and indirect ones
(extensive air shower detection) are shown [2]

crowave background radiation. At energies above about 50 EeV the centre-
of-mass energy available in the proton—photon system reaches the threshold for
production of a pion. Thus, above the threshold energy protons produce secondary
pions through the process py — pr® or py — nzt. A series of such reactions re-
sults in considerable reduction of the proton energy. This is demonstrated in Fig. 2
showing the reduction of proton energy during propagation: even if there exist
sources capable of emitting particles with energies much higher than 100 EeV, af-
ter traveling a distance less than 100 Mpc these particles shall have their energies
reduced to below 100 EeV. Heavier nuclei, if present among UHECR, undergo
fragmentation due to interactions with photons of the microwave background, so
that their range is also very limited, although at a somewhat higher energy [9].
As a consequence, the flux of protons with energies above the photoproduction
threshold diminishes very quickly with the distance traveled. This effect is called
the Greisen—Zatsepin—Kuz’min (GZK) cutoff. Therefore, if the sources of cosmic
rays are distributed uniformly in the Universe, only nearby sources (if they exist)
can efficiently contribute to the cosmic ray spectrum above the GZK threshold
energy. From distant sources, the energy spectrum should be strongly suppressed
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above some 50 EeV. Conversely, if particles are observed with energies above
the GZK cutoff, their sources must be located at distances smaller than several
tens Mpc. We note that the distance
of 100 Mpc is a rather small one in
the cosmological scale: the possible
cosmic ray sources would have to be
located mainly within the local Super-
cluster of galaxies, which is centred at
the Virgo cluster.

The available experimental data
collected until now are too scarce
to allow identification of sources of
UHECR. As pointed out above, the
main difficulty is the small cosmic
ray flux: above 100 EeV it is only

100 rd vl vl i about 1 particle/km?/century.  Less

10° PIO] 1 10° 10" than 20 events with cosmic ray en-
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ergies exceeding 100 EeV were de-

Fig. 2. Dependence of energy of a proton as tected so far in several detectors: Vol-

a function of distance traveled, for different cano Ranch [10], Haverah Park [11],

initial energies [8] Yakutsk [12], Fly’s Eye [13], HiRes

[14], and AGASA [15]. On the basis

of these data, it is even impossible to tell whether the GZK cutoff exists in the
cosmic ray energy spectrum.

The distribution of arrival directions of UHECR is also very intriguing.
At low energies, the gyroradii of cosmic rays in the galactic magnetic fields
(with strengths in the microgauss scale) are much smaller than thickness of the
galactic disk, so the cosmic rays are confined within the galactic disk by these
fields. Propagation of low energy cosmic rays in the galaxy therefore resembles
a diffusion more than a rectilinear or «ballistic» movement. In consequence, the
arrival direction of a cosmic ray particle at the Earth has no relation to location of
its source. This situation changes drastically at ultra high energies. The radii of
curvature of particle trajectories become comparable to, or larger than the size of
the galaxy, so not only the particles are not confined by the magnetic fields in the
galaxy, but they are expected to propagate almost freely in intergalactic magnetic
fields. Especially cosmic rays at extremely high energies, above 100 EeV, should
propagate almost rectilinearly in the intergalactic magnetic fields which have
strengths in the nanogauss range.

If the UHECR sources are located at distances less than 100 Mpc, then
intergalactic magnetic fields can deflect the cosmic ray particles by only a small
angle, of an order of several degrees. If so, the arrival direction of cosmic rays
at extreme energies should point back to their sources, so that the identification
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of these sources should be easy. However, this pointing back does not work.
The arrival directions of cosmic rays recorded so far are distributed more or
less uniformly on the sky and even directions of the most energetic cosmic
rays recorded by the Fly’s Eye [16] and AGASA [17] do not point back to
known, nearby objects which might be sources of these particles [18]. In the
UHECR region, no large-scale anisotropy of arrival directions is visible. Only
at lower energy, about 1 EeV, an anisotropy was reported by AGASA [19]
correlated with the galaxy. Thus, both the sources of UHECR and the underlying
process responsible for emission of particles with such enormous energies remain
unknown.

A large number of theoretical models of UHECR origin have been proposed.
They can be grouped into two broad classes which are discussed briefly below.

1.1. Acceleration Models (Bottom-Up Scenario). In a classical approach,
one assumes that cosmic rays acquire their energies through being accelerated
at some astrophysical objects (to be identified), via some acceleration process
(not identified yet either). It is commonly accepted that the diffusive shock
acceleration is an efficient acceleration mechanism in supernova remnants and it
is generally assumed that this process, in different sources, can be effective also
in accelerating particles to ultra high energies. However, the «cosmic zevatrons»,
i.e., objects capable of accelerating particles to ~ 1 ZeV (= 102! eV) are not easy
to find. It was first pointed out by Hillas [20] that a dimensional analysis leads
to excluding most astrophysical objects known from possible candidates. This is
illustrated in Fig.3. The maximum energy obtainable in the shock acceleration
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Fig. 3. Candidate astrophysical objects for proton acceleration above 100 EeV, classified
according to their sizes and magnetic field strengths [4]
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process is [21] Eyax = BZBL, where (3 is the shock speed, Z is the charge of
particles being accelerated, B is the magnetic field strength and L is the size of the
acceleration region. A necessary condition for acceleration via the Fermi process
is that the particle trajectory must be fully contained by magnetic fields within the
acceleration region. Thus the candidate acceleration sites must have either strong
magnetic fields or large sizes so that their product has some minimum value. In
Fig.3, in order to be a candidate for acceleration to energies above 100 EeV, an
astrophysical object must lay above the diagonal lines. In addition, the magnetic
field strength must be small enough so that synchrotron radiation losses do not
prevail over the energy gain during acceleration. Similarly, density of matter and
photons in the acceleration region must be not too large so that energy losses in
inelastic collisions do not neutralize the acceleration process. There are only few
objects fulfilling these conditions: pulsars, active galactic nuclei, radio galaxy hot
spots, galaxy clusters.

The most commonly discussed acceleration models are shortly presented
below.

Acceleration in radio galaxies and galaxy clusters [22]. The most promising
candidates are radio lobes of strong radio galaxies [23]. Although there is much
uncertainty in the strengths of magnetic fields and sizes of the acceleration regions,
the radio galaxies seem to be able to accelerate particles to beyond 100 EeV
through the first order Fermi process. Clusters of galaxies are also promising
candidates, as they provide large-size shocks needed for acceleration. If the
nearby radio galaxies are to be the UHECR sources to avoid the GZK cutoff, the
apparent lack of correlation with UHECR arrival directions is a problem. In order
to isotropize the arrival directions at the Earth to get agreement with the data,
the intergalactic magnetic fields would have to be much stronger than currently
estimated. Acceleration by relativistic shocks, like those in active galactic nuclei
or microquasars in our galaxy is also a possible mechanism able to yield UHECR.

Acceleration in catastrophic events, e.g., in ultrarelativistic shocks associated
with gamma-ray bursts (GRB). It was suggested [24] that the sources of gamma-
ray bursts should provide conditions necessary for acceleration of particles to
ultrahigh energies. If the amount of energy transferred to cosmic rays were equal
to energy emitted in gamma-rays, the GRB sources could account for the observed
flux of cosmic rays. Although there are a few problems with this scenario (e.g.,
the distances to GRB sources), it is being explored.

Strong electromagnetic fields associated with accretion disks or with compact
rotating objects. Pulsars may be able to accelerate particles to EeV energies [25].
The rotating strong magnetic field of the pulsar induces electric fields sufficiently
strong to enable acceleration to 100 EeV energies in «one shot», so this process
is different from the diffusive shock acceleration process. Especially promising
are pulsars with extremely strong magnetic fields, called magnetars [26]. The
relativistic wind of a newly created magnetar should be able to accelerate cosmic
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rays to ZeV energies. It has been argued that galactic sources like pulsars can
be ruled out because they should lead to a clear anisotropy above 10 EeV, which
is not observed. However, if magnetars emit heavy nuclei, the galactic magnetic
field might, at least partially, isotropize the arrival directions. Moreover, mag-
netars located in other galaxies might emit protons as well and still be perfectly
consistent with the observed isotropy (although the problem of pointing back
to the source remains). Thus, magnetars seem to be viable candidates for the
UHECR accelerators.

The candidate acceleration sites, seen from the Earth, have very small angular
sizes. If some of them are located relatively nearby and emit ultrahigh energy
cosmic rays, the arrival directions of these cosmic rays should cluster on the
sky, scattered around the location of their sources. These objects would be
called «point sources» of cosmic rays. The spread of the arrival directions
around the point source should depend on particle energies and magnetic fields
traversed. Once the point sources are identified, the distribution of cosmic ray
arrival directions from this source will provide a new way to study intergalactic
magnetic fields.

1.2. Top-Down Scenarios. A very different class of models of UHECR
origin are those in which cosmic rays are emitted as decay products of some su-
permassive exotic «X» particles. The idea is that relics of the very early Universe,
like topological defects, can decay at the present time and produce the X particles
with masses of the order of Grand Unified Theories (GUT) scale of ~ 102 eV.
Other possibility might be that the X particles themselves are metastable relics of
the early Universe. A comprehensive review of these models is given in [3]. The
X particles should decay into quarks and leptons. The quarks would subsequently
hadronize, so that «ordinary» particles with energies in excess of 100 EeV would
be a natural consequence of these processes. This is the so-called «top-down sce-
nario», in which no particle acceleration is involved. It is important to stress that
in this scheme generally no correlation should be expected between cosmic-ray
arrival directions and location of visible astronomical objects, so that the top-
down scenario is an attractive possibility if no astrophysical model can explain
the origin of UHECR. Among the most intensely discussed models are:

Topological defects are localized regions in which extremely high densities of
energy are retained from the early Universe [27]. These defects, such as cosmic
strings, monopoles, domain walls, etc., are supposed to have a small probability
to annihilate or decay, emitting the X particles with mass M > 10%® eV, of the
order of the GUT scale. The X particles are supposed to decay into leptons and
quarks, and the quarks subsequently undergo the QCD fragmentation, mostly into
pions which, in turn, decay further into photons, electrons and neutrinos. Thus,
among the end products of this series of decays, photons and neutrinos should be
most numerous, with relatively few baryons. The energies of cosmic ray particles
created in this way should extend up to the X particle mass.
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Z bursts are supposed to result from resonance production of Z bosons in
collisions of extremely high energy (£ > 10 ZeV) neutrinos with 1.9 K cosmic
relic neutrinos [28] (assuming at least one neutrino species has nonzero mass).
This effect, although analogous to the GZK effect, occurs at much higher en-
ergies of neutrinos. The Z bosons would subsequently produce fragmentation
jets, in which neutrinos and photons would dominate, but would contain also
hadrons. The extremely-high-energy neutrinos might arrive even from large cos-
mological distances and interact within the GZK distance around the Earth. The
nucleons produced in this way would easily reach the Earth, so that the GZK
suppression of hadrons would be avoided. Since it is difficult to find a con-
ventional process to produce 10 ZeV neutrinos, the most plausible scheme is
that these neutrinos result from a top-down process. There are difficulties, how-
ever, to reconcile this scheme with the observed energy flux in lower energy
photons.

There was a suggestion that ultraheavy dark matter particles which were
produced in the early Universe, are the cosmic ray sources [29]. They are
supposed to have long lifetimes, larger than the age of the Universe. These
particles might constitute a dark matter halo of the galaxy. Their decays would
produce UHECR which are not attenuated by the GZK mechanism and would be
consistent with the apparent isotropy of the arrival directions.

1.3. Other New Physics Scenarios. There are also models which might be
named «hybrid», since they incorporate new ideas beyond the standard model,
applying them to the bottom-up scenario. In these schemes the particles which
propagate from zevatrons toward the Earth are those immune to the GZK effect,
so that the spectrum cutoff is avoided, or even the cutoff is not expected at all.
Among the most popular models of this kind are:

Large neutrino cross section. Neutrinos are immune to the GZK process,
so they can travel unimpeded through the Universe. Since the neutrino—nucleon
interaction cross section increases with energy, at the extreme energies it should
reach the scale of cross section for hadronic interactions. Possible realizations of
this scenario might involve composite models of neutrinos [30] or extra dimension
models. In this scheme, neutrinos might arrive from cosmological distances and
produce air showers similar to those initiated by hadronic primaries.

New particles. 1t was suggested [31] that new neutral particles, like super-
symmetric hadrons with masses of a few GeV («uhecrons») might be the primaries
of cosmic ray showers. They could provide pointing back to powerful, distant
sources. These neutral particles are difficult to accelerate, so they would rather
have to be produced as secondaries in interactions of still higher energy charged
particles.

Magnetic monopoles might be the ultra high energy cosmic rays [32]. Mono-
poles could be easily accelerated to ultra high energies by the galactic magnetic
fields. The difficulty is that the monopole should have a large mass, of an order
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of 10° GeV, and this is not easily reconciled with observed properties of air
showers, which indicate ultrarelativistic primaries.

Lorentz invariance violation. There are suggestions [33] that Lorentz invari-
ance might be broken weakly, so that the violation could not be discovered at
accelerator experiments, but might manifest itself at ultrahigh energies. Even
a tiny violation of Lorentz invariance (order of 10723) may eliminate the GZK
cutoff [34]. If this would be the case, any particles, even nucleons, could arrive
from large cosmological distances.

The different models of cosmic ray origin predict different shapes of energy
spectrum. Also, the composition of UHECR varies much between the models.
For example, the acceleration models predict hadronic composition, with nuclei
up to iron present (or even dominating) among UHECR. The top-down models,
on the contrary, predict copious emission of UHE photons and neutrinos, with no
nuclei heavier than proton.

It is therefore clear that precise experimental determination of cosmic ray
energy spectrum and composition is fundamentally important for explaining the
cosmic ray origin. Again, the main difficulty is the low statistics of available
data.

2. AVAILABLE DATA

In the ultrahigh energy region, the only method of cosmic ray detection
available is to record extensive air showers initiated by the cosmic-ray particles.
The flux of UHECR is too small to be recorded by small-size detectors that can be
put on satellites or stratospheric balloons. Large detector systems on the ground
are needed to record the (rare!) air showers, in order to compensate for the small
flux.

Two detection techniques are currently used for ultrahigh energy air shower
detection: an array of particle detectors on the ground and the fluorescence
technique. The ground array samples the air shower in many points at the
ground level, so that a lateral distribution of shower particles is determined.
In addition, the electron and muon components are distinguished, shower front
thickness and curvature can be measured, etc. The largest detector of this type has
been the AGASA array [15] with the area of 100 km?, which ceased operation
in December 2003. Other detectors are Yakutsk [12] (still working), Haverah
Park [11], Volcano Ranch [10], etc.

The fluorescence technique is based on optical detectors to record fluorescence
light of nitrogen molecules in the air, induced by charged particles of the shower.
This is a «calorimetric» technique, in which the longitudinal profile of shower
development is determined. This technique was first applied in the Fly’s Eye
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detector [13]; currently, the HiRes detector [14] (the successor of Fly’s Eye)
operates in Utah.

2.1. Energy Spectrum. The newest spectra obtained by different experiments
were presented at the International Cosmic Ray Conference, Tsukuba (Japan) in
August 2003 [35-37]. These spectra do not coincide with each other. The
spectra from the two largest experiments, AGASA and HiRes, are compared in
Fig.4. A seemingly striking disagreement is seen. In the most interesting energy
range, £ > 100 EeV, AGASA has collected 11 events, while only 1.8 events
are expected if the GZK cutoff is present in the spectrum [35]. The AGASA
spectrum clearly shows no GZK cutoff (on the level of 4.50). On the other
hand, the HiRes collaboration reports only 2 events above 100 EeV [36]. The
spectrum is consistent with the cutoff and can be well fitted by the galactic-plus-
extragalactic sources model of Ref. [38]. It is worth noting that in the energy
range above 102 eV the integrated aperture of the HiRes monocular detector is
about 1.5 times larger than that of AGASA [39], so that 50% more events are
expected above 100 EeV in the HiRes-1 spectrum than in the AGASA spectrum.
Moreover, even in the energy range below 10 EeV, in which there are plenty
of events collected in both detectors, the fluxes determined in both experiments
differ by a factor of 2. In addition, the Yakutsk spectrum [37] shown in Fig.5
differs from both AGASA and HiRes: at lower end the Yakutsk flux is larger
than AGASA and HiRes, while only 1 event was recorded with energy above
100 EeV, so that the Yakutsk spectrum is consistent with the GZK cutoff.

Flux [ E3/10%, eV2 [ m2[Js ! [Jsr!
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Fig. 4. Cosmic ray energy spectra determined in the AGASA and HiRes experiments [36].
The line shows predictions of the model [38] fitted to the HiRes spectrum. @ — HiRes-2
monocular; l — HiRes-1 monocular; ¥ — AGASA
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Fig. 6. Comparison of energy spectra from different experiments [40]. a) The spectra as
published by AGASA (O), Fly’s Eye (A), Haverah Park (@), HiRes (V) and Yakutsk (<).
b) The same spectra after rescaling the energy calibration in the experiments to bring the
spectra into agreement at 10 EeV

Among the possible causes of this discrepancy, the most important seems to
be the uncertainty of energy determination. The AGASA and HiRes spectra can be
reconciled if the relative energy calibration in these two experiments is changed
by 30%. In fact, Bahcall and Waxman have shown on earlier data [40] that
systematic shifts in energy applied to spectra determined in various experiments
bring all the spectra to reasonable agreement. This is illustrated in Fig. 6. The
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problem is that the magnitude of the systematic shifts involved is somewhat
arbitrary and not quite understood on the basis of analyses performed by the
experimental teams, see, e.g., [41] and analyses of uncertainties in the apertures
of the detectors. Nevertheless, it seems that the disagreement of the spectra
below about 10 EeV is a matter of systematic errors in energy assignment, or in
determination of the detector aperture.

In the ground array technique, the total energy of a shower is determined on
the basis of measurement of the lateral distribution of particles in the shower. The
standard procedure is to fit the lateral distribution function to the actual measure-
ments done in the detector stations. The particle density at a fixed distance from
the shower axis (typically the distance of 600 m is used) is directly proportional
to the shower energy. Details of the procedure depend on the detector used. The
effects which need calibrating and which are likely to contribute to systematic
errors include: (i) the calibration of the detector response (gain, linearity, etc.);
(i1) the determination of the lateral distribution function, in particular its depen-
dence on shower inclination, and implicitly on the age of shower being recorded
(one needs to keep in mind that the detectors are located at a fixed vertical at-
mospheric depth); (iii) the dependence of the energy conversion formula on the
nuclear interaction model used to simulate the air showers. In case of AGASA,
the total systematic error of energy determination was estimated at 18% [41].

Similarly, a number of effects may contribute to the systematic errors of
energy determination in the fluorescence technique. The atmosphere serves as a
calorimeter, so detailed understanding of its properties is of fundamental impor-
tance. The flux of light recorded by the detector is the measure of shower energy.
Therefore, it is important to know in detail: (i) the fluorescence yield, i.e., the
number of photons emitted per unit track length of a charged particle. The yield
was measured in laboratory experiments, but it is still not well understood; (ii) the
atmospheric effects, in particular extinction of light on the way towards the de-
tector are very important corrections; (iii) knowledge of properties of the shower,
in particular the portion of the primary particle energy which is not transferred
to the electromagnetic shower, i.e., carried by neutrinos, muons and hadrons;
(iv) the absolute calibration of the detector: optical properties of the detector
(like mirror reflectivity, shadowing, etc.), efficiency of light recording elements,
etc. The HiRes collaboration determined the overall systematic uncertainty in
energy determination as 17% [42].

The question of existence of the GZK cutoff in the experimental spectra is far
from being settled. De Marco et al. [43] have shown that after the AGASA and
HiRes spectra are brought to agreement at low energies by an energy rescaling,
the statistical significance of disagreement between them above the GZK energy
is small, on the 20 level.

An interesting question may be whether or not one really should expect the
GZK cutoff. It was recently pointed out [44] that if intergalactic magnetic fields
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are considerably larger than known or commonly assumed, then distant sources
will be unable to contribute to the observed cosmic ray flux not only in the trans-
GZK energy region, but also at lower energies. Cosmic rays below the GZK
threshold should get entangled by the intergalactic magnetic fields, will propagate
in the diffusive regime and will not be able to travel over large cosmological
distances. If so, the GZK cutoff might be absent with any distribution of sources.
One has to note, however, that Faraday rotation measurements indicate small
strengths of intergalactic magnetic fields, on the nanogauss scale, and that no
suppression of the cosmic ray energy spectrum is observed in the sub-GZK region,
so there is as yet no evidence to support the hypothesis of strong intergalactic
magnetic fields. Thus, one has to conclude that the energy spectrum is not yet
satisfactorily known and the very existence of the GZK cutoff is still an open issue.

2.2. Arrival Directions. The distribution of arrival directions of UHECR
has long attracted attention of cosmic ray scientists. The AGASA collaboration
published [45] an observation of a large scale angular anisotropy around 1 EeV,
with a 4.50 excess of cosmic rays ar-
riving from the direction close to the
galactic centre and a deficit from near
the galactic anticentre. This observa-
tion was confirmed by the SUGAR data
[46]. A similar galactic enhancement
was found by Fly’s Eye [47]. Natu-
rally, such an excess can be interpreted
as an indication of galactic origin of
cosmic rays in the EeV range.

The arrival directions of cosmic
rays above the GZK energy are partic-
ularly interesting. As discussed above,
these particles are expected to originate
from extragalactic sources and the GZK
effect limits the source distances to sev-

Density, a. u.

0 I L L L L 1 L L i s 1 L
20 40
Separation angle, deg

Fig. 7. Distribution of separation of arrival

directions of cosmic rays above 40 EeV
observed by AGASA (the histogram) and
expected from an isotropic distribution (the
line) [51]

eral tens Mpc, so that the arrival di-
rections should, at least approximately,
point to the sources. This, however, is
not the case. A large scale anisotropy

is not observed: the UHECR arrival di-
rections are distributed almost uniformly on the sky. There have been reports,
e.g., [48] on correlation with the supergalactic plane, but these results were not
confirmed on a combined data set from several experiments [49].

On a small angular scale, however, a clustering of cosmic ray arrival direc-
tions was reported [50,51]. AGASA looked for clusters of events with energies
above 40 EeV and has found five doublets with angular separation of 2.5 deg and
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a triplet of events. The typical uncertainty of shower direction reconstruction in
AGASA is 1.8° [50], so two independent showers coming from the same direc-
tion are expected to be found within 2.5° from each other. Figure 7 shows the
distribution of 2-event separation angles, in which a clear excess of small sepa-
rations is present. The chance probability of observing these clusters was found
to be less than 10~%. Since the clusters may indicate location of point sources,
they have generated much interest in the cosmic ray community. There were
many reports on possible correlation of the clusters with astrophysical sources of
different kinds: see, e.g., [52] for a review.

On the other hand, the UHECR clusters are not seen by the HiRes experiment
[53]. The HiRes-1 (monocular) data set has a larger statistics, but the shower
reconstruction has a very asymmetric angular resolution: the shower axis is
determined well in the direction perpendicular to the shower-detector plane, but
much worse within this plane. The HiRes stereodata set has a much better
angular resolution, below 1°, so it is much better suited to study small scale
angular correlations. However, the data statistics is still small and as yet no
clustering is seen.

An interesting study of clustering is found in a recent paper [54]. The authors
analyze the directions of 72 AGASA events above 40 EeV: the initial 30 AGASA
events are used as a basic set; the remaining 42 events serve as a new set of data
to look for coincidences with events in the old set. Using the criteria applied
by AGASA, they found in this new data set 2 new pairs of events, with 8%
probability that these pairs occur by chance. Hence they conclude that there is
no evidence for clustering and the data are consistent with the null hypothesis
of isotropic distribution of the arrival direction. Moreover, a small increase
of threshold energy (50 EeV instead of 40 EeV used by AGASA) drastically
reduces the number of doublets [55]. Thus not only the interpretation, but even
the significance of clustering is unclear at present.

2.3. Composition. Measuring the composition of UHECR, i.e., identification
of particles arriving from space, is a very difficult task and generally cannot
be done on event-by-event basis (i.e., individually for each event). Since the
primary cosmic ray particle is not recorded in the detectors, its identity must be
inferred from properties of an extensive air shower it initiates in the atmosphere.
One has to rely heavily on modeling of shower properties to infer the primary
particle mass on the basis of depth of shower maximum, muon contents in the
shower, lateral particle distributions, etc. The conclusions on mass composition
are difficult to make since different methods often give differing results.

The depth of shower maximum, X,.x, depends on energy per nucleon of
the primary particle and increases with energy (the so-called elongation rate) in
a different way for proton- and heavy nucleus-initiated showers. Modeling of
shower development provides a template to be applied to experimental data in
order to extract composition of primary cosmic rays. Several models of nuclear
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interactions are currently in use, like QGSJET [56], SIBYLL [57], DPMIJET [58],
etc. The details of particle production assumed in these models are somewhat
different, so that the properties of air showers derived from these models are not
the same and sometimes differ considerably. As a result, shower properties like
muon content, lateral particle distribution or longitudinal shower profile depend
on the model assumed. Figure 8 shows the experimental dependence of X ,ax
on energy along with model simulations for proton and iron showers. The data
indicate a composition change toward lighter nuclei as the energy increases in
the UHE range [59, 60]. However, the conclusions depend again on model
assumptions. This is illustrated in Fig. 8. It is clear that at the highest energies,
a pure proton composition may be inferred using QGSJETO1 model, or a mixed
composition from the SIBYLL2.1 or DPMJET2.5 models.

Xnaxs g/em?

«—Fly's Eye

»— HiRes-MIA Proton
#— Yakutsk (1993)

+— Yakutsk (2001)

o— CASA-BLANCA  , 7 ..
s— HEGRA-AIROBICC/ ;4"
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Fig. 8. Position of the shower maximum as a function of energy, determined in various
experiments. The lines show predictions of several models for proton and iron primaries
[60]: I — DPMIJET 2.5; 2 — neXus2; 3 — QGSJET 01; 4 — SIBYLL 2.1

In the ground array technique, the muon content is the most important pa-
rameter for composition studies: more muons are expected in an iron-induced
shower than in a proton event at the same energy. However, the fluctuations
are large, and again, the muon component expected in a shower depends on the
interaction model used. The AGASA results [61] are summarized in Fig.9. It is
evident that the fluctuations in muon density are large, especially when compared



HIGHEST ENERGY PARTICLES IN THE UNIVERSE 1149

to the expected difference in predictions for proton, iron and photon primaries.
Assuming that the cosmic rays are a proton-iron mixture, the AGASA collabo-
ration determines the iron fraction as 14715% at 10 EeV and less than 66% at
30 EeV. The composition derived in this way depends on the model used [62].

log(Muon desnity at 1000m [m2])

| No muon detection

i) [P S N
19 19.5 20 20.5

log(E, [eV])

Fig. 9. Muon density versus energy in air showers recorded by AGASA [61]. The expected
410 bounds for iron (/), proton (2) and photon (3) primaries are indicated by the lines

The shape of lateral distribution of shower particles was used in reanalyses
of old Haverah Park [63] and Volcano Ranch [64] data. Using the QGSJETO1
interaction model, the authors deduce a 75% fraction of iron, as shown in Fig. 10.
When using the older version of the model, QGSJET9S8 instead of QGSJETO1,
a higher limit of 88% iron fraction is derived [65]. These results contrast with
the HiRes indication [66] of predominantly light primaries, especially when the
QGSJETO01 model is used.

The discrepancy of conclusions of different data analyses strongly suggests
that the shower properties are generally not well understood and that there must be
considerable shortcomings in shower modeling. One aspect of these shortcomings
was shown in Fig. 8: predictions based on various models of hadronic interactions
differ considerably. One has to keep in mind that properties of hadronic interac-
tions at ultra high energies cannot be studied directly in accelerator experiments
and have to be extrapolated from much lower energies. Also, understanding better
the process of shower development at lower energies would considerably improve
the extrapolation to ultra-high energies. One has to conclude that the accuracy
of cosmic ray composition analyses accessible at present is insufficient to draw
definite conclusions.
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Fig. 10. Fraction of iron nuclei in the cosmic ray flux determined in various experiments:
Fly’s Eye (A), AGASA ({J, W), Haverah Park (O, @) [64]. Mean composition (with its
error) derived from the Volcano Ranch data using QGSJETO1 is shown by the solid line
rectangle; the same using QGSJET98 is shown by the dashed line rectangle

Efforts to determine the fraction of photons in UHECR are under way. The
AGASA group, assuming a proton-photon mixture, derived an upper limit of
34% for the photon fraction at 10 EeV and 63% at 30 EeV, on the basis of muon
distribution in air showers [61]. An analysis of Haverah Park data [63] shows
that 10 EeV photons constitute less than 41% of the hadronic flux.

The highest energy event recorded so far, the 320 EeV Fly’s Eye shower, was
particularly carefully studied in the context of primary identification. An analysis
of [67] indicated that the longitudinal profile of this shower was not compatible
with a photonic primary. However, a recent study [68] of preshowering effect
(photon conversion on the geomagnetic field) concluded that the hypothesis of a
photon primary cannot be rejected.

Determining the photon flux in UHECR is very important for choosing the
model of cosmic ray origin. As mentioned earlier, the top-down scenarios predict
a large flux of UHE photons. The present data do not indicate the photon
dominance. However, the UHE photon flux is expected to be strongly modified
by interactions with the microwave background (an effect similar to the GZK
effect for hadrons), so the UHE photons may be rare in cosmic rays. On the
other hand, UHE neutrinos, if found, would provide a complementary supportive
evidence for the top-down models.
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3. SUMMARY AND OUTLOOK

The observed discrepancy between energy spectra measured by AGASA,
Yakutsk, and HiRes indicates that systematic errors are present which are not
yet completely understood. All these detectors are located at similar northern
hemisphere latitudes, so they observe approximately the same region of the sky
and the difference in spectra is unlikely to arise solely from difference in cosmic
ray sources observed.

There are many systematic effects which may contribute to this spectral
difference. For example, the calibration of the fluorescence yield, i.e., the num-
ber of photons emitted per unit length of a particle track, may be somewhat
different from what was previously assumed [69]. Similarly, different shower
simulation codes used to derive shower energy, particularly in the surface array
technique, lead to slightly different energies [70]; the actual vertical profile of
atmospheric density may differ considerably from the commonly used US Stan-
dard Atmosphere model [71]. There are many experimental details which still
can be improved and efforts are under way worldwide to improve the detection
techniques and to better understand the shower development process.

The arrival directions of UHECR continue to be a puzzle. Although there
is an indication of an anisotropy towards the galactic centre, it is observed only
at lower energies, around 1 EeV. Such an anisotropy is consistent with what one
should expect for galactic origin of cosmic rays. At higher energy, above 10 EeV,
no anisotropy is observed, but cosmic rays in this energy range are expected to be
predominantly of extragalactic origin anyway. The arrival directions do not point
back to apparent sources of cosmic rays. There is an indication for clustering of
cosmic ray directions, so one might suspect we are starting to see point sources,
even if they are not identified at the moment. This clustering, however, is not
completely convincing. There are different views on its statistical significance, so
that it would be premature to draw definite conclusions on point sources.

Determining the UHECR composition is the most difficult task. In both sur-
face array and fluorescence techniques one has to rely on simulations of shower
development to infer the type of primary particle. Different interaction models,
and even different simulation codes with the same model give slightly differ-
ing predictions on various shower properties, which result in somewhat different
composition of primary cosmic rays derived on the basis of these models. The
data from both experimental techniques indicate a changing composition towards
lighter nuclei with increasing energy, although the average mass of primary cos-
mic rays derived from the fluorescence technique is lighter than that from the
surface arrays. No photons or neutrinos have been unambiguously identified as
primary UHECR particles.

It is clear that the experimental data accumulated so far are not sufficient.
Considerably more data are necessary for answering the questions discussed. The
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AGASA detector has ceased operation at the end of year 2003; HiRes is expected
to run for a few more years, but the data to come will not be enough either. The
same is true with respect to the Yakutsk detector.

A large change in the experimental situation will occur when data from
the Pierre Auger Observatory [72], now being constructed, become available.
This Observatory will consist of two sites, one in the Southern hemisphere (in
Argentina), the other in the Northern one (in USA). Each site will have an
area of 3000 km2, so that the total area will be 60 times larger than that of
AGASA.

The key feature of the Auger Observatory is the concept of hybrid detection
of air showers, by simultaneous use of a surface array of particle detectors and
a fluorescence detector. Each of these detector systems will measure different
properties of the same shower, so that a cross-calibration between these detectors
will be possible. Thus the hybrid detection of air showers will enable unprece-
dented accuracy of primary particle identification. Although the primaries cannot
be identified on an event-by-event basis, the cosmic ray composition will be mea-
sured better than ever before. In addition, the discrepancy in energy spectra of
AGASA (surface array) and HiRes (fluorescence) will naturally be removed by
the cross-calibration of the two detection techniques.

The surface array at each site of the Auger Observatory will consist of 1600
water tanks, each equipped with three photomultipliers to record Cherenkov light
induced by shower particles in 12 m® of water contained in the tank. The detector
stations are spaced 1.5 km apart, so that full efficiency of shower detection above
10 eV is ensured. Single cosmic ray muons passing through the water tank
provide a natural way for self-calibration of each tank in the field. The detector
stations are powered by solar cells with batteries, and use the GPS system for
time measurements. The communication with the central data acquisition system
is done by radio.

The air above the surface array will be viewed by a total of 24 telescopes,
grouped into 4 «eyes», to record fluorescence light induced by the showers in
the air. Each telescope has a 30 x 30° field of view, with aperture diameter of
2.2 m. The calibration system of this fluorescence detector includes the end-
to-end calibration of the telescopes using a calibrated light source, as well as a
number of ways to calibrate the atmospheric effects. These include laser beams,
lidars, balloon sondes, movable calibration light sources, and cloud monitors.

When completed, the Pierre Auger Observatory will record annually 5000-
10000 cosmic-ray events with energies above 10 EeV. The actual number of
events depends on the true shape of the energy spectrum which is to be deter-
mined. The surface array will work continuously, while the fluorescence detector
can work only during clear, moonless nights, i.e., about 10% of the time. How-
ever, these 10% of the «hybrid» events will be sufficient to fully cross-calibrate
the two detector systems.
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It is expected that the large statistics of events to be collected by the Auger
Observatory will enable identification of air showers initiated by neutrinos (if
neutrinos are present among UHECR). This will be possible through the study of
showers at large zenith angles (the so-called «horizontal air showers»). The hor-
izontal showers initiated by hadrons or photons develop high in the atmosphere,
so that the electromagnetic component is mostly absorbed in the air before arriv-
ing to the detector: of the charged particles, only high-energy muons arrive to
the detector. By studying the shape of the shower front, such showers will be
easily recognized as «old showers», i.e., those which started far from the detector.
On the contrary, neutrinos have small interaction cross section, so they have a
(rather small) constant probability to interact anywhere in the atmosphere, also
very deep, in the vicinity of the detector. The deep horizontal showers will be
easily distinguishable from the old hadronic showers. Therefore, studying the
horizontal showers provides an excellent opportunity to identify neutrinos among
UHECR. In addition, the capability to record tau neutrino showers will be en-
hanced through upward going, «Earth-skimming» showers, i.e., those at zenith
angles slightly larger than 90° [73]. The Auger Observatory is very well suited to
detect horizontal showers: the water tanks 1.2 m high have the acceptance almost
independent of the shower zenith angle, contrary to thin scintillator detectors used
by AGASA.

The southern part of the Auger Observatory is now under construction in
Argentina. At the time of writing (March 2004) Auger is already the largest air
shower detector array in the world, with 250 surface detector stations operating.
Although the southern site has not yet been completed, it already collects data
with the existing portion of the detector system. Completion of the full southern
site, which will consist of 1600 detector stations and 24 fluorescence telescopes,
is expected at the end of year 2005; the northern Auger site is to be completed
around year 2009. The two observatory sites, in the Northern and Southern
hemispheres, will allow a detailed full sky survey for the study of anisotropy
of arrival directions and identification of sources of UHECR, possibly located
anywhere in the sky. For example, the galactic centre can be observed well from
the Southern hemisphere, while the Virgo cluster is in the Northern hemisphere
of the sky.

Another experiment which was recently approved is the Telescope Array [74],
to be located in Utah, USA. Similar to Auger, the Telescope Array will be a hybrid
detector with a ground array of scintillation detectors spaced 1.2 km apart, and
3 fluorescence «eyes» with fluorescence telescopes. The total area of the array
will be about 9 times that of AGASA. An «infill» array, i.e., with smaller spacing
between detector stations is forseen to enable detailed study of the spectra from
0.1 EeV to 100 EeV.

The next generation of experiments will be the fluorescence detectors put
on satellites, like the Extreme Universe Space Observatory (EUSO) [75]. The
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proposed EUSO detector will be put on the International Space Station, with its
cameras «looking» down to detect air showers in the atmosphere. Since the field
of view will be large, +30° corresponding to about 400 km diameter on the
ground, EUSO will make another quantum leap in data statistics acquired. It
is expected that considerably more than 1000 events per year will be collected
above the threshold of 19'%% eV (again, the actual number of events will depend
on the true shape of the energy spectrum). Installation of EUSO is planned for
year 2010. This experiment should be able to considerably extend the results of
the Auger Observatory in the trans-GZK region.

Within the next several years one can expect a wealth of data which should
lead to answering the question of whether or not the GZK feature exists in the
cosmic ray spectrum. It should be noted that either answer will have profound
implications. For example, observing point sources will support the astrophysical
origin of UHECR, while the absence of GZK cutoff with lack of clustering of
arrival directions may indicate that exotic scenarios play a role. Determining
composition of UHECR is very important. In particular, identification of UHE
photons and neutrinos may be an argument in favor of exotic models. One can
conclude by saying that whatever the outcome, studying the ultra high energy
cosmic rays in the nearest future is going to be a very exciting task, with large
potential for discoveries in astrophysics and/or particle physics.
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