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Dear colleagues,

Let me welcome you in the Institute for Nuclear Research (INR) of the
Russian Academy of Sciences at the 3™ International Workshop on Ultra-
high-energy cosmic rays and their sources. This year, the Workshop is de-
voted to the 40" anniversary of the publication of two seminal papers where
the interaction of ultra-high-energy protons with the cosmic microwave
background was considered and the cut-off of the spectrum of cosmic rays
was predicted for the first time. After four decades, this prediction still heats
up the interest in the studies of high-energy cosmic rays (UHECR), both
experimental and theoretical. I hope that the Workshop will help to shed
more light on numerous problems in this interesting area.

WM Victor Matveey,

Academician,
Director of INR,
Chairman of the Organizing Committee

Sponsors:

e INTAS

e Russian Foundation for Basic
Research

e “Dynasty” foundation

¢ Russian Academy of Sciences
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FOREWORD

UHECR and a Renaissance in Cosmic Ray Investigations

Vadim A. Kuzmint

Institute for Nuclear Research of the Russian Academy of Sciences
60th October Anniversary Prospect 7a, Moscow 117312, Russia

This is a kind of a Foreword addressed to all the participants of The III-rd
International Workshop ‘40 Years of the GZK problem’.

First of all before coming to the main body of
my talk I would like to show you the famous
picture of the founder of cosmic ray physics
Victor Hess taken in 1912 where he is shown
at his balloon (Fig.1). The very story of the so-
called GZK cut-off originated with the discov-
ery by Penzias and Wilson (1965) of the Cosmic
Microwave Background radiation (CMB) with
temperature of about 3K (more exactly 2.7K).
It was soon understood by K. Greisen (1966)
and simultaneously by G. Zatsepin and V.K.
(1966) that the Universe is not anymore an
empty one but rather it is filled in by the pho-
ton gas and is not anymore transparent for
cosmic rays of high energies.

Now I would like to show you a short picture of
a time scale of cosmic ray physics starting with
the very beginning (Fig.2). One might see how
many years it took to get into the experimental
investigations of ultra high energy cosmic rays.
It goes without saying that all the information
about the primary high energy particles one
gets from the study of extensive air showers.

Now I would like to remind you the general
picture of elementary particle energy scales the

Figure 1: In a balloon at an altitude of 5000
metres, Victor Hess, the father of cosmic ray
research, discovered «penetrating radiation»
coming from space

humanity is dealing now with or may ever get
some (experimental or observational)
information on. On the Fig.3 one can see this
schematic picture (courtesy F. Dydak (CERN)).

One can see that with the use of human tech-
nology (artificial sources of high energy par-



A Time-like History of High-Energy Cosmic Rays

Hess discovered cosmic rays

Anderson discovered antimatter

Auger discovered extensive
air showers

Discovery of charged pions
and kaons

First 1020 eV cosmic ray detected

Fly's Eye detected
highest-energy event ever

HiRes claimed observation
of the GZK cutoff

Figure 2: Time scale of cosmic ray physics

1912
1927 Cosmic rays seen in cloud
chamber by Skobelzyn
1932
1937 Discovery of muon

1938
1946 First air showers experiments

1947
1949 Fermi’s theory of cosmic rays
1962
1966 Greisen and Zatsepin & Kuzmin
propose GZK cutoff energy
for cosmic rays

1991
1994 AGASA high-energy event

2002

2005 First results of the Pierre Auger
observatory

ticles -accelerators) as well as civilization Earth’
energy resources we will never get into the ul-
tra high energy region. But, with cosmic rays
we are already have got dealing with energies
as high as E ~ 102! eV which I have to repeat
seems to be never will be reached by means of
our artificial human means.

Turning to the GZK expectations of the cut-off
(suppression) of the cosmic ray energy spec-

trum, I should say that the very effect is quite
simple. Starting with some ultra high energy,
about 5-10%° eV in the lab system, primary
protons overcome the threshold energy for
the reaction of photoproduction of pions,
p+y>N n's} with a catastrophic energy loss.
For protons of such a high energies the
Universe becomes opaque one. That's it. About
the same takes place for nuclei etc. The mean
free path of protons with respect to collisions
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Figure 3: Energy scales of particle physics

with relic photons is about few Mpc, so the
effective radius of (free) penetration of pro-
tons from a source to the observer (radius of
collection) is of order R,~50 Mpc.

Now it is time to show you one more illustra-
tion showing the astronomical distances scales
where one is able to get an information by vari-
ous radiations (see Fig.4, courtesy F. Dydak
(CERN)).

It is probably the time for me to tell what I
meant saying that we arrived now to the
Renaissance of cosmic ray physics studies.
At the very beginning the main goal of cosmic

ray studies was mostly of particle physics in-
teractions at high energies meaning. But then,
after a tremendous progress in accelerator tech-
niques the main interests in cosmic ray studies
moved to the astrophysical aspects of the field,
namely studies of origin, acceleration mecha-
nisms, propagation of particles inside the Gal-
axy, and so on. Until the energies registered
reached something about E ~ 1018 eV. There
the cardinal change did occur. Cosmic rays with
energies higher E ~ 1018 eV may carry some
information on extragalactic space and origins,
they are not deflected practically by magnetic
fields, and so on. And, most important and new
- they might be the carriers of information on
the very distant sources and the very early ep-
och of the history of the Universe. One might
guess that he has got to get into the
cosmological meaning of the play! This might
be the ultimate goal!

The observation of Ultra High Energy Cosmic
Ray events with energies above 1020 eV by
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Figure 4: Distance scales of astronomy




AGASA is then one of the most intriguing
puzzles. In case the events were observed in-
deed ( with small enough uncertainty in energy
determination) it would anyway mean we have
got into the cosmological era of cosmic ray
investigations. In fact, the confirmation of the
existence of the GZK cut-off would simply mean
that cosmic rays of UHE are mainly of and ex-
tragalactic origin, no matter what is their origin.
In case the cut-off will not be confirmed one
has conclude immediately that UHE cosmic rays
originate somewhere nearby, within R, ~50
Mpc no matter again what is their origin.

The question now is what is the flux of UHECR
after the expected GZK? There are two sets of
experimental data. One shows the absence of
the cut-off (AGASA) while the another one
(HiRes, Auger) are more or less in accordance
with the GZK predictions. Which data are more
reliable? Might be, both if they do measure dif-
ferent things.

Data by AGASA show even more intriguing fea-
tures. Namely, there is seemingly a small angle
anisotropy in angular distribution of arrival di-
rections of primary particles. Angular resolution
of the installation is quite good, like 2.5°. That's
very good. So, taking into account that UHECR
particles don't deflect by magnetic fields as in
Galaxy and in the extragalactic space, they point
on the direction on the source. And one may
put the arrival points (directions) on the sky

map. But, you know, there are no objects on
the sky in those directions! One may say that
these particles came from NOWHERE! One
more puzzle.

You know one is looking for deviation from the
Standard Model (SM) of particle interactions by
Weiberg-Salam. Here one has a kind of a cer-
tain paradox, probably nothing in common with
SM. This should be resolved somehow. I will
not come into the discussion of what follows.
Other people will do it better than me.

One more thing is to be mentioned. It seems
that we are at the possible recovery of the in-
terest of the community in the particle interac-
tion at super high energies by study the UHECR,
once again (J. Takahashi (UAH), private
communication, Dubna, April 2006).

I would like to finish with the beautiful piece of
poetry by our beloved Russian poet Alexander
Pushkin

O, ckoabko Ham omkpvlMuii 4yAHbLX
Tomossm npocseweHvs ayx

H oneim, cein owubox mpyambix,
U zenuii, napasoxcos apye,

U cayuaii, Boz u306pcmamc/lb.2

I wish all the success to everybody and The
Conference. Thank you for the attention.

1 e-mail: kuzmin@ms2.inr.ac.ru

2 Oh so many wonderful discoveries the Wisdom Spirit brings to us, together with the Experience — the child

of hard mistakes, and the Genius — the friend of paradoxes, and the Chance — the Lord the inventor.
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REPRINTED ORIGINAL WORKS

The original papers by Greisen (1966) and by Zatsepin and Kuzmin (1966) were cited
several hundred times, and almost every contemporary study of ultra-high-energy cosmic
rays refers to them. The papers are simple, elegant and short; they are certainly worth
re-reading!

End to the cosmic-ray spectrum?
(by Kenneth Greisen)

Kenneth GREISEN (born in 1918) — an expert in nuclear physics
and high-energy astrophysics, notably in energetic cosmic rays,
interaction of energetic particles with matter, hard X-ray and
gamma-ray astrophysics. He was a staff member in Los Alamos
Scientific Laboratory (1943-1946) and was an eyewitness of the
nuclear-weapon tests; then he moved to the faculty of Cornell
University (physics department from 1946, chairman of
astronomy department from 1976, faculty dean from 1978).
Now he is a Professor Emeritus in Cornell.

(photo from the Los Alamos badge, 1945)

Reprinted with permission from:
K. Greisen, Phys. Rev. Lett., vol. 16, p. 748-750, 1966.
Copyright (1966) by the American Physical Society
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END TO THE COSMIC-RAY SPECTRUM?
Kenneth Greisen

Cornell University, Ithaca, New York
(Received 1 April 1966)

Penzias and Wilson® at 4080 Mc/sec (7.35 cm)
and now confirmed as thermal in character by
measurements of Roll and Wilkinson* at 3.2

The primary cosmic-ray spectrum has been
measured up to an energy of 10 eV,! and sev-
eral groups have described projects under de-

velopment or in mind® to investigate the spec-

trum further, into the energy range 10%'-10%2 eV.

This note predicts that above 10%° eV the pri-
mary spectrum will steepen abruptly, and the
experiments in preparation will at last observe
it to have a cosmologically meaningful termi-
nation.

The cause of the catastrophic cutoff is the
intense isotropic radiation first detected by

748

cm wavelength. It is not essential to the pres-
ent argument that the origin of this radiation
conform exactly to the primeval-fireball mod-
el outlined by Dicke, Peebles, Roll, and Wil-
kinson®; what matters is only that the radia-
tion exists and pervades the observable uni-
verse. The transparency of space at the per-
tinent wavelengths, and the consistency of in-
tensity observations in numerous directions,
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give strong assurance that the radiation is in-
deed universal. The equivalent black-body
temperature has been reported as 3.1+1°K*
and 3.0+ 0.5°K.* For our discussion, we shall
consider T =3.0°, at which temperature the
photon density is 548 cm ™2 and the mean pho-
ton energy 7.0x10~* eV. Although at this tem-
perature the number of photons in the spectral
range of the measurements (A = 3.2 cm) is

only 5%x10~% of the total, the slope of the spec-
trum is such that any reasonable extrapola-
tion to shorter wavelengths would yield at least
a substantial part of the 3° black-body photon
density. Moreover, two indirect confirma-
tions of the existence of the radiation have been
reported: One lies in the slope of the isotropic
part of the x- and gamma-ray spectrum’ and
the other in the absence of muon-poor air show-
ers above 10'® eV.®

As the last statement implies, several con-
sequences of the existence of the thermal ra-
diation have quickly been noted. One is to pro=-
vide a source of x rays and gamma rays by
inverse Compton interactions with cosmic-
ray electrons.”»®! Another is to make the
universe opaque to high-energy photons, above
2x10% eV, because of positron-electron pair
creation by photon-photon interactions.®!!

A third effect is to deplete the density of en-
ergetic electrons by the energy losses in the
inverse Compton interactions.”® Hoyle® also
considered the effect of the thermal radiation
on cosmic-ray protons, but concluded that the
time scale for energy degradation is greater
than the expansion time of the universe for all
protons up to 10% eV. This conclusion is wrong
because he only considered the proton Comp-~
ton effect and neglected two stronger proces-
ses, namely pair creation and photopion pro-
duction, which we now wish to examine.

The threshold energy for pion production by
protons on photons of energy 7x10~* eV (the
mean energy of black-body radiation at 3°K)
is 10%° eV, and some pion production occurs
at lesser proton energies because of the high-
frequency tail of the photon spectrum. The
cross section rises rapidly above the thresh-
old,'? going through a peak exceeding 400 ub
at the 2, 2 resonance (2.3 x10%-eV proton en-
ergy on 7 x10~*-eV photon), and descending
thereafter to about 200 pb, about which mi-
nor wiggles occur owing to the superposition
of higher resonances. With a mean cross sec-
tion of 200 ub and a photon density of 550 cm™,

the mean path for interaction is (ro)™1=9x10%
cm. However, the distance scale for loss of
energy is L =(E/AE)(n0o)™!, E being the initial
proton energy and AE the energy loss per in-
teraction. At the threshold for single-pion
production, AE/E is only 0.13, but it rises

to an average value of 0.22 at the £, £ reso-
nance, and continues to rise thereafter as
multiple pions are produced or more kinetic
energy is given to a single pion. L is there-
fore on the order of 4x10%® cm, and the time
scale for energy loss is 10 sec, which is
several hundred times less than the expansion
time of the universe. L is also more than an
order of magnitude less than the distance to
the nearest quasar.

There is abundant evidence that above 107
eV, the cosmic rays are not confined to the
galaxy; the local intensity is a sample of the
flux in a much larger sphere. If the sources
of very high-energy particles are uniformly
distributed in space and time, the effect of
interactions like those described here is to
deplete the spectrum by a factor equal to the
ratio of the time scale for energy loss to one-
third the expansion time. If, on the other hand,
the sources of such particles exist only far
back in time or at great distances, the deple-
tion is much stronger. It may also be noted
that if the primeval-fireball model is correct,
going back in time raises the mean photon en-
ergy as (1-¢/7)~! and the photon density as
(1-¢/T)~%, T being the expansion time; thus
the effect may be somewhat larger than our
computations on a static model indicate.

It should be noted that the cut in the spectrum
due to photopion processes is rather sharp,
because of the steepness of the high~frequency
tail of the Planck distribution. Only 1% of
the photons have energies exceeding 3 times
the mean value; also, close to the threshold
the cross section is smaller than 200 ub and
the fractional energy loss per interaction is
a minimum. Therefore, below 3 x10!° eV the
process should have a completely negligible
effect on the proton spectrum. As 10% eV is
approached, the effect should rise rapidly;
and above 2x10® eV, it should be a factor
of several hundred. At present the data above
10'® eV are rather sparse, and the highest
energy recorded is represented by a single
event at 10% eV.! A smooth representation
and extrapolation of the spectrum gives an
integral frequency of about one event on 100
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km? in one year at energies above 2x10% eV.
If this number is cut by a factor of several
hundred, owing to the y-p reaction, the rate
will be far too low to be detected by any of
the methods yet proposed; even the one event
recorded at 10% eV appears surprising.

One cannot save the day for superhigh-en-
ergy cosmic rays by calling on heavy nuclei.
The threshold for photodisintegration against
photons of 7x10~* eV is only 5x10™ eV /nu-
cleon, and at 10'® eV/nucleon most of the
photons can excite the giant dipole resonance,
for which the cross section is on the order
of 10—2° cm?. At this energy the mean path
for photodisintegration is on the order of 2
x10% ¢m, much less than the size of the gal-
axy. Even nuclei 5 times less energetic would
be decomposed in a time short compared with
the expansion time of the universe, owing to
the high-frequency tail of the black-body spec-
trum.

Ordinary optical interstellar radiation can
also produce y-p photopions and heavy nucleus
disintegrations, at energies 1000 times less
than those discussed above; but the intergalac-
tic optical photon density is smaller than that
of the 3° radiation by a factor of about 5x10%

and the mean paths are correspondingly longer.

So the effect on the proton spectrum is negli-
gible, but not the effect on the heavy nuclei:
Above 10'® eV /nucleon the mean time for pho-
todisintegration is an order of magnitude less
than the expansion time. Nuclei confined in
the galaxy encounter a higher density of optical
photons and are fragmented much faster.

In addition to photopion interactions as a
source of energy loss to high-energy protons,
one should consider pair production by the
thermal photons. The proton energy threshold
for this reaction against photons of 7x10~*
eV is only 7x10' eV, The energy loss in the
laboratory system arises primarily from the
small longitudinal momentum given to the pro-
ton in its rest system. At the threshold the
fractional energy loss is 2m/M=~10—%, where
m and M are the electron and proton masses.
At higher energies the energy loss depends
on the relative velocity of the electron and
positron and the transverse momentum given
to the proton, but the average energy loss in
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the laboratory is approximately constant,
making the fractional energy loss f~10-%/x,
where x is the ratio of the proton energy to
its threshold value. The cross section with
no screening is approximately 1.8%10~%(Inx
-0.5) cm?, Therefore, the scale length for
energy loss is given by L = (nfo)~1=~ 10*" X {Inx
-0.5)"! em. The minimum value of L occurs
at x =4.5 or E =3 x10" eV and is about half
of the Hubble length. Thus, the effect on the
primary spectrum is barely significant, cre-~
ating a small depression (never exceeding

a factor of about 3) in the interval 10%-10%
ev.

Even this small depletion of the flux above
10 eV, however, followed above 5x10® eV
by a stronger depression due to the photopion
process, makes the observed! flattening of
the primary spectrum in the range 10'®-10%
eV quite remarkable. The injection spectrum
of the intergalactic flux must be much less
steep than that of the galactic particles which
dominate at lower energies.

The author expresses thanks for the hospi-
tality of the Physics Department of the Univer-
sity of Utah, where this Letter was written.

13, Linsley, Phys. Rev. Letters 10, 146 (1963); and
in Proceedings of the International Conference on Cos-
mic Rays, Jaipur 1963, edited by R. R. Daniel et al.
(Commercial Printing Press, Ltd., Bombay, India,
1964-1965), Vol. IV, p. 77. ‘

C. B. A, McCusker and K, Greisen, in Proceedings
of the International Conference on Cosmic Rays, Lon-
don, September, 1965 (to be published); and S, Col-
gate, private communication,

SA. A. Penzias and R. W, Wilson, Astrophys, J. 142,
419 (1965).

ip, G. Roll and D. T. Wilkinson, Phys. Rev, Letters
16, 405 (1966).

°R. H. Dicke, P. J. E. Peebles, P. G. Roll, and
D. T. Wilkinson, Astrophys. J, 142, 414 (1965).

$Pprivate communication from Penzias and Wilson,
reported in Ref. 4.

'J. E. Felten, Phys. Rev. Letters 15, 1003 (1965),

®R. J. Gould and G, Schréder, Phys, Rev. Letters
16, 253 (1966).

SF. Hoyle, Phys. Rev. Letters 15, 131 (1965).

19R, J. Gould, Phys. Rev. Letters 15, 511 (1965).

15, V. Jelley, Phys. Rev. Letters 16, 479 (1966).

2R, R, Wilson, Phys. Rev. 110, 1212 (1958),
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Upper limit on the spectrum of cosmic rays
(by Georgy Zatsepin and Vadim Kuzmin)

Georgy ZATSEPIN (born in 1917) — a world-wide known
physicist and astrophysicist. One of the authors of the
discovery of electron-nuclear showers in cosmic rays and of
the nuclear cascade process resulting in these showers. He
pioneered the studies of interactions of ultrarelativistic
particles with the photon gas; the measurements of basic
characteristics of cosmic-ray muons and neutrino; the
experiments on the ultra-high-energy muons and their
interactions with nuclei. In the field of neutrino astrophysics,
he studied mechanisms of production of high-energy cosmic
neutrinos and neutrino emission from the stellar collapse in
the Galaxy. He also developed new methods of solar-neutrino
detection. In his paper of 1951, the pion photoproduction in
the interactions of ultra-high-energy protons with a photon
gas was studied and the fact that it may result in efficient loss
of the proton energy was understood. These results were
applied to the proton interactions with the cosmic microwave
background in his famous paper with V. Kuzmin (1966). He
worked in Lebedev Physical Institute and in the Institute for
Nuclear Research (since it was established in 1970). Currently
he leads the Department of high-energy leptons and neutrino
astrophysics.

(photo from INR archives, 1968)

Vadim KUZMIN (born in 1937) — an outstanding theoretical
physicist specializing in particle physics, cosmology, cosmic
rays and neutrino astrophysics. He suggested a model of
generating baryon asymmetry of the Universe in heavy-
particle decays, was one of the pioneers of the electroweak
baryogenesis, studied neutron-antineutron oscillations,
suggested the gallium-germanium method of the solar
neutrino detection, demonstrated the possibility of weak
violation of the Pauli principle in quantum mechanics, studied
non-accelerator mechanisms of ultra-high-energy cosmic-ray
production. In 1966, jointly with G. Zatsepin, he predicted the
cut-off in the cosmic-ray spectrum due to proton interaction
with the cosmic microwave background. He worked in
Lebedev Physical Institute and in the Institute for Nuclear
Research (since it was established in 1970). Currently he leads
the Particle astrophysics and cosmology division in the
Department of theoretical physics.

(photo from INR archives, 1978)
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Reprinted with permission from:
G.T. Zatsepin, V.A. Kuzmin, JETP Letters, vol. 4, p. 78-80, 1966.

Copyright (1966), American Institute of Physics

UPPER LIMIT OF THE SFECTRUM OF COSMIC RAYS

G. T. Zatsepin end V. A. Kuz'min

P. N. Lebedev Physlcs Institute, USSR Academy of Sciences
Submitted 26 May 1966

ZhETF Pis'ma k, No. 3, 114-117, 1 August 1966

Powerful iszotropic therwal radiation of the Universe, having eppavently & Flanck dia-
#ribution with temperature T = 3°K, has been observed in recent measurements [3,2]. The in-
tensity of this radistion (N = 550 photons/en®, KT =~ 2.5 x I0™* &V) iz such that unique ef-
fects arise when cosmic rays of superhigh energy pass through it, specifically, cutoff of
the cosmic-ray spectrum in the vieinity of 102° ev,

At sufficiently high primsry cosmic-rey proton energies E ~ M Pt':z(amﬂ:.-.2,/13113}1,e ﬂ.) {31,
pion photoproduetion processes accur when the protons interact with the photon gas, as 8 re-
ault of which the protons effectively lose ernergy (EP/EP = 204) [4]. If the cheracteristic
time for proton-phonon collision becomes sufficiently small compsred with the lifetime of the
cosmic rays with these energles in the Melagalaxy, ss determined by other processes (for
example, the expansion of the Universe), then effective cutoff of the cosmic-ray spectrum
will teke place. An exect analysis gives for the characteristic time of collision between a
proton of energy EP >> r%c"‘-’ snd & photon, at the photon-gas eguilibrium temperstuxe T,

2.2 z
0 2% f:mne gec, 7 = EI/MPC:", {1)
where - -
1 : 1 kT
¢ = f aEEo_ () Z = exp(-nE/2ykr) (l + = -%-—) - (2)
I‘.,bhrlem“cz =],

o(E) is the total cross section for the sbzorption of & photon of energy E by ivteraction with
s proton: this is principeliy the cross section for the phatoprbduction of no and -n+ mesons
Tpr. s8ec
s
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at £ < 1 BeV; at higher energies, up to the highest ones, we can assume ﬂp‘y = const
= 1x 10728 en?.

The values of Ty caleulated by formule (1) for different proton energies sre shown in
¥ig. 1 for several photon gas temperatures, T= 2, 3, 5, 10, and 30. We see that at proton
energies EP > 1020 eV, proton interactions with the photon gas become quite freguent, TPT
=~ 107 years. This means that at the age t > 10% of the cosmic rays with energies under con-
gideration, their initial spectrum should be cut off in the high-energy region, even if the
acceleration mechanizm had been sufficiently effective in producing particles having these
energies. The question of the exact form of the cosmic-ray spectrum in the energy region
E, 2 1019 &V calls for & detailed analysis combined with allowance for their generstion, the
expansion of the Universe, and the interaction of the cosmic rays with the photon ges at each
stage of evolution ¢f the Universe. The form of the spectrum will, of course, depend here
on which stage of evelution of the Universe the cosmic-ray particles of superhigh energy were
generated, and how rapidly the generation took pluce.

A study of the epergy apectrum of the cosmic rays near itz upper limit yields informa-
tion not only on the processes of their generation, but elzo on the evolution of the Universe.
The influence of the change of the photen~gas temperature T on the position of the limit of
the cosmic-ray spectrum is approximately shown in Fig. 2; for simplicity, we have assumed
here that the cosmic rays vere produced in the Metagalaxy ~10% years ago. The previously
obtained experiméntal poimt [5) constitutes one registered event with epergy 10°° eV, with a
probable error ~2 in the detexrmination of the energy. The dashed curve corregponds to the
case when the cosmic rays propegate during the 102 years in & yhoton gas having & temperature
5°K.

Notice shonld be taken of the disintegration of « particles and other muelei [6] as
they pass through metagalactic spaee. This occurs at an a-particle enexgy somewhat lowex
than the proton energy at which the pion photoproduction proceéss begins. The rather large
c¢ross section of this process should lead to total disappearance of the nuclei from the cosmic
rays ot energles above 10%° eV.

Note., After writing this article, we received a preprint of a paper by K. Greisen, in
which similar reasoning is presented and estimates agreeing with ouxrs are obhsived.

The suthors take this opportunity to thank K. Grelsen for commmicating his unpublished
réesults.
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THE GZK EFFECT

Ultra-high-energy protons interact with the cosmic microwave background photons. Above
the threshold of multipion production, this interaction results in fast loss of energy of the
proton:

~ Multipion production on CMB:

E,>5-101 eV

Mean free path ~10 Mpc

AE, | E,~ 20%

Energy attenuation length: R~ 50 Mpc
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For a homogeneous distribution of sources in the Universe and falling injection spectra
at the sources, these energy losses result in the GZK cut-off: a sharp break in the spec-
trum of observed cosmic rays at energies E>5 -1019 eV. Local overdensity of sources or
very hard injection spectra would make the cut-off less pronounced.
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The GZK cut-off is less pronounced for harder injection spectra (left) and sharper for large distances
to the nearest source (right). j(E) is the particle flux, E is the energy. Plots adopted from papers by
D. Semikoz et al.

Numerous experiments (Volcano Ranch, Yakutsk, AGASA, Fly’s Eye, HiRes and Pierre
Auger) reported events with energies in excess of 1020 eV. If the primary particles of
these air showers were protons, their sources should most probably be within R, from
the Earth. Presence of nearby sources is however insufficient to explain the absence of
the cut-off suggested by the AGASA data (see the next page).

The cut-off is not a unique signature of interaction of ultra-high-energy protons with

CMB. Among other signatures are:

¢ Dip in the spectrum at lower energies due to the interaction py-ys — pe*e

4 Bump in the spectrum at sub-GZK energies due to protons which lose energy in the
GZK interaction

4 Secondary photons and neutrinos from pion decays.
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SUMMARY OF 2005 EXPERIMENTAL DATA ON THE
COSMIC-RAY SPECTRA AT THE HIGHEST ENERGIES

Is the GZK cut-off observed by the cosmic-ray experiments? The plot with the combined
data of different experiments demonstrates that currently we lack a definite answer.
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The plot is based on the data reported at the 29th International Cosmic-Ray Conference
in Pune (August 2005; data from the rapporteur talk by S. Yoshida). Despite clear
systematic difference between various experiments, one can see the dip and the bump in
all spectra. However, low statistics at E >1020 eV does not allow us to answer whether
the GZK cut-off is observed or not.
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THE RUSSIAN PROGRAM OF SPACEBORN
UHECR EXPERIMENTS

L iR 2K 2R 2% 2R 2

L 2R 4

TUS: the Tracking Ultraviolet Set-Up

Large mirror (narrow field of view) concentrator

Studies of inclined (zenith angle 50° or more) air showers

Uniform coverage of the sky suitable for large-scale anisotropy studies

Energy threshold ~ 50 EeV

Application for studies of other UV atmospheric flashes

A prototype operates on board of the Tatiana satellite (launched in 2005)

Full version to be launched in 2009 as a platform separated from the FOTON-4

satellite

Platform
Solar panels body Solar panels

]

180 em Fresnel mirror

Photo receiver

Other projects

KLYPVE — an extended version of TUS with a larger mirror (energy threshold 10
EeV)- to be accommodated at the Russian Segment of ISS.

PAS — detection of radio emission from showers with a spaceborn antenna.
LUCRETIUS — search of physical traces of UHE particles accumulated in the Lunar

crust for billions of years.
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THE HIGHEST ENERGY COSMIC RAYS AND THEIR
SOURCES: A RUSSIAN-EUROPEAN PROJECT

M. Teshima, S. Troitsky

In 2003, cosmic-ray scientists from Europe and Russia launched a joint project with the
aim to unify the efforts of theoretical physicists and experimentalists in the study of cosmic
particles with energies in excess of 10" eV. At the time of the “GZK-40” Workshop, a
coordination meeting of the participants of the project is scheduled.

The consortium consists of teams from Max Planck Institute for Physics, (Munchen, Germany);
Universite Libre de Bruxelles (Belgium); Institute for Cosmophysical Research and Aeronomy
(Yakutsk, Russia); Institute for Nuclear Research (Moscow, Russia) and Moscow State
University (Russia).

The first results of the project include:

® The correlation between arrival directions of the cosmic rays observed by HiRes (ste-
reo) and positions of bright BL Lac type objects

Predictions for testing this correlation with future experiments

A new method of precise studies of cosmic-ray composition

The world-best limit on the gamma-ray fraction at E >10% eV fromthe AGASAand Yakutsk
data

L 2R 2R 2

Z-ourst Limits (95% C.L.) on the fraction ¢, of photons
in the integral cosmic-ray flux versus energy.
The result of the present work (AY) is shown
together with previous limits from Haverah
Park (HP), AGASA (A), Risse et.al. (RH) and
the Pierre Auger Observatory (PA). Also shown
are predictions for the superheavy dark-matter
(thick line) and topological-defect (necklaces,
2 between dotted lines) models and for the Z-
19 195 20 0.5 burst model (shaded area).

4 A hybrid code for simulation of photon-induced air showers of extreme energies

¢ A study of small-scale fluctuations in air showers simulated without the thinning
approximation

4 An economic method to suppress artificial fluctuations due to thinning in air-shower
simulations
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