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Abstract. Extra-galactic Cosmic Rays propagate through a2 Energy loss processes

variety of radiation and magnetic fields and interact in vari-

ous ways. An analysis is given of the expected spectra andthe UHECR domain is quite rich in physical processes in-
mass compositions at Earth for a variety of assumptions as tgolved in energy losses. Starting with protons of relatively
the characteristics of the particles on production. low energies, about 10eV, theete™ pair creation on cos-
mic microwave background (CMB) photons starts to play a
role, which reaches a maximum of importance slightly be-
low 10*°eV. The main GZK process of energy loss is due
to A resonance excitation (and its subsequent decay dissi-
pating energy, eventually to low energis) on CMB pho-

) ] ) ] tons. The energy losses of heavier nuclei relative to electron-
The observation of giant extensive air showers (GEAS)jsitron pair creation ar&? stronger, but due to the differ-
which are believed to be initiated by the cosmic ray par-gn; rest mass, thus Lorentz factor, the respective total nu-
ticles of energies of about #6eV is one of the most in- (o g energy should hé times higher than that of proton.
triguing puzzles since 1965, when two famous papers byrne same scaling in energy scale ought to be applied for the
Greisen and Zatzepin and Kuzmin appeared predicting the\ resonance creation (but witho@® enhancement). This
existence in the universal cosmic ray proton.energy spectrumakes the GZK mechanism for heavy nuclei not important,
of a sharp cut-off at aboui x 10"%V. Studies of the ul-  hoever, for completeness, it was taken into account in the
tra high energy cosmic ray (UHECR) anisotropy suggest thajyresent calculations. The dominating process for nuclei is
the sources of particles at such high energies are indeed unjrg photodisintegration on background photons. The signif-
versal, e.g. they are distributed almost uniformly over largejcant rise of the fragmentation cross section just at the ener-
distances. To solve this paradox a number of more or lesgjies of our present interest is due to the existence of the giant
advanced hypotheses have been proposed. One of them, 0fg,ole resonance. Its excitation energy is close to 20 MeV
of the less exotic ones (in the sense of not-requiring any €Xtor (almost) all interesting heavy nuclei. This is about one
tra, new physics) is that the UHECR particles are not pro-oger of magnitude below tha resonance excitation energy,
tons, but heavier nuclei. It was discussed some time aggy s, if the collisions only with CMB photons are considered,
in (Tkaczyket al, 1999), and the idea returned to recently e threshold energy for nuclear disintegration is of order of

((Stecker, 1998), (Anchordoqet al, 2000)) after years of 4 /1 higher than the proton GZK cut-off energy. The review
considering iron (the heaviest reasonable possible elemengs ine whole situation is presented in Fig.1.

and other nuclei as too fragile to survive the journey through To compare the*¢~, A resonance creation by nucleons

the infrared background (IRB). and the disintegration of heavy nuclei the cross sections have
In this paper we want to verify (again) this point taking to pe convoluted, not only with the photon energy spectrum,
into account the most recent results concerning fragmentapyt also with the inelasticity of the respective process. In
tion cross sections as well as the determinations of IRB, in-Fig 1 the inverse average length for 1% energy loss is shown.
dicating the importance of appropriate depiction of the prop-The pair production cross sections used in the present calcu-
agation (transport) effects in the irregular intergalactic mag-jations are obtained with exact numerical integration of the
netic fields. general equations to be found in QED handbooks (that are
almost 70 years old (Bethe and Heitler, 1934)) and are very
Correspondence tor. Wibig (wibig@zpk.u.lodz.pl) close to the values given by Blumenthal (1970) in his widely
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Fig. 1. Inverse mean length for 1% energy loss for iron, nitrogen Fig. 2. The intergalactic photon power spectrum used in the calcu-
and protons on extragalactic background photons. lations.

used paper. The GZK process was introduced based on mefWibig and Wolfendale, 2001) and (Sieet al, 1999) and
sured inelastic photon-proton cross sections given in (Arm-references therein. Thus the typical diffusion undoubtfully
stronget al,, 1972). For fragmentation of nuclei we used the present below 1¥eV changes to rectilinear propagation for
parametrization given by (Stecker and Salamon, 1999). Thenergies at the end of the measured spectra. Details of the
CMB was assumed of temperature 2.7 K and for higher en-magnetic field structures are of course unknown. One way
ergy photons we take the spectrum obtained by Malkan andorward is to use some theoretical based spectrum of tur-
Stecker (1998) (the one labeled there "best estimate” interbulences, as e.g. the Kolmogorov one (Sieghl, 1999).
galactic IRB). The form of the photon energy flux density Another way is to assume some simplified picture of inter-
spectrum is shown in Fig.2. galactic space to obtain some approximate results leaving the
more detail studies for the future, when our knowledge on
magnetic fields as well as on UHECR sources will grow. We
3 Application to cosmic ray spectra used this second possibility, assuming that the irregular field
of strength 10 nGs changes randomly its direction in the fer-
With the calculated energy losses it is easy to obtain the entomagnetic domain fashion with the domain size fixed at 100
ergy spectrum of UHECR traversing certain distances in thekpc. We expected that general conclusions should be valid
extragalactic photon field from the source assuming a profor more sophisticated models (as, e.g., (Seegl, 1999)).
duction spectrum. For simplicity we used the simple power- The process of particle transport in such magnetic fields
law with index of -2.3. As will be shown this choice is quite cannot be treated analytically and was simulated exactly us-
satisfactory. Results of such calculations are shown in Fig.3ing a 3-dim Monte Carlo code with all the discussed above
The presented curves are shifted vertically to be better seerenergy loss processes including not “on average” but also ex-
They illustrate the well known and expected behaviour ofactly with Monte Carlo reproduced fluctuations of the actual
propagated cosmic ray spectra - the famous GZK cut-off andnteraction paths lengths.
very abrupt reduction of iron flux due to disintegration. The diffusion effects, on one side, an increase of the prop-
However the spectra from Fig.3 cannot be simply com-agation time (photon density traversed), but, on the other, on
pared with the measured ones. The important change of ththe possibility of crossing the detection surface many times
transport processes through the intergalactic space is likelypy the same UHECR particle before it escapes (propagation
present just in the energy range of our present interest. Itime exceeds the age of the Universe). The first leads to a
is the result of the existence of irregular magnetic fields.reduction, the second to an enlargement of the observed flux,
The proton Larmor radius in the field of 10 nGs is 110 kpc but these correct the simple picture from Fig.3 in the way
x (E/10'8eV) and this is comparable with the size scale of shown in Fig.4 where fluxes of properly transported UHECR
these irregularities (of order of 100 kpc) for a proton energyover the same distances from the sources as in Fig.3 are pre-
of about 108eV. For the discussion of the values adopted seesented.
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Fig. 3. The cosmic ray energy spectrum expected after traversing-ig. 4. The cosmic ray energy spectra expected for the source dis-
10, 20, 50 and 100 Mpc (lines from the top) for protons (four up- tance of 10, 20, 50 and 100 Mpc (description as in Fig.3) after prop-
per curves) and iron nuclei (lower) of the EG photon background.agation in random magnetic fields. Vertical shifts of production in-
Source spectrum is power-law with index -2.3. No magnetic field. tensities are the same as in Fig.3.

When the propagation is pure diffusion (below4€V for
iron or 26 times less for protons) it is almost impossible for For comparison the result of calculations by Takeda (1998)
CR particles to reach a distance bigger than about 20 Mp&howing the GZK cut-off for universal proton production is
from the source within the Hubble time. In the intermediate given also as a dashed line. This sharp cut-off is not very
region, when the transport changes more and more to rectisensitive to the production spectrum index. (Our results for
linear (109-10 eV for iron) the flux is higher than the re- protons with index of -2.3 are very close to that of Takeda
spective flux from Fig.3 (for smaller distances in the case ofwith index of -3.0). Both lines are smeared out assuming a
iron, because for distances as large as 100 Mpc the increasé% experimental energy resolution. This is not very signif-
of the path length act to diminish the flux). The increase isicant, however, the smoothed curve fits the data better.
significant, it could reach two orders of magnitude as is seen
in Fig.4.

4 Comparison with the best estimate of the primary spec- 5 Conclusions
trum

The spectra of UHECR have been measured for quite a longf is clearly seen that the heavy nucleus hypothesis is able to
time by many experiments each of them having its own spe-explain the observed UHECR intensity above*HY, shift-

cial methodology developed for a particular detection tech-ing the cut-off energy by a factor of about five, a value that is
nique determining an estimated event energy uncertainty (anjist enough today. The existing statistics of Giant EAS do not
possible systematic biases). Spectra published by differerallow us to confirm our model yet, but experiments planned
groups were analyzed and combined by us in Wibig and Wol-and under construction could quite soon improve the statis-
fendale (2001) using the well established “ankle” feature seetics meaningfuly. Then two possibilities (at least) exist. If
more or less clearly above &V in each data set. Eventu- the cut-off is found where we propose in the present work,
ally we show that the data can be consistently described byhe heavy muclei hypothesis will gain strong support. If the
one, well established “world average” UHECR spectrum. It UHECR spectrum follows the power law trend, the univer-
is shown in Fig.5. The results of our calculations are shownsality of source distribution ought to be in question. In the
in Fig.5 as a solid curve. It was obtained assuming thatpaper by Wibig and Wolfendale (2001) we present a possible
sources of UHECR are distributed uniformly in the Universe solution which could be that the UHECR source is situated
and emit iron and oxygen nuclei (in equal portions) with en- nearby, e.g. in the Virgo cluster. Such a hypothesis shifts the
ergies given by a power-law spectrum with an index of -2.3. cut-off energy again by a factor of a few.
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Fig. 5. The UHECR energy spectrum measured (point) compared

with predictions for uniform source distribution and initial compo-
sition of 50% oxygen and 50% iron. Dashed curve shows GZK
effect obtained by Takeda (1999) for universal proton flux.



