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It is established that the upper limit of cosmic-ray energy due to the Greisen-Zatsepin-Kuzmin effect is
local. On the basis of the mechanistic interpretation of J. Wheeler's geometrodynamic concept, a more
fundamental limitation on this limit was established, which, in the final analysis, depends on Planck's size
(ђγ/c3)1/2 and for protons the limit is 4.51×1018 eV. The inflection in the spectrum curve, the "knee",
corresponds to the mass-energy of the vortex tube of the limiting proton-electron contour, 1.46×1015 eV.
For other nuclei these energies increase in proportion to the atomic number of the element.

Cosmic rays are a flow of nuclei of chemical elements - hydrogen (~ 90%), helium (~ 8%), and
the nuclei of the heavier elements (~ 2%). The energy spectrum of cosmic rays or the
dependence of the cosmic ray flux on energy extends from 103 to 1020 eV. The main sources of
primary cosmic rays are supernova explosions (galactic cosmic rays) and the Sun, as well as
extragalactic sources - radio galaxies and quasars. The protons and heavier nuclei emitted during
supernova explosions are further accelerated in specific astrophysical processes. Falling into the
earth's atmosphere, cosmic ray particles transmit their energy to a multitude of secondary
particles. Thus, the particles cascade is formed; it is called an extensive air shower (EAS) and
covers a large area.
Nature ultrahigh energy cosmic rays (more than 1017 eV) has not yet been unambiguously
interpreted, their sources have not yet been identified, and there is no complete understanding of
the mechanisms of their acceleration and even the nature of the accelerated particles [1]. There
are reasons to assume that they are of extragalactic origin. It is believed that the upper limit of
cosmic-ray energy is limited by a threshold of 5×1019 eV, because cosmic ray particles interact
energetically with relic radiation, which leads to their absorption and reduction of their energy to
a threshold value at distances of the order of several tens of megaparsecs (Greisen-ZatsepinKuzmin effect) [2, 3]. The presence of particles with energies exceeding this threshold does not
yet find a satisfactory explanation, since within range of up to one hundred megaparsec powerful
radiation sources are absent.
The question arises: what energy could be cosmic rays, if the distance between the source and
the Earth would be much less than the Greisen-Zatsepin-Kuzmin limit, and could not
microparticle produce a huge macroscopic effect? Here we see a paradox, since theoretically
relativistic mass and energy of the particle can approach infinity. It seems that the GreisenZatsepin-Kuzmin effect is of local importance, and there are more fundamental causes that limit
the energy of cosmic rays.
A fundamental limitation can be derived by considering a charged microparticle from the point
of view of John Wheeler's geometrodynamic concept. Wheeler's concept assumes that charged
microparticles are singular points on a topologically non-unitary coherent two-dimensional
surface of our world, connected by a "wormhole", a vortex tube or a current line of the inputoutput kind in an additional dimension, generally forming a closed counter. According to the
mechanistic interpretation of Wheeler's idea when the contour (proton-electronic, for example) is
opened individual charged particles retain part of the contour vortex tube (boson mass) whose
momentum is numerically equal to the charge [4, 5]. In these works formulas are derived for the
vortex tube parameters: its boson mass my, the circulation velocity of the medium along the
contour v, the radius r, and the length ly:
my = (an)2 me ,

(1)

v = (c01/3/(an)2)c,

(2)

r = (c0 2/3/(an)4) re ,

(3)

ly = (an)2 re ,

(4)

where n is the principal quantum number of the contour, a is the inverse of the fine structure
constant, me and re are the mass and classical radius of the electron, c0 is the dimensionless speed
of light equal to c / [m/sec]. Depending on the size of the contour, i.e. from its quantum number,
its parameters vary, but the momentum (charge equivalent) in a closed counter remains constant.
At the same time, both the contour size and the parameters of the vortex tube have their
ultimate values.
In [6], in determining the neutrino mass, it was shown that the Planck size rh = (ђγ/c3)1/2 has a
physical meaning and is the limiting size inherent in the neutrino, and, obviously, in general for
the microcosm, i.e. rmin= rh = 1.62×10-35 m or 5.74×10-21 re. Then from (1) and (3) we get other
ultimate values: n = 21700 and my = 8.83×1012 me. The boson mass is compared with that of
mass-energy in units of mec2, provided that v → c (here the boson mass can be considered as the
mass of the excited or "associated" vacuum). It is this condition that is satisfied for cosmic rays
whose particles relative to their source move with velocities close to the speed of light. Thus, the
energy equivalent of the mass my is E = 8.83×1012 ×511000 = 4.51×1018 eV.
This quantity is the ultimate energy for cosmic-ray protons. Obviously, for heavier nuclei, the
energy increases in proportion to the atomic number A. This conclusion agrees with the fact of
―weight increasing‖ the primary cosmic ray component with increasing energy, and the heavy
nuclei flux (most likely iron) in the region of ~ 1018 eV is much larger than that of protons [7, 8,
9]. Consequently, the largest energy value for the heaviest nuclei can not exceed E ~ 3.7×1020 eV
and even higher values, apparently, can not be. Indeed, during the entire time of observation on
Earth, only a few dozen events with energies above 1020 eV were recorded in various
installations (the maximum energy of the cosmic particle 3×1020 eV was registered in October
1991 on the "Fly's Eye" device [10]).
The figure adopted from [11] shows the observed spectrum of cosmic radiation, on which the
energy limits for protons (II) and heavy nuclei (III) are noted (the values along the ordinate are
reduced to the energy in GeV). The region of the graph is marked, where the intensity of cosmic
rays is about 1 particle per square meter per year. A narrow scatter of the experimental data over
the entire length of the spectrum, with the exception of the region of ultrahigh energies, gives
grounds to assume that the intensity of cosmic rays depends slightly on the nature of their
sources and the mechanism for their acceleration, and this can be shown.
Let us assume that the particle velocity increases proportionally to the distance from the
source, and the number of particles falling per unit area of the receiver is inversely proportional
to the cube of the distance from the source. This is true in the case of unimpeded particle
propagation. Then, by simple computations, we obtain a relation that is independent of the
distance:
I = (Em/E)1.5Im ,
(5)
where Em and Im are the coordinates of some reference point on the I (E) dependence in units of
[eV] and [flux×m-2×sr-1×sec-1]. When the ordinates are divided by energy in GeV, formula (5)
becomes:
I = 109 (Em1.5/E 2.5)Im

(6)

and shown in the figure with a dashed line. The actual dependence is somewhat more steeply and
approximated by the relation dI / dE ~ E -2.7, which is explained by the presence of magnetic
fields and other cosmogenic factors affecting charged particles. Nevertheless, it turns out that the
shape of the energy spectrum is largely determined by the increase in the particles energy and the
decrease in their number as radiation sources are removed from the Earth.

Fig. 1: The observed spectrum of cosmic radiation in the energy range 108–1020 eV.

In the energy range 1015-1016 eV, the dependence I (E) undergoes an inflection with increasing
index at E, the so-called "knee". The energy value at the inflection point matches with the massenergy of the contour corresponding to the ultimate size of the hydrogen atom. For this atom,
the ultimate value of the quantum number n = 390 [5]. In general, detailed formula for the
inflection point energy, given the results of [5], and assuming that the energy increases in
proportion to the atomic number of nuclei can be represented as:
Eknee = 5.11×105(2π γ ρe mp× [sec2] /(c01/3cos qw))2 ×A = 1.46×1015 ×A eV,

(7)

where γ is the gravitational constant, ρe = me /re3 is the electron density equal to 4.07×1013 kg /
m3, mp is the relative mass of the proton, and qw is the Weinberg angle of 28.70.
For protons, this energy value is indicated in the figure by the vertical (I), which matches with
the beginning of the inflection of the energy spectrum. The removal of the inflection point
towards higher energies for heavier nuclei is confirmed in [12].
One can propose the following explanation for the increase in the energy spectrum incline.
At energies up to 1.46×1015 eV (n <390), protons and electrons in cosmic rays can be in a bound
state - either as atoms having a neutral charge or in some associations that have a total positive
charge less than the protons total charge. It may reduce their interaction with magnetic fields.
At higher energies, protons are not accompanied by electrons, their total positive charge remains,
and they are fully exposed to magnetic fields. Perhaps this is the reason for the abrupt decrease
in the number of electrons in the EAS when primary particles have energies about 1015-1016 eV
[13].

As for the neutrinos, then, bearing in mind their inherent size limit of rh, their maximum
energy, possible, can reach the same value as that of the proton, 4.51×1018 eV. At the moment,
the highest recorded neutrino energy is 2×1015 eV [14].
Conclusion
The ultimate energy of cosmic rays is limited by the maximum mass-energy of the proton vortex
tube, which in turn is determined by the fundamental parameter - the Planck size inherent in a
neutrino. The reason for the inflection of the spectrum of cosmic rays (the "knee") is the
obtaining by protons of the energy at which a proton-electronic counter, having limiting quantum
number, opens. For other nuclei these energies increase in proportion to the atomic number of
the element.
It is shown that, for all on a variety of radiation sources and the mechanism of acceleration of
cosmic particles, the shape of the spectrum of cosmic rays, provided that they spread without
interference, is largely determined by the most common factors - the increase in their particle
energy and the decrease in their number - as the distance between the sources and the Earth is
increasing.
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