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Abstract: The studied conjecture is that ultra high energy cosmic rays (UHECRS) are hypothetical Planck neutrinos arising
in the decay of the protons falling onto the gravastar. The proton is assumed to decay at the Planck scale into positron
and four Planck neutrinos. The supermassive black holes inside active galactic nuclei, while interpreted as gravastars,
are considered as UHECR sources. The scattering of the Planck neutrinos by the proton at the Planck scale is considered.
The Planck neutrinos contribution to the CR events may explain the CR spectrum from 5 x 108 eV to 10%° eV. The muon
number in the Planck neutrinos-initiated shower is estimated to be larger by a factor of 3/2 in comparison with the

standard model that is consistent with the observational data.
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1 Introduction

The origin of ultra high energy (> 10'® eV) cosmic rays
(UHECRs) is an open question (Kotera & Olinto 2011;
Letessier-Selvon & Stanev 2011; Blasi 2013). UHECRs are
believed to be protons (nuclei) accelerated in magnetized
plasma outflows of astrophysical sources. The UHECRs
are likely to originate in extragalactic sources, given the
strength of Galactic magnetic fields and the lack of cor-
relations with the Galactic plane. The potential UHECR
candidate sources include cluster accretion shocks, active
galactic nuclei (AGN), gamma ray bursts (GRBs), and neu-
tron stars (NSs).

The UHECR energy spectrum presents two main fea-
tures, the ankle at 5 x 10'® eV as measured by the Pierre
Auger Observatory (PAO) (Valifio 2015) and by the Telescope
Array (TA) experiment (Ivanov 2015), and the suppression
at 4 x 10'? eV as measured by the PAO (Valifio 2015), and at
6 x 10'° eV as measured by the TA (Ivanov 2015). The ankle
is a hardening in the spectrum, o E7, from a spectral index
y =~ 3.3 toy =~ 2.6 as measured by the PAO (Valifio 2015),
and from y = 3.2 to y =~ 2.7 as measured by the TA (Ivanov
2015). Above the suppression, the spectral index is y = 5.7

as measured by the PAO (Valifio 2015), and y =~ 4.7 as mea-

sured by the TA (Ivanov 2015). A comprehensive review of
spectrum data, including other experiments, can be found
in Gaisser et al. (2013).
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The UHECR mass composition can be derived using the
depth of shower maximum, Xmax. The composition anal-
ysis based on Xmax observed by the PAO shows the light
component dominated composition around 108 eV, and
a gradual transition from light to heavy composition be-
tween 10183 eV and 101°-6 eV (Aab et al. 2014). The results
obtained by the TA show the light component dominated
composition from ~ 108 eV to ~ 10?° eV (Abbasi et al.
2015).

The muon number measured by the PAO at energies
in the range 4 x 108 eV to 5 x 109 eV is larger than the
predicted one by 30-80 %, depending on the model (Aab et
al. 2015a). The logarithmic gain is large compared to proton
or iron showers that seems to suggest a transition from light
to heavy composition but the excess of the measured muon
number questions the interpretation of the composition.

The features in the UHECR spectrum may be caused
by propagation losses if UHECRs are mostly protons. Prop-
agating through CMB, UHE protons undergo photo-pion
production, resulting in the GZK cut-off in the spectrum at
~5x 101 eV (Greisen 1966; Zatsepin & Kuzmin 1966), and
pair-production, generating a hardening in the spectrum
named dip, that reproduces quite well the ankle observed in
the UHECR spectrum (Aloisio et al. 2007). The suppression
in the end of the spectrum observed by PAO and TA is consis-
tent with GZK cut-off. For a mixed composition of UHECRs,
an explanation of both the PAO spectrum and mass compo-
sition at > 5 x 10'® eV requires hard injection spectra for
all nuclei, y = 1 - 1.6, quite different from the spectra that
are usually derived based on diffusive shock acceleration
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at both non-relativistic and relativistic shocks (Aloisio et
al. 2014; Taylor 2014); see, however, the model of highly-
relativistic shocks (Meli et al. 2008) which gives spectra as
flat as y = 1.5 for GRBs. When including the effect of extra-
galactic magnetic field, the combined-fit analysis using the
PAO spectrum and mass composition found a soft injection
spectrum, y = 1.6 - 2.3 (Wittkowski 2017).

Clarifying the structure of the region below 1018 eV is
important to understand the UHECR origin; see a recent
study (Thoudam et al. 2016) and references therein. The en-
ergy spectrum of CRs presents the features named the knee,
a steepening from a spectral indexy = 2.7toy = 3.1 at
3 x 10" eV, and the second knee, a steepening from a spec-
tral index y = 3.1 to y ~ 3.3 above ~ 107 eV (Thoudam et
al. 2016). The composition at the knee is dominated by light
nuclei, and at the second knee, by heavy nuclei (Thoudam
et al. 2016). The CRs with energies from the first knee to the
second knee, are likely accelerated in supernova remnants
of the Galactic origin (Thoudam et al. 2016). In this case, the
knee signals the maximum energy for light nuclei, and the
second knee, for heavy nuclei. Although this explanation
is qualitatively in agreement with the observed CR spec-
trum from the first knee to the second knee, the predicted
intensity is not enough and can explain only ~ 30 % of
the observed intensity around the second knee (Thoudam
et al. 2016). In the region 107 eV to 108 eV, observations
revealed a strong light component, with the composition
becoming lighter with energy. The origin of this light com-
ponent is unknown. Several proposals to explain this light
component are discussed (Thoudam et al. 2016) and refer-
ences therein. KASCADE-Grande reported the CR compo-
sition between 101® and 108 eV, based on measurements
of the ratio of electrons to muons (Apel et al. 2013). At 10%7
eV, the flux of the heavy component predominates over the
flux of the light component while, at 1018 eV, these are
comparable.

Relativistic shock waves in AGN and GRBs have long
been considered as prime candidates for the acceleration of
CRs to the highest energies ~ 10%° eV. However, investiga-
tions showed that particle acceleration at ultra-relativistic
shock waves does not appear fast enough to produce UHE-
CRs. In particular, in the case of the external shock of a GRB,
the maximal energy is found to be ~ 10'® eV (Plotnikov et
al. 2013; Sironi et al. 2013; Reville & Bell 2014).

Based on their decay timescale, the UHECR sources
can be grouped into two categories: steady, including AGN,
quasar remnants, and transient, including GRBs, NSs, and
giant AGN flares, see (Kotera & Olinto 2011) and references
therein. Energetic requirements set a lower limit on single
source luminosities, while the distribution of particle ar-
rival directions in the sky sets a lower limit on the source
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number density. By contrasting these limits with the lumi-
nosity functions from surveys of existing luminous steady
objects in the nearby universe, Fang & Kotera (2016) ex-
cluded the steady proton sources at 95 % CL for UHECRs
with energies > 8 x 1018 eV. They concluded that UHECRs
with energies > 8 x 10'® eV are either iron-like heavy nu-
clei produced in steady sources, or generated in transient
sources.

Lemoine & Waxman (2009) considered the following
test. A source, emitting heavy nuclei of charge Z at an en-
ergy E, is expected to produce a similar anisotropy pattern
at energies E/Z via the proton component associated with
the same source. When applied to the PAO data (Abraham
et al. 2007, 2008; Abreu et al. 2010), the test shows that the
signal responsible for the apparent anisotropy pattern at
energies > 5.5 x 10'° eV must not be heavy but light nuclei
because the PAO does not see evidence for anisotropy at
lower energies (Abraham et al. 2007).

Farrar & Gruzinov (2009) proposed that UHECRs may
be produced by short duration AGN flares. However, such
AGN flares should produce counterpart flares in X-rays
through the concomitant acceleration of electrons (Wax-
man & Loeb 2009). Their non-detection by existing surveys
strongly argues against such flaring scenarios.

The observation of secondary gamma rays and neutri-
nos, generated in the interactions undergone by the CRs
during propagation through the universe, can constrain the
UHECR models. The dip model, in which UHECRs above
1018 eV are mainly protons of extragalactic origin, has been
rejected at 95 % CL (Heinze et al. 2016) by using the UHECR
spectrum reported by the TA (Ivanov 2015) and the upper
limit on the neutrino spectrum obtained by the IceCube
experiment (Ishihara 2015). The null detection of neutrinos
with energies well beyond PeV by the IceCube observatory
has excluded the possibility that radio-loud AGN and/or
GRBs are the origins of the highest energy cosmic rays
~ 10%° eV if they are composed mainly of protons (Yoshida
2016). The neutrino production highly depends on the back-
ground density of the acceleration site. Several model had
been considered, e.g. (Bustamante et al. 2015; Murase et al.
2012; Fang & Murase 2018), which allows radio-loud AGN
and GRBs with dominant proton injections to be UHECR
sources without violating the IceCube neutrino limits.

The Fermi-LAT observations (Ackermann et al. 2016)
posit an upper limit on the diffuse gamma-ray flux gener-
ated via UHECR propagation. Focusing on the contribution
of UHECRSs at energies (1 — 4) x 10'® eV, where the composi-
tion is expected to be proton dominated, the diffuse gamma-
ray flux generated through UHECR propagation has been
calculated (Liu et al. 2016). When assuming the star for-
mation rate (SFR) source evolution, the UHECR generated
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flux is significantly higher than the Fermi-LAT upper limit.

The problem has been studied for seven possible evolution
models of UHECR sources (Gavish & Eichler 2016). Given
the constraints imposed by the Fermi-LAT upper limit, the
UHECR sources that evolve as the SFR, medium low lu-
minosity AGN type-1 (L = 104> erg s™! in the [0.5 - 2]
keV band), and BL Lacs are the most acceptable. Under
the assumption of UHECRs being mostly protons, there is
not enough room for producing extragalactic UHECRs with
AGN, GRB, SFR source evolution, and only BL Lacs source
evolution is acceptable.

Berezinsky et al. (2016) studied the influence of the Ice-
Cube and Fermi-LAT restrictions on the source properties,
such as evolution and distribution of sources, their energy
spectrum and admixture of nuclei. They also studied the
sensitivity of restrictions to various Fermi-LAT galactic fore-
ground models, to the choice of extragalactic background
light model and to overall normalization of the energy spec-
trum. They found viable proton and nuclei models, with
relatively large generation index and not very large maxi-
mum redshift.

The combination of the foregoing constraints leaves
little room for the proposed UHECR sources. In what fol-
lows we shall consider another possibility. Assume that
UHECRSs arise in the decay of the protons falling onto the
gravastar. The gravastar (Mazur & Mottola 2004; Chap-
line 2003) is an alternative to black hole which contains
a rigid surface instead of event horizon. To this end, sev-
eral solutions to avoid the development of black hole event
horizon within the classical theories have been discussed,

e.g. (Corda & Mosquera Cuesta 2011) and references therein.

The decay of the proton falling onto the gravastar was con-
sidered (Chapline 2003) within the SU(5) theory of grand
unification (Georgi & Glashow 1974), with the dominant
mode of proton decay p — e*n® where the end products are
positron and photons. An excess of 511 keV radiation from
positron annihilation from the centre of the Galaxy (Prant-
zos et al. 2011) was explained (Barbieri & Chapline 2012)
by the decay of the protons under their falling onto Sgr A"
while interpreting Sgr A" as a gravastar. Khokhlov (2014)
showed that the explanation is consistent with the accre-
tion rate onto Sgr A" but predicts too high luminosity of Sgr
A" in comparison with the observed one; see also the further
investigation of the problem (Khokhlov 2017). Therefore,
the photons are ruled out as proton decay products. One
may consider another mode of the proton decay. The decay
of proton at the Planck scale into positron and hypothetical
Planck neutrinos, p — e*4vp;, was proposed in Khokhlov
(2011). To this end, Planck neutrino may be considered as a
dark matter candidate (Khokhlov 2015). The model of the
galaxy with hot dark matter consisting of Planck neutrinos
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can explain the rotation curves of the galaxies (Khokhlov
2018).

2 Planck neutrino spectrum

Consider the scenario in which UHECRs arise in the decay
of the protons falling onto the gravastar. Assume that the
proton decays at the Planck scale into positron and four
hypothetical Planck neutrinos, p — e*4vp,, as it was pro-
posed in Khokhlov (2011). Suppose that Planck neutrino
is a massless particle which takes part in the interaction
at the Planck scale (Newton gravity, scattering by the pro-
ton), and does not in the electromagnetic, weak and strong
interactions. It may be hypothesized that Planck neutri-
nos, arising in the decay of the protons falling onto the
gravastar, are UHECR particles. In what follows we shall
study this conjecture. The supermassive black holes inside
AGN, while interpreted as gravastars, will be considered as
UHECR (Planck neutrino) sources.

Khokhlov (2017) considered a toy model of the proton
falling onto the gravastar. The energy of the proton is split
into two modes. The protons in the low level mode retain at
the surface of the gravastar. The protons in the high level
mode decay into positrons and Planck neutrinos. The en-
ergy of the proton in the high level mode is given by
- mp
~ (1-2GM/Rc2)t/4
where m,, is the mass of proton, G is the Newton constant,
c is the velocity of light, M and R are the mass and radius
of the gravastar respectively. Khokhlov (2017) suggested
that the energy released in the proton decay is converted
into the energy of four Planck neutrinos while the energy
of the positron remains non-relativistic. In general, this
suggestion is not justified, and the positron acquires a part
of the proton energy. Then, from the energy-momentum
conservation it follows that the positron acquires 1/4 and
four Planck neutrinos acquire 3/4 of the proton energy.

The radius of the gravastar is of the order of the
Schwarzschild radius, rg = 2GM/c?. The velocity of the
proton hitting the gravastar approaches near the speed of
light thus giving a large kinetic energy of the proton. As-
sume that the energy of the proton hitting the gravastar is
equal to the Planck energy

E. )

mp

Er = T 26M/ReD) 2 @

With the use of eq. (2), the energy of the proton in the high
level mode can be written in the form

E, = (mpEpl)l/z. (3)
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From eq. (3), E+ = 3.4 x 10'® eV. Thus, the energy released
in the proton decay is 3.4 x 10'® eV. This gives the energy
of four Planck neutrinos (3/4) x 3.4 x 108 = 2.5 x 1018 eV.

Consider the scattering of the Planck neutrinos by the
proton at the Planck scale. The interaction at the Planck
scale is supposed to go through the tensor Planck field of the
Planck mass (Khokhlov 2011). Keeping in mind p — e*4vp;,
one can describe the process as

(4)

4vpj+p > p+p+e —h4vp+tptee.

In the process, four Planck neutrinos are scattered by a sin-
gle proton, producing an electron-positron pair. The reac-
tion [eq. (4)] goes in two stages. First, four Planck neutrinos
transform into the proton. Then, the protons are scattered
at the Planck scale.

The Lagrangian of the interaction at the Planck scale
can be written in the form (Khokhlov 2011)

E 2
Lo (mTl) )

where mp, is the Planck mass, E is the centre of mass energy,
the coupling is taken to be unity. The cross-section of the
transformation of the Planck neutrinos into the proton is

L lPl )

The cross-section of the scattering of the protons at the
Planck scale is given by

() L

Assume that four Planck neutrinos form the composite ten-
sor field. This gives the factor, 1/2* = 1/16, to the cross-
section of the reaction. Suppose that the proton in the re-
action [eq. (4)] is non-relativistic. Then, the centre of mass
energy is (E,mp)'/?, where E, is the energy of the Planck
neutrinos. In view of egs. (6,7), the probability of the reac-
tion [eq. (4)] is given by

7
1_ 1 [ (Emy)'S
T 16tp Mp;

where tp; is the Planck time. The probability [eq. (8)] grows
with the energy of the Planck neutrinos as 1/1 « E3*.
Consider CR events initiated by the Planck neutrinos in
the scattering of the Planck neutrinos by air molecules. In
the Planck neutrinos-proton scattering [eq. (4)], electron-
positron pairs are produced. It is reasonable to think that
electrons and positrons, arising in Planck neutrinos-air col-
lisions, interact with air molecules, forming extensive air

(6)

(8)
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showers. The energy of four Planck neutrinos, arising in the
decay of the proton falling onto the gravastar, is 2.5 x 1018
eV. The CR events initiated by four Planck neutrinos are
thereby peaked at 2.5 x 10!8 eV. Suppose that the energy
distribution of Planck neutrinos above 2.5 x 1018 eV is de-
scribed by the exponential law, exp[—(Ey/(2.5 x 108 eV) -
1)]. The probability of the scattering of the Planck neutrinos
by the proton (neutron) of the air molecule is described by
the power law, E3->. The combination of the two laws gives
the Planck neutrino spectrum.

Due to the tensor nature of the reaction [eq. (4)], the
number of the Planck neutrinos can be any multiple of
four, 4k where k is an integer. Then, the energy of the CR
events initiated by 4k Planck neutrinos can take the values
2.5k x 108 eV. The flux of 4k Planck neutrinos is a func-
tion of 1/k. Also, in eq. (8) one should use the factor, 1/2*K.
Suppose that the energy distribution of Planck neutrinos
above 2.5k x 10! eV is described by the exponential law,
exp[-(Ev/(2.5k x 1018 eV) - 1)]. The probability of the scat-
tering of the Planck neutrinos by the proton (neutron) of
the air molecule is described by the power law, E3, and
the factor, 1/2%¥. The factor, 1/k, is due to the flux of the
Planck neutrinos. The combination of the two laws and the
two factors gives the Planck neutrino spectrum.

Assume that, at the ankle 5 x 102 eV, the light compo-
nent is dominant, and the Planck neutrino content in the
CR composition is 0.1. Assume that, above 5 x 108 eV, the
light component is suppressed, and the Planck neutrino
component becomes dominant. This may explain the ankle
at 5 x 1018 eV as the transition from the light component
dominated CRs to the Planck neutrino dominated CRs. Re-
mind that the CR spectrum measured by the PAO (Valifio
2015) is described by the spectral index, y ~ 2.6, from the
ankle 5x 108 eV to the suppression 4x10° eVand y = 5.7
above the suppression 4 x 10'° eV. Consider CR events ini-
tiated by four, eight, twelve and sixteen Planck neutrinos
peaked at 2.5x10'8 eV, 5x10'8 eV, 7.5x 108 eV and 10*°
eV respectively. The Planck neutrinos can explain the CR
spectrum measured by the PAO (Valifio 2015) from 5 x 1018
eV to 1029 eV, four Planck neutrinos from 5 x 108 eV to
2.5 x 10" eV, eight Planck neutrinos from 2.5 x 10'° eV to
5 x 10'° eV, twelve Planck neutrinos from 5 x 10'° eV to
8 x 10'? eV, sixteen Planck neutrinos from 8 x 10? eV to
10?0 eV.

The Planck neutrinos may initiate events at the IceCube
neutrino observatory. Consider the constraint imposed by
the IceCube on the Planck neutrino content in the CR com-
position at 5 x 1018 eV. The sensitivity of the IceCube for
the Planck neutrinos may be taken from the CR spectrum
ofthe PAOat5x 10 eV, ~ 1.2x10%* eV2m2 s L sr! Val-
ifio (2015). Since 2008 the IceCube has detected no events
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at 5 x 10'® eV (Ishihara 2015). The telescope area of the
IceCube is 1 km?. The non-detection of events at 5 x 108
eV by the IceCube for 10 years gives the constraint < 0.006
on the Planck neutrino content in the CR composition at
5 x 10'8 eV. This is less than the value 0.1 taken to fit the
observed CR spectrum.

Compare the limits to the diffusive flux of UHE neu-
trinos by the IceCube (Ishihara 2015) and PAO (Aab et al.
2015h). All flavor neutrino flux differential sensitivity of the
IceCube detector at 108 eV is calculated to be < 3 x 107°
GeV cm 2 s~! sr! (Ishihara 2015). The model independent
differential upper limit of the PAO at 1018 eV (single flavour
neutrino flux x3) is calculated to be 6 x 1078 GeV cm™2 571
sr™! (Aab et al. 2015b). This limit is 20 times more than
that of the IceCube. With this in mind, the sensitivity of the
IceCube for the Planck neutrinos may be less than that of
the PAO. The low sensitivity of the IceCube in comparison
with the PAO may be the reason of the non-detection of the
Planck neutrino initiated events by the IceCube.

3 Muon number in the Planck
neutrinos initiated shower

Consider the model of extensive air showers initiated by
the Planck neutrinos. In the Heitler-Matthews model of ex-
tensive air showers (Matthews 2005), a cosmic ray proton
of energy E, interacts with an air molecule and produces
M charged pions and (1 -r)n,,,; neutral pions, where r
is the pion charge ratio of hadronic interactions equal 2/3,
Nyt 1S the secondary particle multiplicity. Further interac-
tion of the charged pions with air molecules gives rise to
the formation of the hadronic cascade. The neutral pions
decay instantaneously into 2y which form the electromag-
netic cascade. Charged pions decay into muons as soon as

their energy drops below the critical energy of pions E%.

The muon number is given by

B
E
with I
_ 0Ty
B - In Muit ’ (10)

Forr=2/3,8=0.85.

Consider the interaction of the Planck neutrinos with
air molecules. At the first stage, the Planck neutrinos of en-
ergy E interact with an air molecule and produce electron-
positron pairs. At the second and all the following stages,
the electrons and positrons interact with air molecules pro-
ducing the charged and neutral pions that results in devel-
oping of the hadronic and electromagnetic cascades like in
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the standard Heitler-Matthews model. In this scenario, the
energy transferred to the electromagnetic cascade reduces.
The muon number is given by

1(E\’
Ny=7 F%

The muon number [eq. (11)] is a linear function of the pri-
mary energy Ey, with 8 = 1. The value of the muon number
is more by a factor of 1/r = 3/2 than that in the standard
model.

Some discrepancies have been reported by the PAO be-
tween observed and simulated muon content in the UHECR
events (Aab et al. 2015a). The mean muon number observed
in the hybrid measurement in highly inclined events at en-
ergies in the range 4 x 1018 eV to 5 x 10! eV exceeds the
expectations by 30 - 80 %, depending on the model. The
logarithmic gain dln N, /dIn E of muons is measured to
be 1.029 + 0.024 + 0.030 (sys.). The logarithmic gain is
large compared to proton or iron showers. This suggests
a transition from lighter to heavier elements. The model
under consideration predicts the muon number larger by a
factor of 3/2 in comparison with the standard model that
is consistent with the observational data. The slope § = 1
predicted by the model under consideration is consistent
with the logarithmic gain of muons observed by the PAO.

_Eo

=B (11)

4 Conclusion

We have addressed the problem of the UHECR origin. We
have assumed that UHECRs arise in the decay of the protons
falling onto the gravastar. The proton has been considered
to decay at the Planck scale into positron and four hypothet-
ical Planck neutrinos. We have studied the conjecture that
Planck neutrinos, arising in the decay of the protons falling
onto the gravastar, are UHECR particles. The supermassive
black holes inside AGN, while interpreted as gravastars,
have been considered as UHECR sources.

We have considered the scattering of the Planck neutri-
nos by the proton at the Planck scale. In the process, four
Planck neutrinos are scattered by a single proton, produc-
ing an electron-positron pair. The probability of the scatter-
ing is the seventh power over the energy, (E/mp;)’. In the
case of the non-relativistic proton, the probability of the
scattering grows with the energy of the Planck neutrinos
as F3°.

We have considered CR events initiated by the Planck
neutrinos in the scattering of the Planck neutrinos by air
molecules. The energy of four Planck neutrinos, arising
in the decay of the protons falling onto the gravastar, is
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estimated to be 2.5 x 108 eV. Due to the tensor nature
of the scattering, the number of the Planck neutrinos can
be any multiple of four, 4k where k is an integer. We have
considered CR events initiated by four, eight, twelve and
sixteen Planck neutrinos, peaked at 2.5 x 108 eV, 5 x 1018
eV, 7.5 x 1018 eV and 10'? eV respectively. The combina-
tion of the laws, exp[—(Ey/(2.5k x 10'® eV) - 1)] and E3-,
and the factors, 1/2* and 1/k, gives the Planck neutrino
spectrum above 2.5k x 10'8 eV, When assuming the Planck
neutrino content 0.1 in the CR composition at 5 x 1018 eV,
the Planck neutrinos can explain the CR spectrum mea-
sured by the PAO from 5 x 10'® eV to 10%° eV. The ankle in
the CR spectrum at 5 x 108 eV may be interpreted as the
transition from the light component dominated CRs to the
Planck neutrino dominated CRs.

The Planck neutrinos may initiate events at the Ice-
Cube neutrino observatory. The non-detection of events at
5 x 108 eV by the IceCube for 10 years gives the constraint
< 0.006 on the Planck neutrino content in the CR compo-
sition at 5 x 10'® eV. This is less than the value 0.1 taken
to fit the observed CR spectrum. The low sensitivity of the
IceCube in comparison with the PAO may be the reason of
the non-detection of the Planck neutrino-initiated events
by the IceCube.

The model of extensive air showers initiated by the
Planck neutrinos has been considered. Planck neutrinos-air
collisions lead to the emergence of electrons and positrons
which interact with air molecules producing the charged
and neutral pions that results in developing of the hadronic
and electromagnetic cascades. In this scenario, the muon
number is a linear function of the primary energy, with
the value larger by a factor of 3/2 in comparison with the
standard model that is consistent with the observational
data of the PAO.
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