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To search for photon produced air showers complex analysis of the Yakutsk array data of showers
with energy more than 5-10'® eV was carried out. Selection criteria were obtained based on
simulations and experimental data. A number of air shower events with parameters close to those
produced by primary photon were selected. These data allowed us to obtain an upper limit of
integral photon flux in ultra-high energy cosmic radiation.

Multiparametric analysis of air showers with energy more than 5-10'8 eV and zenith angles more

than 70 degrees did not find neutrino induced air showers.
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1. Introduction

The nature of generation of cosmic rays of ultrahigh energies (above 10'® V) in the Universe
is still unknown [1, 2]. According to models [3, 4, 5], primary photons of high and ultrahigh
energies and astrophysical neutrinos are expected to exist in cosmological space, along with other
particles (nuclei of various chemical elements). The expected flux of cosmic rays of ultrahigh
energies, near the Earth, will depend on nature, the degree of propagation and spatial distribution
of astrophysical sources [6, 7].

Photons do not deflect from their original direction because it charge is neutral and for this
reason are good for searching point sources generating ultra-high energy particles. For this reason,
the photon component can be used to determine the physical characteristics of cosmic ray sources
and study the interaction of primary photons of ultrahigh energy with the photon field of the Uni-
verse and, as a consequence, to explain the shape of the cosmic-ray spectrum in the energy range
109-10% eV [8,9, 11, 12].

Neutral particle produced air showers due to their physical properties can go a long way in
the matter and their depth of the maximum development near sea level, i.e. "young showers". The
base of such air shower is electron-photon component, which scatters to big angles and has big
delay relative to particles in the shower core. Hence, in such shower events one needs to expect a
large number of peaks from electrons, positrons and photons on the signal scan from scintillation
detector [13, 14, 15].

2. Experimental Data

In order to study characteristics of EAS development from primary gamma ray we modelled
longitudinal development of air showers to the sea level using CORSIKA program [5]. Air shower
parameters were calculated by QGSjetlI-04 [6, 7, 8] with thinning, in the case of energy higher
than 10'8 eV. In the model we took into account registration condition of each component including
response of each detectors and experimental data analysis.

Experimental data of electron-photon component of air shower with E > 1 EeV obtained by
continuous and long-term observation at the Yakutsk array [9]. Radial development of charged
particles on the plane of the array registered by 150 ground scintillation detectors with area of 2 m?
each and 125 underground scintillation detectors with the same size. Longitudinal development
was reconstructed by the 50 Cherenkov light detectors [10, 11, 12, 13].

In Fig. 1 calculations shown against EAS fraction of muon using density of muon flux at the
distance 600 m from the axis. From Fig. 1 it’s seen that average distribution of each component
of cosmic radiation allocates in certain regions and can be distinguished in the experiment with
high enough accuracy of the muon measurements [13]. As can be seen from the model calculations
gamma ray produced air shower has significantly less muons than in proton or iron induced air
showers. With accuracy of measurement of p,(600) at 5-8% level it is possible to distinguish
gamma ray induced air shower.

Longitudinal development of the shower at the Yakutsk array is reconstructed by the data
of registration of the Cherenkov light [14, 15], using the mathematical apparatus used in solving
inverse problems [12, 16].
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Figure 1: Distribution of showers with energies above 10'® eV and zenith angle 6< 70°. The curves are
gamma ray Y (solid), proton p (dash), carbon C (dot) and iron nucleus Fe (dash-dot) as simulated with
QGSjetlI-04 [6, 8]

Using the database of Cherenkov data, the distribution of X,,,, from the primary energy of the
shower was obtained (see Fig. 2). It can be seen from Fig. 2 that in the distribution there are cases
of EAS with X,,,,, > 800 g/ cm?, i.e. have a low maximum development of the shower in relation
to the events formed by the iron nucleus and even the proton. These showers formed the basis for
this analysis.

Gamma ray produced shower consist small number of muons. If the array detects muons then
on number of muons in the shower one can judge the nature of the primary particle i.e. its atomic
weight. We can assume this from calculations of muon components by hadron interaction models
shown in Fig. 1 [14, 17].

At the Yakutsk array the fraction of muons in the shower determined by relation of muon
flux density at distances of 600 m and 1000 m to the total charged component p,/p 1, since these
parameters are measured with better accuracy than the total number of muons N, and charged
particles Ny, ;. in showers with total energy Eg > 1018 eV.

It is well known that muon number depends on the height of maximum development of air
showers in the atmosphere. That is why a fraction of muons very sensitive to X,,,, of cascade
curve. And the fraction of muons from the proton and iron nucleus, as it follows from Fig. 3, is
localized in different places, which makes it possible to divide showers into protons and showers
from the iron nucleus in this parameter. And that feature was used in the present paper to search
for neutral particles in cosmic rays.

For this, we used the experimental dependence of X, on p,,(600)/p(600), shown in Fig. 3.
The fits are calculations made using QGSjetll-04 for different zenith angles.

Air showers produced by different primary particles have a maximum development at different
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Figure 2: Dependence of X, from classification parameter Q (200) - EAS Cherenkov light flux density at
a distance of 200 m from the shower axis. Data obtained in 1973-2014
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Figure 3: Dependence of muon fraction on depth of maximum development of electron-photon cascade of
air showers at zenith angles 8; = 18°, 6, = 38° and 63= 58°. The fits are made for QGSJetII-04 model
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Table 1: Effective exposure of the Yakutsk array

E(), eV Kl, % Kz, % Seff‘y’ T-Q
1-10'8 | 6.6 6.6 153.9
310188 | 7.5 7.5 210.6
6-10'8 | 12.0 12.0 555.1
9-10'8 | 15.2 15.2 853.5

depth in the atmosphere. Because of this, part of secondary particles (mostly electrons) loses energy
to ionization of the air and eliminated from the cascade process. Then on the sea level will arrive
a certain type of particles: electrons, photons, muons in the case of inclined shower and only
muons in the case of strongly inclined showers, which can be seen in the signal time sweep of
scintillation detectors. For the primary gamma ray and neutrino, depth of maximum is going to
be near the level of observation and we can expect scintillation detector response inherent in the
electron-photon component of the shower.

3. Estimation of gamma-rays flux upper limit

To search for EAS produced by ultra-high energy photons we concluded following criteria,
which the shower should satisfy to be considered as a shower produced by a neutral particle:

e The depth of the maximum X, of the air shower must be within 850-950 g/cm? range;
e The fraction of muons must be < 0.1 (Fig. 1) [17, 18, 19, 20, 21];

e There must be multi-peak structure on the scan of the signal of scintillation detector, specific
for "young" showers [4];

The aperture of the Yakutsk array for ultra-high energy showers for the selected time period
was equal to:

Seeom T -Q =949.54 km? -sr-y (3.1

Effective exposure after implementation of coefficients shown in table 1.

The implementation of the coefficients made possible to take into account the dependence
of Sy on the zenith angle and the EAS trigger with the shower selection threshold equal to 2
particles / m. In this case, the probability of detecting showers over charged particles was equal to
W, > 0.95, and the accuracy of the EAS parameters being determined was not worse than 10%.

An upper limit on a mathematical expectation of number of photons is determined following
[22] for 95% CL and number of candidates, assuming to be produced by primary photon of ultra-
high energies table 2.

The integral flux upper limit for primary gamma-ray follows from the formula:

F;’SCL = (ny(Ey > Eo))/Sepfy T -Q (3.2)



Gamma Ray and Neutrino Search by Yakutsk Array

Stanislav Knurenko

Table 2: Upper limit of the photon flux

Energy, eV | 1-10'% | 3.10'8 | 6-10'8 | 9-10'®
Ny 4 2 3 2
Sefry 153.9 | 210.6 | 555.1 | 853.5
ny 976 | 6.72 | 825 | 6.72
Fo3CL« 0.063 | 0.032 | 0.015 | 0.08

Thus we obtained integral flux upper limit for photons within 1-10 EeV (Fig. 4)
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Figure 4: Photon flux limit by the Yakutsk Array data: new [26] and old [27]. Comparison with the Auger
[28], AGASA [29], TA [30] and the predictions of certain models [23, 24, 25, 31]

Fig. 4 shows predictions of certain models for integral flux of primary gamma-rays, which
indicates possible sources [23, 24, 25]. Those are super heavy dark matter (SHDM) [23] and
SHDM’ [25], topological defects (TD) and Z-bursts [23]. The first experimental results obtained at
AGASA, Yakutsk (old) and Auger rather indicated on SHDM and SHDM’ while newer results ob-
tained lately including new Yakutsk array results on gamma-ray sources closer to GZK mechanism
[23, 31].

The difference between early results and new ones is associated with an increase in exposure
and models that were used to estimate the flux of photons in cosmic rays from the experimental
data of EAS. The refinement of the number of muons in the new models in the direction of their
increase caused a change in the selection criteria for showers and, consequently, a decrease in the
integral flux of the primary gamma ray.

Hence, based on the results of the work, we obtained empirical estimations of integral flux
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upper limit of photons in cosmic rays with energies E > 1 EeV.

4. Conclusion

Multicomponent analysis of EAS using the above criteria did not reveal explicit showers pro-
duced by a gamma-ray or neutrino [32]. At the same time, calculations based on the QGSJETIIL
model [33] for the primary proton, iron nucleus, and gamma-ray lead to the conclusion that if we
take into account the fluctuations in the muon measurements within the 16 range, the probability
of recording the EAS from there are neutral particles. Candidates for such showers can be con-
sidered as the "muonless" showers found in the Yakutsk EAS array [34]. The presented results
(Fig. 4) on the upper limit of the gamma-ray flux can be used to test various astrophysical models
(including the search for dark matter) and to establish the nature of the formation of particles such
as astro-neutrinos in cosmological space.

In order to study the nature of neutral particles in the region of ultrahigh energies, it is required
to improve the method of measurements, primarily, strongly inclined air showers. it is even possible
to create specialized arrays, for example, muon telescopes with a large receiving area for registering
the muon fraction with an accuracy of 3-5% in individual EAS events.
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