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Radio emission at Yakutsk Array registers at frequency 32 MHz and radio antennas co-located
with scintillation and Cherenkov detectors of Yakutsk Array. The co-location with particle detec-
tors brings as a profit the reconstruction of fundamental air shower parameters, such as shower
axis, energy and arrival direction (azimuthal and zenith angles). The paper presents data obtained
in the new series of measurements of Yakutsk Radio Array in the period 2009-2013 years. We
analyze individual showers and reconstruct X, by slope of radio LDF. Obtained results of X,
are compared with results of other arrays.
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1. Introduction

In the paper [1, 2, 3] pointed out the possibility of registration of the air showers (EAS) with
energy more than 10'° by radio emission arrays located at the Earth surface or by registering radio
emission of air showers from satellites on the Earth orbit. MSU (Moscow State University) arrays
earlier at low energies and Yakutsk array later at high energies proved that air shower radio emission
can be registered by surface detector arrays which registers electron and muon component of EAS
[4, 5].

Subsequent measurements of radio emission at the Yakutsk arrays has been shown that the
radio emission from the relativistic part of the shower at energies above 10'7 eV can be used to
study the physics of the EAS as an independent observation method and in conjunction with other
methods of registration of EAS for mutual calibration [6 - 10].

In this paper we continue the analysis of the data obtained in the new series of measurements
for the period 2009 - 2013 years.

2. Measurement results

2.1 Lateral distribution of radio emission

Radio showers are selected by trigger of scintillation and Cherenkov detectors of Yakutsk
array. Air shower axis reconstructed separately by the data of the scintillation or Cherenkov detec-
tors by maximum likelihood method. Energy of showers estimated by the radio pulse amplitude,
according to [10].

First of all we analyzed individual LDF and derived approximation formula:
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This formula well describes attenuation of radio signal amplitude with the distance from air
shower axis. For example, in Fig. 1 dots represent amplitudes registered by antennas at different
distances from air shower axis, with zenith angle = 46.6° and energy equal ~ 10'° eV. Approx-
imation (2.1) is shown in Fig. 1. by curved line. It draws attention to the presence of a signal
at a great distance from the shower axis. But in this case, the signal £(E, 6,R) was very close to
noise level therefore it should be excluded from the analysis or we should have taken into account
the noise influence like in [10]. For this reason, we selected for analysis air showers with signal
amplitude exceeded the noise signal 5 times or more, i.e. showers with axis within the distances of
50 - 500 m, depending on the shower energy. For the showers with energy more than 3-10'8 eV
distance interval is shifted to higher R.

Function of LDF for a large amount of showers normalized to a single energy and with zenith
angles 6 < 40° , is shown in Fig. 2. Also, for comparison LOPES data are presented [12]. If
we convert data to the same energy, then there is a good agreement in shape of LDF and signal
amplitude at given distance. Practically, this means that the calibration of measurements and energy
of EAS estimation of both arrays are close. It means that other characteristics of air showers,
obtained from radio emission measurement will be close as well.
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Figure 1: Dependence of radio emission Figure 2: Average LDF (black dots) by

amplitude £(R, 0) of individual air shower Yakutsk and comparison with LOPES data

with the distance to the axis of EAS. (red dots).

2.2 X,.x by air shower radio emission data

Taking model calculation [10] of connection between LDF and empirically derived correlation
Xmax With LDF as a basis, we estimated X,,,, in showers with energies 10'7 - 10" eV and then
grouped them by energies in a few ranges. Averaging was done with taking into account obtained
dependence of X, from energy. The results are shown in Fig. 3, together with the result obtained
at the Moscow State University [13] and LOPES [12]. There are calculations for the model QGSjet
II-04 made for proton nuclei of carbon and iron nuclei. According to Fig. 4, not all data obtained
with good accuracy, because of small statistics. Despite this, the data indicate a rapid advance of
Xnax above 2 - 107 eV. Comparison of the data with calculations said that the mass composition of
primary particles in this energy range must be dominated by light nuclei.

<InA >= [(Xah —XP, )/ (X5, —XD.)] - In56 (2.2)

Fig. 3 shows the data for mass composition of cosmic rays obtained experimental data in-
terpolation Yakutsk (Fig. 4) according to the following formula (2.2) and models QGSJET II-04,
designed for primary protons and iron nuclei. Fig. 5 also shows the data obtained by measuring
the radio emission at LOPES and MSU arrays. They are in sufficient agreement within X, esti-
mation methodology and statistical errors. For comparison Fig. 4 also shows X,,,, data obtained
from Cherenkov light measurements [14]. From Fig. 5 it is clear that the new data on the mass
composition is not in a contradiction with our conclusion [15, 16] of a sudden change in the mass
composition in the energy 8-10'® - 3.10!7 eV, i.e. increase the proportion of light nuclei in cosmic
rays above ~3-10!7 eV.

3. Conclusion

Radio emission measurement of ultra-high energy air showers at Yakutsk in 2009-2013 shown:
Air showers with energy above 10! eV can be registered by radio method and can be used as
independent method to study ultra-high energy showers.
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Figure 3: Comparison of data X,’,fjx of Yakutsk (triangles), MSU (diamonds) and LOPES (dots).
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Figure 4: Dependence of <InA> from air shower energy by radio emission and Cherenkov light data of

Yakutsk array (black triangles - Cherenkov method, blue - radio methods), LOPES array (dots) and MSU
(diamonds).
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The results of X, obtained from radio measurements in energy range 10!7 - 10! eV, despite
big statistical uncertainty, yet indicate a trend of rapid advancement of X, above 3-10!7 eV.

In the frame of QGSJET II-04 model and using method (2.2) by Yakutsk data, we obtained
estimation of cosmic ray mass composition in the energy range 10!7 - 10'® eV, which along with
the data of other arrays does not contradict our results [16], obtained from Cherenkov light mea-
surements. In Fig. 4 all data indicate change of mass composition of cosmic rays with energy
above 3-10'7 eV, from heavy to light nuclei.
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