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1. Introduction

Despite the fact that cosmic rays (CR) have been measured up to energies of ∼ 200 EeV,
their sources have not yet been established, and the mechanisms of generation and acceleration
of primary particles and their mass composition (MC) have not been studied [1–5]. According to
recent observations, possible CR sources in this energy range might be: cosmic bubble structures [6],
supernova remnants, compact jets of active galactic nuclei [7], galaxy clusters [8], radio galaxies [9]
and gamma-ray bursts [10]. In turn, CRs can be divided according to their energy into galactic E
< 0.1 EeV and extragalactic E ≥ 0.1 EeV. The characteristics of CRs in this energy range are not
yet precisely known and, for this reason, are the subject of their study at small, medium, and large
arrays of extensive air showers. The recently obtained irregularity in the CR spectrum at an energy
of ∼ 0.1 EeV [11–13], associated with the rigidity of particles of galactic origin, is of even greater
interest, since it opens up the possibility of determining the boundary of the transition from galactic
to extragalactic CRs [14]. Knowledge of the MC of cosmic rays in the energy range 0.1-10 EeV is
going to help to find the solution of this problem [15–17].

The CR composition has been directly measured only up to energies 100 TeV in experiments
on satellites and balloons [18–25]. At higher energies, the MC is studied at air shower experiments
by indirect methods, analyzing the longitudinal development of individual showers [26–29] and
the integral characteristics of showers at sea level [30–33]. The results obtained indirectly largely
depend on the experimental equipment, the atmospheric conditions under which the measurements
are carried out, the methods for processing experimental data, the model of hadronic interactions,
and other factors. Therefore, in order to verify the previously obtained results, it is important to
obtain data on the MC using a different technique and another air shower component, for example,
muons. It is known that the muon component is sensitive to the MC of the primary particles [34].
This is shown by calculations based on the QGSjetII-04 model [35] for a primary proton and an iron
nucleus. Calculations have shown that a joint analysis of muons with the longitudinal development
of air showers is capable of providing a reliable estimate of the MC of cosmic rays. And with
reliable measurements, it is even possible to separate the primary particles that produces air shower
according to their atomic weight [32, 33].

2. Experimental data on the air shower muon component. Comparison with
calculations

The cascade process of muon production in the atmosphere depends on the point of the first
interaction of the primary nucleus with air atoms and ionization losses per unit path of the particle.
For a heavy nucleus, the point of the first interaction will be higher in the atmosphere than for a light
nucleus. Because of this, the air shower will begin to develop earlier and the shower development
maximum 𝑋max will be higher in the atmosphere. Due to the difference in the absorption paths of
the muon and electron-photon components at sea level, the fraction of muons 𝜌𝜇 (600)/𝜌𝜇+𝑒 (600)
will be larger for heavy nuclei and less for light nuclei. As shown in [36], showers from protons and
iron nuclei are concentrated in different intervals in 𝑋max. Therefore, the most sensitive parameter
to 𝑋max, and hence to MC, will be the fraction of muons 𝜌𝜇 (600)/𝜌𝜇+𝑒 (600). It is the ratio of the
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muon flux density 𝜌𝜇 (600) to the charged particle flux density 𝜌𝜇+𝑒 (600), which for this work was
taken at a distance of 600 m from the air shower axis.

Over 20 years of continuous observations, 1995-2015, more than 106 EAS events with data
on the muon component and energies above 50 PeV were recorded at the Yakutsk array. For the
analysis, 802 showers with energies 𝐸0 ≥ 5 EeV and zenith angles 𝜃 ≤ 60◦ were selected. Air
shower events with energies above 10 EeV accounted for 25 % of the total number of showers
included in the sample. The sample of showers was formed according to the following criteria:
showers’ axes lie within a circle with a radius of 1000 m from the center of the array; there are
measurements of muons in the range of distances of 300-800 m; The accuracy of determining the
axis in showers was (10-20) m along the 𝑥0 axis, and (15-25) m along the 𝑦0 axis. The accuracy of
determining the density of charged particles and muons at a distance of 600 m was ∼ (10-15)%. In
this case, approximately the same conditions for the registration of showers and close in values of
the measurement accuracy of the main characteristics of air shower were realized. By measuring
the flux of charged particles and muons, the classification parameters 𝜌𝜇+𝑒 (600) and 𝜌𝜇 (600) were
determined.

The shower energy 𝐸0 was determined from the measured muon flux density 𝜌𝜇 (600) by
formula (1) [30].

log10 𝐸0 = 18.33 + 1.12 · log10(𝜌𝜇 (𝑅 = 600, 𝜃)) (1)

2.1 Estimation of the Depth of the air shower Development Maximum from the Muon
Component

In individual showers, where the EAS Cherenkov light, charged particles and muons were
measured, the classification parameters 𝜌𝜇 (600) and 𝜌𝜇+𝑒 (600) were found, and the depth of the
maximum development 𝑋max was reconstructed from the lateral distribution of Cherenkov light [37–
39]. Next, we compared parameter 𝜌𝜇 (600)/𝜌𝜇+𝑒 (600) with 𝑋max for three zenith angles (Fig. 1).
Figure 1 shows averaged data and QGSjetII-04 calculations for zenith angles 〈𝜃〉 = 18◦, 〈𝜃〉 = 38◦

and 〈𝜃〉 = 58◦, dashed curves. Simulations are performed with CORSIKA [40] with thinning
(10−5). The simulation took into account the response of a scintillation detector with a threshold
of 10 MeV and its fluctuations [41]. As can be seen in the Fig. 2, there is a discrepancy between
experiment and simulations for large and small values of 𝑋max for all zenith angles. It might be
related to muon deficit in hadronic models [42]. Solid curves are approximations (2):

𝑋𝑚𝑎𝑥 = 𝐴1 ·
(
−
𝜌𝜇/𝜌𝜇+𝑒

𝑡1

)
+ 𝑦0 (2)

The coefficients 𝐴1, 𝑡1, and 𝑦0 were determined by the approximation of the experimental data
by function (2).

As follows from the analysis, the coefficients in equation (2) depend only on the length
of the muon track in the atmosphere. The generalized formula connecting 𝑋max with the ratio
𝜌𝜇 (600)/𝜌𝜇+𝑒 (600) is expressed as:

𝑋𝑚𝑎𝑥 = (535 + 2887 · (sec 𝜃 − 1)) · exp
(
−

(𝜌𝜇/𝜌𝜇+𝑒)𝜃
0.521 + 3.980 · (sec 𝜃 − 1)

)
+ (386 − 2524(sec 𝜃 − 1)) (3)
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Formula (3) was used to estimate 𝑋max in individual showers from the measured muon com-
ponent of the air shower.

Figure 1: Relationship between the depth of the maximum of the electromagnetic cascade and the fraction
of muons at a distance of 600 m from the shower axis. Solid curves — fit, dashed curves — calculation using
the QGSjetII-04 hadron interaction model for zenith angles 〈𝜃〉 = 18◦, 〈𝜃〉 = 38◦ and 〈𝜃〉 = 58◦, respectively.

2.2 Dependence of 𝑋max on 𝐸0 in the region of highest energies

𝑋max was estimated by formula (3) in individual showers with energies greater than 5 EeV by
fraction of muons at a distance of 600 m. The data was binned into several energy intervals and the
〈𝑋max〉 was determined for each interval. In these intervals, fluctuations were also estimated. To
estimate the physical fluctuations in the development of air shower𝜎 (𝑋max), we used the fluctuations
of measurements of 𝜎 (𝑋max)𝑚𝑒𝑎𝑠 and instrumental errors 𝜎 (𝑋max)𝑎𝑝𝑝, which were obtained in
the course of simulating measurements of muons and charged particles at the Yakutsk [26]:

𝜎2(𝑋𝑚𝑎𝑥) = 𝜎2(𝑋𝑚𝑎𝑥)𝑚𝑒𝑎𝑠 − 𝜎2(𝑋𝑚𝑎𝑥)𝑎𝑝𝑝 (4)

The results are shown in Fig. 2, red triangles. Since only a part of the showers with muons was
considered, the result obtained can be considered as preliminary. For comparison, Fig. 2a shows
the data of the Yakutsk array for other components: the Cherenkov light [26], scintillation detectors,
muon LDF component [43] and the radio emission [44, 45]. Also, the figure shows the data of the
Auger [46, 47], Telescope array [48, 49], LOFAR [50] experiments and simulations: QGSJETII-
04 [35], Sibyll 2.3c [51], EPOS-LHC [52]. The results of all settings within the measurement errors
are in good agreement with each other and reflect the uneven 𝑋max course with increasing energy.
This is evident at energy 5 EeV, where the elongation rate of 𝑋max noticeably decreases. This is not
contradicted by the data obtained in this work on muons.

Independent estimates of 𝑋max made from measurements of radio emission at the arrays in
Yakutsk and LOFAR agree with the data obtained in the optical wavelength range and confirm the
general behavior of the dependence of 𝑋max on energy.

Fig. 2b shows the Auger, Telescope Array and LOFAR data above 0.1 EeV and complex data
on three components of the Yakutsk array: air shower Cherenkov light, muon component, and
radio emission. An analysis of the general results shown in Fig. 2b indicates that the magnitude
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Figure 2: A) Dependence of the air shower depth of the maximum development 𝑋max on the energy 𝐸0. The
results of small and large air shower experiments are presented. The lines show the calculations by different
models of hadronic interactions for the primary proton and the iron nucleus. B) dependence of fluctuations
𝜎 (𝑋max) on energy 𝐸0 and comparison with other experiments and model calculations.

of fluctuations 𝑋max is not constant over a wide range of energies. In the energy range 0.1-1 EeV,
the value of fluctuations has a maximum value, which corresponds to the composition of cosmic
rays, consisting of light nuclei — protons and helium nuclei. Beginning with energies of 5-8 EeV,
fluctuations gradually decrease, which indicates a heavier composition of cosmic rays above these
energies.

3. Mass Composition of cosmic rays in the region of highest energies

The CR MC 〈ln 𝐴〉 was estimated using interpolation formula (5) [15, 53].

< ln 𝐴 >=
𝑋
𝑒𝑥𝑝
𝑚𝑎𝑥 − 𝑋

𝑝
𝑚𝑎𝑥

𝑋𝐹𝑒
𝑚𝑎𝑥 − 𝑋

𝑝
𝑚𝑎𝑥

· ln 𝐴𝐹𝑒 (5)

Here 𝑋
𝑝
max — depth of the maximum for a proton, 𝑋Fe

max — depth for the iron nucleus, 𝑋exp
max

— depth of the maximum development of air shower according to the experimental data (Fig. 2a).
ln 𝐴𝐹𝑒 is the natural logarithm of the atomic weight of iron.

The results of the Yakutsk array for 〈ln 𝐴〉 were obtained for four air shower components (Fig.
3) [26, 44, 54]. As can be seen from the figure, in the energy range of 5 EeV, the value of 〈ln 𝐴〉
begins to increase, which indicates an increase in the MC. For comparison, Fig. 3 shows the data
from the Telescope Array [55], Auger [47], LOFAR [16] arrays. It can be seen that the results of the
Telescope Array, Auger array for 𝑋max and 𝜎(𝑋max) coincide with the results of the Yakutsk array
in the region 𝐸0 ≥ 5 EeV, including the results obtained for muons. The uncertainty associated
with uncertainty of the real model of the development of air shower (by the example of muons), as
can be seen from Fig. 3, cannot influence the conclusion about an increase in heavy nuclei in the
cosmic ray flux, starting from energies of 30 EeV.
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Figure 3: The mass composition of cosmic rays in the region of highest energies.

4. Conclusion

In this work, an estimate of the depth of the maximum development was made, independent
of the model of hadron interactions, by the parameter 𝜌𝜇 (600)/𝜌𝜇+𝑒 (600) in showers with energies
above 5 EeV. The average values of 〈𝑋max〉 and their dependence on energy were found from the
data in a wide range of energies (Fig. 2a).

Based on these data, an estimate of the CR MC was made above 5 EeV, which indicates a change
in MC. This follows from a comparison of the experimental data 𝑋max, 𝜎𝑋max and calculations
using different models of hadronic interactions shown in Fig. 2a and Fig. 2b.

Using results of this work and results of other experiments [16, 47, 55] it can be concluded
that CR MC consists of mix of light nuclei in energy interval 5-10 EeV (Fig. 2b, Fig. 3). It also
indicated by fast displacement rate of 𝑋max to sea level ER = (63±5) 𝑔/𝑐𝑚2 (Fig. 2a), which is
distinctive for mix of light nuclei — protons and helium nuclei.

For energies greater than 30 EeV, as can be seen from Fig. 3, CR MC starts to change to heavier
elements — CNO and iron nuclei.

The independent MC results obtained by measuring air shower radio signals at the Yakutsk
array [45] and the LOFAR [16] do not contradict these conclusions. It should be noted that the
results obtained for MC are preliminary, because the models used do not fully reflect the real
development of air shower, for example, in terms of muons. Discussions are currently underway on
this issue [42].
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