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Study of anisotropy of extremely high energy cosmic rays

Abstract. The article shows investigations of anisotropy of high energy cosmic rays.We calculated the
number of cosmic rays (events) of extremely high energies with different threshold energy, the direction
of arrival of which lies on the angular distances from the active galactic nuclei, not large than given.
Similar calculations were also carried with maximum of one hundred numerical experiments of
concentrating around active galactic nuclei isotropic distribution of particles. For interval to ~3° in all
cases, except for a local minimum at ~2° for distance <100 Mpc, these values were less than the observed
in real distribution. Thus, our results indicate a clear correlation between the arrival directions of cosmic
rays of extremely high energy and direction to close (within 100 Mpc) to the solar system active galactic
nuclei, therefore, these objects are one of the real sources of such particles.
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Introduction

Cosmic ray particles with energies more than
40EeV are called particles of extremely high
energy (or ultra high energy). The complexity of
such studies is that their intensity is very low, for
example, the flux of cosmic rays with an energy
of about 100 EeV is only 1 particle/(100 km®
year).It is the reason why less than 100 of such
particles have been registered, until 2000 in all
over the world.

Since 2004, the installations of cosmic rays
registration of Pierre Auger Observatory were
started to operate. They registered particles of ultra-
high energies, the square of each area were about
3,000 km®, with an angular resolution of about 1%,
and an energy resolution of ~ 10%. These
parameters give the possibility to register for 10
years, more than two hundred of extensive air
showers (EAS) generated by ultra-high energy
particles of cosmic rays that allowed us to obtain a
lot of new valuable information about their origin.
Despite this, the issue of sources of ultra-high
energy particles of cosmic rays still remains open.
The most likely candidates for this role are being
considered are active galactic nuclei.

In connection with the above, in the present
work new observational data obtained in Pierre
Auger Observatory were used. The correlation
between the arrival directions of ultra-high-energy
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particles and directions to the closest solar system,
galaxies with active nuclei were investigated.

In addition of Pierre Auger Observatory data of
energies and coordinate axes of extensive air
showers from cosmic rays particles of extremely
high energies, we used data on the equatorial
coordinates and redshifts of active galactic nuclei
presented in Swift-BAT directory, which includes
sources that are registered for 70 months of
observations by BAT-detector of hard X-ray
radiation on Swift satellite board [1].

Instruments and methods

Figure 1 shows the distribution at the celestial
sphere of coordinates on the arrival of cosmic ray
particles with extremely high energies by measuring
of Pierre Auger Observatory and galaxies with
active nuclei of Swift-BAT 70-month X-ray catalog
in equatorial coordinates.

Using these data, we calculated the number of
cosmic rays (events) of extremely high energies
with different threshold energy, the direction of
arrival of which lies on the angular distances from
the active galactic nuclei, not large than given. The
angular distance varied from 0.6° to 10° in
increments of 0.2°, the threshold energy were taken
to be 50 and 60 EeV, for these values the amount of
rainfall is still ensures a sufficient statistic.
Calculations were made for active galactic nuclei
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with different maximum heliocentric distance to
them: from 40 to 100 Mpc. Galaxies, which were
lying at great distances, were not considered as due
to the interaction of cosmic rays of extremely high
energy with microwave background radiation of the
Universe, particles with such distances should not
reach the observer (blackbody cutoff of cosmic rays
spectrum, Greisen — Zatsepin — Kuzmin effect (GZK
effect)). To estimate the excess of particles at small
angular distances from active galactic nuclei (i.e.
directions concentration of their arrival around
active galactic nuclei) the ratio particles number
were calculated in the observed distribution with
their numbers in isotropic distribution at the same
other conditions (the same total number of particles,
the same angular distance, the maximum distance
from active galactic nuclei, etc.).In calculating the
number of particles concentrating around active
galactic nuclei in isotropic distribution, we took the
average value of that number of hundreds numerical
experiments results on the generation of random
uniform distribution. The results of this study are
shown in Figures 1-5.
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Figure 1 — Distribution of arrival directions of cosmic ray

particles with energies E>5-10"%¢V on celestial sphere on

measurements of Pierre Auger Observatory and galaxies

with active nuclei of Swift-BAT 70-month X-raycatalog

in equatorial coordinates (hemisphere of spring equinoxes
points (a) and autumn equinoxes points (b))

From figures it is clear that the number of
observed events within ~30 of active galactic nuclei
exceeds the number of those for isotropic
distribution, it is particularly clearly seen in the case
of smaller distances to active galactic nuclei. The
fact that this excess is greater the closer you are to
the considered active galactic nuclei, can be
explained by the influence of GZK effect. At an
angular distance of ~20 in considered dependence in
nearly all cases there is a local minimum, and we do
not have assumptions about the reason for its
occurrence.
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Figure 2 — Dependence of excess of events
from the angular distance to active galactic nuclei,
located closer than 40 Mpc,
for different threshold energies
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Figure 3 — Dependence of the excess of events
from angular distance from the activegalactic nuclei
that are closer than 60 Mpc,
for different threshold energies
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Figure 4 — Dependence of the excess of events
from angular distance from the active galactic nuclei
that are closer than80 Mpc,
for different threshold energies

Conclusion

Similar calculations were also carried with
maximum of one hundred numerical experiments of
concentrating around active galactic nuclei isotropic
distribution of particles. For interval to ~3° in all
cases, except for a local minimum at ~2° for
distance <100 Mpc, these values were less than the
observed in real distribution.

Thus, our results indicate a clear correlation
between the arrival directions of cosmic rays of
extremely high energy and direction to close (within
100 Mpc) to the solar system active galactic nuclei,
therefore, these objects are one of the real sources of
such particles.

It is necessary to note that our results are
qualitatively consistent with for example, [2-4].
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Figure 5 — Dependence of the excess of events
from angular distance from the active galactic nuclei
that are closer than100 Mpc,
for different threshold energies
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