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Abstract: Previously, harmonic analysis results of the Yakutsk array data were given for extensive air shower
(EAS) events detected before 2000. Since then the array configuration was changed, data handling procedure was
modified. Here we present results of the analysis of the data set collected after 2000 in the energy range above
1018 eV. Estimations of the first and second harmonic amplitudes are given. Our attention is focused on systematic
uncertainties and on comparison of the amplitudes and phases in the two subsets of the Yakutsk array data.
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1 Introduction
Our previous harmonic analysis of the data from the Yakutsk
array was applied to EASs of cosmic rays (CRs) detected
within the time period from January, 1974 to May, 2000
[1, 2]1. Now, we have analyzed the extended data set up
to June, 2008. Additional data include, specifically, 7598
EAS events above the threshold energy 1018 eV, and 53
events above 1019 eV. The main purpose of the analysis
is to proceed further in having a prolonged time series of
the data, as long in observational time as possible. These
efforts were motivated, among other things, by the possible
changes in CR intensity and arrival directions distribution
within lengthy time intervals [4].

2 Method
We have used harmonic analysis in the right ascension
distribution of arrival directions applying the so-called
Rayleigh formalism [5].

If the large scale anisotropy is present in arrival directions
of CRs, it can be expressed in anisotropy coefficient of the
intensity variation:

A =
Imax− Imin

Imax + Imin
,

where Imax, Imin are the maximum and minimum of CR
intensity as a function of the arrival angle, α . In a simplest
case with one source at α0 (for example, Imax from the
Galactic center, Imin from anti-center) it can be described
by a cosine wave I(α) = 1+Acos(α −α0), or with the
two opposite sources I(α) = 1+Acos(2α−2α0) (example:
Imax from the Galactic arm ‘in’ and ‘out’ directions, while
Imin is from perpendicular directions). In the first case the
coefficient is denoted A1, amplitude of the first harmonic,
in the second case - amplitude of the second harmonic, A2.
In the general case of harmonic expansion of an arbitrary
distribution:

I(α) = 1+
∞

∑
k=1

Ak cos(kα− kα0). (1)

If the observed distribution of arrival angles, αi, is given by
a sum of delta functions f (α) = ∑

N
i=1 δ (α−αi), then

Ak =
√

a2
k +b2

k , α0 = arctan(bk/ak), (2)

where ak =
2
N ∑i cos(kαi), bk =

2
N ∑i sin(kαi).

Average values of the amplitudes are not zero even in
the case of isotropic distribution (converging to zero with
N −→ ∞):

A0
k =

√
π

N
, σ(A0

k) =

√
4−π

N
. (3)

And the probability of isotropic amplitudes to be larger than
given Ak is:

P(> Ak) = exp(−
NA2

k
4

). (4)

Earth rotation gives the possibility to represent celestial
regions as the right ascension distributions. Scintillation
detectors of the Yakutsk array have 24 hour duty cycle re-
sulting in almost uniform directional exposure. Small de-
viations from the uniformity are caused by the detectors
maintenance (mainly during working days) and summer-
time shutdowns of the array due to thunderstorms.

Diurnal and seasonal variations of the Yakutsk array
exposure and atmospheric conditions result in spurious
amplitude (0.45±0.55)% [6]. Having data sets of the size
N < 7598 we can determine only amplitudes well above
A0

k ' 2% (Eq. 3). So, in the energy region E > 1018 eV we
can neglect the effect of diurnal and seasonal variations of
the array exposure in the data set under consideration.

Another influence on the array detection efficiency is
produced by the geomagnetic field. Due to trajectories of
charged CRs curved in magnetic field, the distribution of
particles becomes oval along the Lorentz force azimuth.

Due to the steepness of the energy spectrum, such an
azimuthal dependence translates into azimuthal modulation
of EAS event rate for given zenith angle and particle density
[7]. An observed distribution of arrival directions in a
horizontal system is also distorted due to geomagnetic effect.
Fortunately, the right ascension distribution isn’t affected
because of diurnal smearing by the Earth rotation [8]. As a
result, we are ignoring here the geomagnetic field effect.

1. The data from the initial period of observations were analyzed
in [3]; we are planning to recover showers detected with the
Yakutsk array during 1970-1973
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Figure 1: The first (Left panel) and second (Right panel) harmonic amplitudes of the right ascension distribution of CRs
detected in the period (2000, 2008) at energies above 1018 eV. Amplitudes of the expected-for-isotropy distribution are
given by the dashed curves.

3 Analysis of the data between 2000 and
2008

A description of the Yakutsk array detectors and some of
the results obtained can be found in Refs. [9, 10, 11].

The data set used in the present analysis consists of EAS
events detected within the period of (June 2000, June 2008).
Data selection criteria include:

• the energy threshold Ethr = 1018 eV;

• shower axes selected within the array area;

• zenith angles of EAS, θ < 600;

• CR energy is estimated using an algorithm described
in [12, 13];

The resultant amplitudes are shown in Fig. 1. We are
not derived higher harmonics, Ak,k > 2, considering them
insufficiently large in the angular scale. Observed ampli-
tudes are rising with energy, both the first and second har-
monics, but the effect is statistically insignificant against
a background of ‘isotropic’ amplitudes rising due to the
number of events decreasing with energy. The probability
to have the observed amplitude (and larger) by chance with
isotropic arrival directions is illustrated in Table 1.

We have compared phases of the first harmonic before
and after 2000 in Fig. 2. A comparison made in spite of
insignificant amplitudes, is induced by the considerations
of the Pierre Auger collaboration (PAO) [14].

Energy bins, A1 P(> A1), A2 P(> A2),
lg(E,eV ) % %
18.0-18.5 0.040 5.6 0.036 10.8
18.5-19.0 0.093 36.1 0.060 65.8
19.0-19.5 0.414 11.8 0.258 43.5
19.5-20.0 1.796 8.9 1.251 30.9

Table 1: Observed amplitudes in energy bins, Ak, and
the probability of the expected-for-isotropy amplitudes to
exceed observed amplitudes, P(> Ak).

It was noted that their phase measurements in adjacent
energy intervals does not seem to be randomly distributed

but rather suggests a smooth transition between a common
phase 2700 consistent with Galactic center region below
1018 eV, and another phase consistent with the right ascen-
sion of the anti-center above 5×1018 eV. This is potentially
interesting, because with a real underlying anisotropy, a
consistency of the phase measurements in ordered energy
intervals is indeed expected to be revealed with a smaller
number of events than needed to detect the amplitude with
high statistical significance [14].

Our measurements in both periods seem to be qualita-
tively consistent with the PAO conclusion. Although the
phase uncertainties are rather large, the phase of the first
harmonic is not randomly distributed, at least above 1019

eV, but seems gradually rising towards anti-center direction.
Analysis of the combined data sets of the PAO, Telescope

Array and the Yakutsk array in Anisotropy Working Group
for CERN Symposium [15] have revealed the same hint:
intriguing regularity in phase of the dipole anisotropy. A
conclusion was drawn that larger statistics is needed to
investigate these observations.

Our present contribution in strengthening the hint is that
the regularity is observed in different time intervals.
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Figure 2: Comparison of the first harmonic phase as a
function of energy. Two sets of data are shown: squares are
for EAS events detected before 2000, and circles are for
events detected after 2000.

Concerning amplitudes of the two harmonics in the
periods of observational time, in Fig. 3 are shown the first
and second harmonic amplitudes in ratio to the expected-
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Figure 3: The ratio of observed and expected-for-isotropy amplitudes of the first (Left panel) and second (Right panel)
harmonics in the time periods before and after 2000 at energies above 1018 eV. Vertical bars are RMS deviations over A0

k ,
while horizontal bars indicate energy bins.

for-isotropy values. There are no statistically significant
deviations from isotropy in both periods and harmonics.

4 Conclusions
We have prolonged a data series on arrival directions of
CRs detected with the Yakutsk array. A previous harmonic
analysis in right ascension distribution of EAS events
detected within the time interval (January 1974, May 2000)
was published in 2001. The present analysis deals with data
in the period (June 2000, June 2008). Our aim is to proceed
further in having a prolonged time series of the data, as long
in observational time as possible.

The first and second harmonic amplitudes are rising with
energy but in consistency with expected amplitudes of the
isotropic distribution. So, we have found no significant
deviation of the first and second harmonic amplitudes from
the isotropic distribution, in accordance with our previous
analysis.

On the contrary, the first harmonic phase seems to be not
randomly distributed in the interval (−1800,1800) as would
be expected in the isotropic case, but exhibits the gradual
rise with energy in the right ascension, at least, in the energy
interval above ∼ 1019 eV. This behavior is inherent in both
periods of observations in Yakutsk - before and after 2000,
and is in agreement with the possible regularity in phase of
the dipole anisotropy observed by the PAO and Telescope
Array collaborations.
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