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Observations made by the High Resolution Fly’s Eye detector in stereoscopic fluorescent mode
revealed correlations between arrival directions of ultra-high-energy cosmic rays and positions
of distant BL Lac type objects ([1], [2]). They implied the existence of non-deflected particles
traveling for cosmological distances, which was hard to explain within standard physics and
astrophysics. These correlations have not been conclusively tested with independent data. Here
we present preliminary results of such tests performed with the use of two different methods and
Telescope Array data.
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1. Introduction

Two decades ago, puzzling correlations between arrival directions of ultra-high-energy cosmic
rays, detected by the High Resolution Fly’s Eye experiment (HiRes) in stereo mode, and the BL Lac
type objects (BL Lacs) were discovered [1], [2]. HiRes is a detector of ultra-high-energy cosmic
rays which was located in Utah and operated from 1997 to 2006. These BL Lacs, which constitute
a subclass of blazars, are active galactic nuclei with jets pointing to the observer, and are located at
cosmological distances. Though they are plausible sites of cosmic-ray acceleration, charged nuclei
would be deflected by cosmic magnetic fields, while the angular distances between arrival directions
of HiRes events and these sources were significantly smaller than the expected deflections.

The effect was initially discovered in 2004 during the analysis of cosmic rays with energies
greater than 10 EeV with the use of a method which was named as “pair counting method”. The
main idea of this method would be described in sec. 2. The results of this analysis have shown that
most of the correlating cosmic-rays have arrival directions within 0.8° from BL Lac type objects
when HiRes angular resolution in stereo mode is 0.6°.

Later in 2006, the HiRes collaboration, using a larger set of cosmic rays with energies greater
than 1 EeV and the same set of 156 BL Lacs, confirmed the earlier result of correlations using the
maximum likelihood method, which takes into account the individual angular resolution of each
cosmic ray [2], [3], [4].

The absence of deflection of charged particles of cosmic rays under the influence of astrophys-
ical magnetic fields indicates the presence of neutral particles included in the emission of blazars.
However, the Standard Model does not contain neutral particles that could explain this phenomenon.
This effect was called anomalous correlations.

There are three important components in the analysis of anomalous correlations of cosmic
rays and BL Lacs: a set of BL Lacs, a set of cosmic rays and a research method (pair counting or
the maximum likelihood method). Anomalous correlations have not been tested with independent
data on cosmic-ray before. Here preliminary results of such tests performed with the use of both
pair-counting and likelihood methods and Telescope Array Surface Detectors (TA SD) data are
presented. For this analysis of TA SD data the same set of 156 BL Lacs [5] as in previous analysis
of HiRes data was used.

2. Pair counting method

The main idea of the pair counting method is to calculate amount of pairs «BL Lac — cosmic-ray
arrival direction» separated by the angle < 6 using real data, where 6 is fixed beforehand. Then the
same procedure is repeated for a large number of simulated sets of arrival directions, and the p-value
measuring how often this or larger number of pairs can be observed by chance, is determined. Here
0.1° < 6 < 3.0° in steps 0.1° was considered.

For this analysis 6712 cosmic-rays with E > 10 EeV collected during 16 years of TA SD
operation were used. The result of this part of the analysis is presented in fig. 1 together with the
2004 result for HiRes from [1].

The lowest pre-trial p-value is 3 x 1073, Post-trial p-value in this case is 3 x 1072. Here
correlating cosmic-rays are within angular distance 8§ = 1.4° from BL Lac type objects. This
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Figure 1: Pre-trial p-value dependence on angular separation distance 6 for TA SD and HiRes data on the
same plot for comparison. Light gray shading — detector’s angular resolution.

deflection couldn’t be explained by magnetic field and it is important to mention that TA SD
angular resolution is 1.3°.

It is possible to see from fig. 1 that results of HiRes and TA SD data analyses are consistent,
but for TA SD data signal is not so strong.

3. Maximum Likelihood Method

In 2006 in order to confirm previous result on correlations HiRes collaboration applied an
unbinned maximum likelihood method in the search for point sources of ultra—high-energy cosmic
rays [2]. Two important advantages of this method are the ability to accommodate events with
different errors, and to give weighted sensitivity to angular separations — avoiding the loss of
information that follows from choosing an angular separation cut-off.

Here the same maximum likleihood method was used as in [2]. The premise involved in the
maximum likelihood analysis is that the data sample of N events consists of ng source events which
came from some source position(s) in the sky, and N — ny background events. A background event
arrives according to the probability distribution given by the detector exposure to the sky, R(x, E),
where x are equatorial or local coordinates of the event and E is an energy of the event in EeV.
The true arrival direction of a source event is the location of the source s, but the event is observed
somewhere near s according to the probability distribution Q(x;, s, E;), where Q(x;, s, E;) is a point
spread function.
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The idea is to maximize InR(ng) by changing ng. This calculation could be performed for
real data and then the same procedure is repeated for a large number of simulated sets of arrival
directions, and the p-value measuring how often this or larger maximized InR can be observed by
chance, is determined.
To perform this analysis it is necessary to know point spread function for each event Q(x;, s, E;)
and exposure R(x;, E;).

3.1 Point Spread Function

It was shown that point spread function Q;(x;,s, E;) for TA depends not only on angular
distance 0 between x; and s, but also on energy E and zenith angle 6 of the event [6]. In order to
construct such function 14 years of proton Monte Carlo were used. All MC events were separated
into different bins based on reconstructed energy and zenith angle and then inside each bin a
distribution fit was performed. After that, all fit parameters were fitted as functions of reconstructed
energy and zenith angle. The resulting point spread function looks like this:
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where N — normalization constant which is defined from eq. 9.
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Figure 2: Point spread function Q (6, E;, 6;) for different energies E and zenith angles 6.

3.2 Exposure

TA SD operates during the whole year, that is why, its exposure is independent of right
ascension, but still depends on the declination and the energy of the event. To get a grip of exposure
function all real data for 14 years of observation was divided into different bins based on energy and
then declination distribution fit was performed. After that the resulting fit parameters were fitted as

a function of energy. Thus, such exposure function was obtained:
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3.3 Preliminary results
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With the usage of exposure function and point spread function constructed as described above

it is possible to perform necessary calculations of maximum logarithm of likelihood ratio InR.
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For 14 years of events detected with TA SD with E > 1.0 EeV and from 10000 simulated
datasets of cosmic-rays it was established that p-value to obtain this or higher value than InR is
2.4 x 1073, And for the events with energies E > 10.0 EeV p-value = 3.0 x 1073,

In 2006 analysis p-value calculated with the use of maximum likelihood method was ~ 4 x 10~

[2].

4. Conclusion

It can be seen that the preliminary results of TA SD data analysis obtained with both pair
counting (post-trial p-value = 3 x 1072 for events with E > 10 EeV) and likelihood method (p-value
= 3.0 x 1073 for events with E > 10 EeV and p-value = 2.4 x 1072 for events with all energies) are
consistent with each other and with previous results on correlations with HiRes data. But signal
is weaker for TA SD. This effect may be due to the smaller fraction of events from BL Lac type
objects detected in TA SD than it was in HiRes.
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