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Abstract

Presented are a number of techniques to search for anisotropies in High Resolution Fly’s Eye stereo
data collected to date. The method employed to search for point sources is that of shower density sky
maps. An integrated version is used to search for larger anisotropies. Finally, large-scale anisotropies
are investigated using a harmonic analysis designed to account for HiRes uneven exposure time in right
ascension.

1 Introduction

The following is an anisotropy analysis of high energy cosmic rays collected by the High Resolution Fly’s
Eye (HiRes) experiment in stereo mode between December 1999 and January 2004. The analysis consists
of determining the statistical significance of the cosmic ray air showers’ signal over an isotropic background;
consequently, a determination of the extent that the cosmic ray flux differs from an isotropic distribution can
be made. The background is constructed from multiple Monte Carlo data sets that reflect HiRes’ uneven
exposure to the sky. This technique is then expanded to search for larger anisotropies by integrating the sky
over given angular ranges; then reanalyzing the statistical significance.

The search for large-scale anisotropies is addressed by way of harmonic analysis in right ascension.
Harmonic analysis is an effective technique for experiments with continuous exposure across the sky. Un-
fortunately, HiRes’ exposure is very restricted. As a result, a Monte Carlo sampling technique is used to
determine the statistical significance of the harmonic analysis of this HiRes data set.

2 Shower Density Sky Map

2.1 Sky Map of Real Data

In order to analyze the statistical significance of the cosmic ray signals, a sky map of the real data is
constructed. The sky map is in fact a 2-dimensional histogram. The sky is projected onto this histogram
employing a Hammer-Aitoff projection. This particular projection was utilized because it preserves areas,
which is important for the significance analysis.

In filling the sky map each cosmic ray should not be represented by a single point in the sky. The arrival
direction ought to be “smeared” over the error in determining the arrival direction. This is accomplished
by considering the arrival direction to be a Gaussian probability distribution of unit area [2]. The actual
technique for this is as follows:

1. Two randomly generated Gaussian (mean = 0, σ = 1) distributed numbers are selected.
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Figure 1: Sky map of “smeared” real data. Picture is displayed with right ascension varying from 24 hours
to 0 hours left to right and declination varying from 90 degrees to -90 degrees top to bottom. Axes refer to
the coordinates of the Hammer-Aitoff projection x ∈ (−
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2. The detector coordinates, theta and phi, of each real event are shifted by a random amount proportional
to the error in detection. For example:

θnew = random× error + θold

3. The equatorial coordinates, right ascension and declination, for each “smeared” event are calculated.

4. The “smeared” event is weighted appropriately and added to the sky map.

5. Repeat to create a distribution of the the event spread over the error.

The results are presented in Figure 1. In the case of the real data an error of 0.6◦ was chosen to reflect the
experimental error in determining the arrival directions of the cosmic rays. Each real event is “smeared” 100
times and each “smeared” event is added to the histogram weighted by 1/100 resulting in the addition of one
actual event to the sky map. The binning for the sky map histogram is arbitrarily chosen to be 100× 100.

2.2 Sky Map of the Background

In order to measure how statistically different the data is from an isotropic distribution, an isotropic back-
ground needs to be constructed. The background is created from 100 Monte Carlo data sets. These Monte
Carlo data sets are combined into one sky map similar to the one created for the real data and should reflect
an isotropic distribution.

The Monte Carlo data sets must be constructed in such a manner as to reflect the uneven sky exposure
of the HiRes experiment. Because HiRes is only able to run on clear, moonless nights, there is more data
taken in the winter months when the conditions are more suitable. This discrepancy must be reflected in the
background or there will appear to be a higher significance in the winter night sky and a lower significance in
the summer night sky. To create such a background, the “shuffling” technique of [1] and [2] is employed. The
technique is as follows: Ten Monte Carlo events are randomly selected for each real event. These random
Monte Carlo events are then assigned the sidereal time of the corresponding real event. Using this assigned
actual event time the equatorial coordinates of the Monte Carlo event are calculated. This results in a Monte
Carlo data set with a distribution in the sky that accurately reflects HiRes’ exposure time. In addition, the
background sky map created from the Monte Carlo data set has 10 times more statistics than the real data
set. The last step to creating the background sky map is to apply the “smearing” technique described in
Section 2.1 to the Monte Carlo data set.

The resulting density sky map of the background is presented in Figure 2. As expected there is a
higher flux in the winter night sky and a lower flux in the summer night sky.

2



Figure 2: Density Sky Map of Monte Carlo background. Colors refer to the number of events in each bin.
Picture is displayed with right ascension varying from 24 hours to 0 hours left to right and declination varying
from 90 degrees to -90 degrees top to bottom. Axes refer to the coordinates of the Hammer-Aitoff projection
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2.3 Statistical Significance

The determination of the statistical significance of the cosmic ray signal was accomplished by applying the
Li Ma formula [4] presented in Equation 1
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√
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where Non is the number of events in a given bin in the real sky map, Noff is the number of events in
that bin in the background sky map, and α is 0.1. The application of Equation 1 resulting in a calculated
significance S implies that such an event is an “S standard deviation event”. An excess would appear as
S > 0 and a deficit would be S < 0. Since Equation 1 fails to give sensible answers for Non = 0 or Noff = 0,
all instances were excluded in which a bin in either the real or background sky maps had no entries. By
applying Equation 1 to each bin in the real and background sky maps a statistical significance of the cosmic
ray signals in that section of the sky can be determined. This calculated significance is then placed in its
own sky map (see Figure 3(a)) and the standard deviations are plotted in a histogram (see Figure 3(b)).
The distribution of significances is Gaussian with mean ≈ 0 and σ ≈ 1 as expected. At first glance there
appears to be no dramatic deviation from an isotropic distribution in either Figure 3(a) or 3(b). If there
were a point source, a peak not consistent with a Gaussia distribution would appear in Figure 3(b). There
is no such peak; consequently, there is no apparent point source.

3 Integrated Sky Map

3.1 Integrating the Sky

The next application of the density sky map technique is to construct an integrated sky map. This is
accomplished as follows:

1. Construct sky maps of both the real and Monte Carlo data sets using the same techniques as outlined
in Section 2, but not in a Hammer-Aitoff projection.

2. Determine the center of each bin.
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(a) (b)

Figure 3: (a) Hammer-Aitoff projection of the significances. The colors correspond to various statistical
significances, i.e. the number of standard deviations the real data deviates from the isotropic background.
(b) Histogram of the statistical significances in units of standard deviations.

3. For a given bin determine all bins with centers within a given angular range.

4. Sum the contents of all bins within the given angular range and assign that value to the original bin.

The result is a sky map where each bin is highly correlated to its surrounding bins. This has the effect of
making a larger anisotropy more evident.

This technique is applied to the real and background sky maps using varying angular ranges: 5◦, 10◦,
and 20◦. An example of these integrated sky maps for an angular range of 5◦ are presented in Figure 4. Worth
noting is the large signal, especially for the background sky map, near the pole. This will be discussed in
more detail in Section 3.2. The significance of the signals in each bin is calculated using the method outlined
in Section 2.3. The results of this significance calculation for a 5◦ angular range are presented in Figure 5. As
can be seen from Figure 5(b) there is a severe excess of negative significances which is even more prominent
in the cases of 10◦ and 20◦ angular ranges. At first it was believed that this was because the bins do not
contain equal areas of the sky. Subsequently, the analysis was repeated using a Hammer-Aitoff equal-area
projection, but there was no significant change in the statistics.

3.2 Declination Cuts

As noted earlier in Section 3.1, there is an excess of cosmic ray signal near the pole in the integrated sky
maps as seen in Figure 4. This results in a large negative significance near the pole and could explain the
large excess of negative significances in Figure 5(b). As a result a cut to the allowable declination in the
integrated sky maps was applied. All events with declination < −10◦ or > 80◦ were excluded. The resulting
integrated sky map of significances and the associated histogram for the 5◦ angular range is presented in
Figure 6. In Figure 6(b) there is a clear reduction in the excess of negative significances. This leads to the
conclusion that the analysis breaks down near the pole.

4 Harmonic Analysis in Right Ascension

Harmonic analysis is an easy way to examine large-scale anisotropies in the cosmic ray arrival directions for
experiments that have continuous and uniform exposure in right ascension. Unfortunately, HiRes does not
conform to this restriction, since its exposure is highly dependent on seasonal and atmospheric conditions.
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(a) Integrated Real Sky Map (b) Integrated Background Sky Map

Figure 4: (a) Integrated sky map of real data set using a 5◦ angular range plotted in right ascension versus
declination. Colors refer to the number of events in each bin. (b) Integrated background sky map using a
5◦ angular range plotted in right ascension versus declination. Colors refer to the number of events in each
bin.

(a) Integrated Significance Sky Map (b) Significances of Integrated Sky Maps

Figure 5: (a) Significances of integrated sky map using a 5◦ angular range plotted in right ascension versus
declination. Colors correspond to the statistical significance. (b) Histogram of the statistical significances
in units of standard deviations for the integrated sky map using a 5◦ angular range.
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(a) (b)

Figure 6: (a) Significances of integrated sky map with cuts in declination using 5◦ angular range plotted
in right ascension versus declination. Colors correspond to the statistical significances, i.e. the number of
standard deviations the real data deviates from the isotropic background. (b) Histogram of the statistical
significances in units of standard deviations for the integrated sky map with cuts in declination using a 5◦

angular range.

The remainder of this paper will explain harmonic analysis and one method HiRes can use to deal with the
uneven exposure in right ascension.

4.1 Harmonic Analysis Technique

Harmonic Analysis intends to fit the data in right ascension to a sine wave. First a Rayleigh Vector (x, y) is
calculated [3]. For n events this is defined as follows

x =
2
n

n∑
i=1

cos(αi) y =
2
n

n∑
i=1

sin(αi)

with an amplitude r and phase θ

r =
√

x2 + y2 θ = arctan
(y

x

)
From these definitions a k that represents the statistical significance may be defined by Equations 2 and 3.
Given a total number of events n, the chance probability of observing an amplitude ≥ r is given by

Pchance = exp(−k) (2)

where
k = nr2/4 (3)

4.2 Applying Harmonic Analysis to HiRes

The HiRes stereo data has an inherent harmonic due to the uneven exposure to the sky. In order to determine
whether the real data does in fact show some sort of statistical significance, this inherent harmonic needs to
be addressed. To accomplish this, 1000 Monte Carlo data sets are constructed. Each of these data sets has
the same number of events as the real data set (4495) and are constructed in such a manner as to reflect the
HiRes’ detector exposure time. Harmonic analysis is applied to each Monte Carlo data set and the results
are plotted in a histogram. Two methods are employed to construct these data sets. In both methods times
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(a) Method 1: On Times (b) Method 2: Actual Times

Figure 7: (a) Histogram of k for 1000 Monte Carlo data sets with 4495 events each using sidereal times
selected from the detector on-time (b) Histogram of k for 1000 Monte Carlo data sets with 4495 events each
using sidereal times selected from the actual event times

are randomly assigned to the Monte Carlo events. Using the detector coordinates and the assigned times,
the right ascension is determined. The two methods differ in how those assigned times are selected.

Meathod 1 A list of times is generated from the detector on-time

Meathod 2 The actual event times from the real data are utilized

The results of the harmonic analysis of the real data is as follows: k = 118.8 with Pchance = 2.55 × 10−52.
Such a large k and small chance probability is to be expected due to the inherent harmonic of the detector
exposure. The results for the two types of Monte Carlo harmonic analyses are presented in Figure 7. The
results of method 1 (see Figure 7(a)) demonstrate a statistical significance of the real k of about 6σ. Although
when the harmonic analysis is applied to the Monte Carlo data set using the actual event times (method 2)
the real k is roughly 1σ from the mean. Clearly there is a discrepancy between the detector on-time and the
actual detector exposure time, the time the detector actually acquires useful data. Consequently, the list
of times generated for the Monte Carlo data sets using the detector on-time does not accurately reflect the
actual exposure time and an analysis using the current detector on-time is inherently flawed.

5 Discussion

Three types of anisotropy analyses of HiRes stereo data above 1018 eV are presented in this paper: shower
density sky maps, integrated sky maps, and harmonic analysis. The shower density sky maps appear to
demonstrate an isotropic flux of cosmic ray events. The analysis does not show any clear candidates for a
point source. The integrated sky maps ought to be more sensitive to larger anisotropies. The main issue
with the integration is a breakdown near the pole, where a larger portion of the sky is within a given angular
range. Excluding this portion of the sky, a result more consistent with the shower density sky maps is
obtained.

Finally, a harmonic analysis is used to search for large-scale anisotropies. Because of the inherent har-
monic in the HiRes exposure time, a technique employing Monte Carlo data sets is employed. Unfortunately,
the Monte Carlo data sets are based on the detector on-time, which are a poor approximation for the actual
detector exposure time. The list of on-times does not take into account the weather conditions nor local
disturbances that affect data collection. Taking this fact into consideration, the data apparently does not
show any results that differ from that expected by an isotropic distribution.
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Developing a Monte Carlo data set that better reflects the detector exposure time would be the next
step. Also an extension of the harmonic analysis into two dimensions would be helpful for investigating
anisotropies in both right ascension and declination.
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