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Abstract

In the past few years, small scale anisotropy has become a pmary focus in the
search for source of Ultra-High Energy Cosmic Rays (UHECRs)The Akeno Giant
Air Shower Array (AGASA) has reported the presence of clustes of event arrival di-
rections in their highest energy data set. The High Resolutbn Fly's Eye (HiRes) has
accumulated an exposure in one of its monocular eyes at endeg above 16°° eV
comparable to that of AGASA. However, monocular events obsered with an air
uorescence detector are characterized by highly asymmetc angular resolution. A
method is developed for measuring autocorrelation with assnmetric angular resolu-
tion. It is concluded that HiRes-1 observations are consisént with no autocorrelation
and that the sensitivity to clustering of the HiRes-I detector is comparable to that
of the reported AGASA data set. However, because a measure @utocorrelation
makes no assumption of the underlying astrophysical mechasm that results in
clustering phenomena, we cannot claim that the HiRes monodar analysis and the
AGASA analysis are inconsistent beyond a speci ed con dene level.

Key words: cosmic rays, anisotropy, clustering, autocorrelation, HRes, AGASA
PACS: 98.70.Sa, 95.55.Vj, 96.40.Pq, 13.85.Tp

1 Introduction

Over the past decade, the search for sources of Ultra-High &gy Cosmic
Rays (UHECRSs) has begun to focus upon small scale anisotropyevent ar-
rival directions. This refers to statistically signi cant excesses occurring at the
scale of 2:5. The interest in this sort of anisotropy has largely been fled
by the observations of the Akeno Giant Air Shower Array (AGA®\). In 1999
[1] and again in 2001 [2], the AGASA collaboration reportedbserving what
eventually became seven clusters (six \doublets" and oneriplet") with esti-
mated energies above 3:8 10'° eV. Several attempts that have been made
to ascertain the signi cance of these clusters returned chee probabilities of
4 10 °[3]to 0.08 [4].

By contrast, the monocular (and stereo) analyses that havecen presented by
the High Resolution Fly's Eye (HiRes) demonstrate that thedvel of autocor-
relation observed in our sample is completely consistent tithat expected

from background coincidences [5,6,7]. Any analysis of HiRenonocular data
needs to take into account that the angular resolution in marcular mode is
highly asymmetric.
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Fig. 1. The geometry of reconstruction for a monocular air uorescence detector

It is very di cult to compare the results of the HiRes monocular and AGASA
analyses. They are very di erent in the way that they measurautocorrelation.
Di erences in the published energy spectra of the two expenents suggest
an energy scale dierence of 30% [8,9]. Additionally, the v experiments
observe UHECRSs in very di erent ways. The HiRes experimentds an energy-
dependent aperture and an exposure with a seasonal varidil[8]. These
di erences make it very di cult get an intuitive grasp of what HiRes should
see if the AGASA claim of autocorrelation is justi ed. In orcer to develop this
sort of intuition, we apply the same analysis to both AGASA ad HiRes data.

2 The HiRes-I Monocular Data

The HiRes-I monocular data from May 1997 through February ZIB contains
52 events with measured energies greater than'¥®eV. For this study, we pre-
sumed an average atmospheric clarity [10]. In order to calete the autocorre-
lation function for this subset of data, we must rst parametrize the HiRes-I
monocular angular resolution. For a monocular air uorescee detector, an-
gular resolution consists of two components, the plane ofa@nstruction, that

is the plane in which the shower is observed, and the anglewithin the plane

of reconstruction (see gure 1). We can determine the pland ceconstruction
very accurately. However, the value of is more di cult to determine accu-

rately because it is dependent on the precise results of theope-constrained

t [8].

The HiRes-I angular resolution is therefore described by aslliptical, two-



Fig. 2. The arrival directions of the HiRes-I monocular with reconstructed energies
above 13°° eV events and their 1 angular resolution

dimensional Gaussian distribution with the two Gaussian pameters, and

plane, D€INg de ned by the two angular resolutions. For the rangef@stimated
energies considered in this paper, =[4:9;6:1] and ane[0:4;1:5] . In g-
ure 2, the arrival directions of the HiRes-I events are plo#td in equatorial
coordinates along with their 1 error ellipses.

In order to understand the systematic uncertainty in the anglar resolution
estimates, we consider a comparison of estimated arrivalkections that suc-
cessfully reconstructed in both HiRes-I monocular mode andiRes stereo
mode. Because of the dearth of events with estimated enegbove 16°° ev
that reconstructed satisfactorily in both stereo and mono mde, we consider
all mono/stereo candidate events with estimated energiebave 13%° eV. In
stereo mode, the shower detector planes of the two detectan® intersected,
thus the geometry is much more precisely known and the totalhgular reso-
lution is of order 0.6 , a number that is largely correlated to ,ane and thus is
negligible when added in quadrature to the larger term, . This allows us to
perform a comparison of the angular resolution estimated tbugh simulations
to the observed angular resolution values of actual data. Iigure 3, we show
the distribution of angular errors for real and simulated d&. The uncertainty
in the slope of the ratio ( gure 3b) leads to an 7.5% uncertaiy in the angular
resolution.
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Fig. 3. Arrival direction error comparison between real data (mono vs. stereo) and
simulated data for events with estimated energies above 6> eV. The solid line
histogram corresponds to the arrival direction error distribution of the monocular
reconstructed Monte Carlo simulated data. The crosses coaspond to the arrival
directions error distribution observed for actual data by comparing the arrival di-
rections estimated by the monocular and stereo reconstruébns. The solid line in
the ratio component corresponds to the ty = ax+ bwherea=0:000 0:011 and
b=0:98 0:11.

3 The Published AGASA Data

The AGASA data with energies above 40 EeV has been publisheg to the

year 2000 [2] and all but one of these events used for this cdétion has a
measured energy greater than 4 10° eV. The AGASA estimated angular
errors [1] are shown in gure 4. The AGASA angular errors (gue 4) are t

to a two-component Gaussian distribution:

N=N (Egey) 033 e ( 214067 e ( )23 (1)

where ; =6:52 216 l0g;gEgev, 2=3:25 1:22 log;, Egev, and N (E)
is a numerically determined normalization constant. Figue 5 shows the arrival
directions of the published AGASA events plotted in equatadal coordinates
with their 68% angular resolution.
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Fig. 4. The AGASA angular resolution as a function of estimated energy [1]

Fig. 5. The arrival directions of the published AGASA events with their 68% angular
resolution

4 The Autocorrelation Function

We measure the degree of autocorrelation in both samples byeams of an
autocorrelation function. It is calculated as follows:

(1) For each event, an arrival direction is sampled on a prolbdistic basis
from the error space de ned by the angular resolution of thevent.
(2) The opening angle is measured between the arrival dirgats of a pair of
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Fig. 6. An example of the autocorrelation function for a simuated data set that

contains 10 clusters in a total of 60 events|(a) the full autocorrelat ion func-

tion for = [0 ;180]; (b) the critical region of the the autocorrelation functi on:
=[0 ;10].

events.

(3) The cosine of the opening angle is then histogrammed.

(4) The preceding steps are repeated until all possible paiof the events are
considered.

(5) The preceding steps are repeated until the error space) the arrival
direction of each event, is thoroughly sampled.

(6) The histogram is normalized and the resulting curve is #hautocorrelation
function.

Figure 6a shows an example of the autocorrelation functionrfa highly clus-
tered set of simulated data. The sharper the peak at cogj, is, the more
highly autocorrelated the data set is. There are many ways #t one could
guantify the degree of autocorrelation that a set possesseghe most obvi-
ous way is to look at the value of the bin which contains cos,,. However,
this method has some pitfalls. First of all, the value of thedst bin is depen-
dent upon the chosen bin width. Also, the value of the last bims not stable
unless the angular resolution is sampled at a level that is mputationally
unfeasible. Finally, the value of the last bin over a large maber of similarly
autocorrelated sets doesot produce a Gaussian distribution (see gure 7a),
thus complicating the interpretation of the results of an aalysis employing
COS min @S an observable.

A more well-behaved measure of the autocorrelation of a specet of data is
the value of<cos> for 10 . This value is also a measure of the sharpness
of the autocorrelation peak at cos = 1. However, this method of quanti ca-
tion does not depend on bin width and it does produce Gaussiaistributions
when it is applied to large numbers of sets with similar deges of autocorrela-
tion as is demonstrated in gure 7b. An additional advantageo this method
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Fig. 7. Distributions of normalized bin densities of cos min and <cos> g .19 val-
ues for a large number of simulated sets with the same level aflustering as in g-
ure 6|(a) Distribution of observed normalized bin densitie s of cos mjn, note that it
is not Gaussian ( 2=dof =5:44); (b) : <cos> g .10 distribution ( ?=dof = 1:09).

is that by considering the continuous autocorrelation furtgon over a speci ed

interval, both the peak at the smallest values of and the corresponding sta-
tistical de cit in the autocorrelation function at slightl y higher values of are

taken into account. Thus we simultaneously measure both theositive and

negative aspects of the autocorrelation signal. The inteaV of [0;10] was

chosen because in simulations it was found to optimize the tagorrelation

signal for clusters resulting from point sources spread isopically across the
sky.

4.1 Calculating the Autocorrelation Function for the HiRed Monocular Data
abovel0'®® eV and for the Published AGASA Events

Using the description of the HiRes-I monocular angular rekdgion above, we
then calculate the autocorrelation function via the methoddescribed above.
In gure 8, we show the result of this calculation. For this senple, we obtain
<C0S> [g .10 1= 0:99234.

We also calculate the autocorrelation function for the puldhed AGASA
events. We show the resultin gure 9. For this sample, we obta<cos> g .10 |=
0:99352.
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Fig. 8. The autocorrelation for the HiRes-I events above 18 eV|(a) the full au-
tocorrelation function for =[0 ;180 ]; (b) the critical region of the autocorrelation
function: <cos> (g .10 1= 0:99234.
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Fig. 9. The autocorrelation for the published AGASA events| (a) the full autocor-
relation function for = [0 ;180]; (b) the critical region of the autocorrelation
function: <cos> (g .19 }= 0:99352.

5 Quantifying the Relative Sensitivity of HiRes-I and AGASA to
Autocorrelation

In order to quantify the relative sensitivity of the AGASA and HiRes-I data
sets, we must rst understand the exposures of both detecter For HiRes-I,
we assemble a library of approximately 8 10* simulated events with energies
above 16%° eV. We then pair each event with times during which the detecrr
was operating. A mirror-by-mirror correction is applied wiere simulated events
are rejected if the mirror(s) that would have observed the @nt in question was
not operating at the time that event would have occurred. One 10 pairings
of simulated events and times are assembled, a surface pltcreated of the



Fig. 10. Hires-1 estimated relative exposure, 4(; ), for events above 16%° eV in

equatorial coordinates (right ascension right to left). The lightest region corresponds

to a normalized event density of 2.5. The observable sky exteds from = 30 to
=90 .

event density on a bin by bin basis. The value of each bin is thenormalized
so that the mean value of all the bins in theobservablesky =[ 30;90]
is 1. The resulting surface plot is shown in a Hammer-Aito pojection in
gure 10. The highest exposure areas have a normalized rel&t exposure:
W(; )= 25

For the AGASA detector, we refer to the distribution of eventdeclinations
presented in Uchioriet al. [11]. By following the lead of Evanst al. [12], we
t a normalized polynomial to this distribution:

N( )=0:323616+ 00361515 5:04019 10 * %+
5539141 10 ' 3; (2)

whereN ( ) holds for =[ 8 ;875 ]Jthe maximum value ofN ( ) is 1. We also
know that:

87:5 875
A N()d = a( )cos d; 3)

whereA is a numerically determined normalization constant. We the derive:
A( )= A N()sec ;A =1:025% (4)

The value of each bin is once again normalized so that the meaalue of

10



Fig. 11. AGASA estimated relative exposure, a( ), for events above 16%° eV in
equatorial coordinates (right ascension right to left). The lightest region corresponds

to a normalized event density of 1:6. The observable sky extends from = 8
to =875.
0350 | 1)
Q @ 600 |
97] 97]
5300 o
% %500 r
5250 - S
IS £400
7200 - %]
IS G300 |
5150 - S
o) o)
%100 - %200 L
z zZ
50 | 100 -
0 0.§92 0.994 8.99 0.§92 L0.9‘94
(@) Lcos aGye 10on (b) Lcos aGye 10on

Fig. 12. Distribution of <cos> [ .19 | values for simulated isotropic data sets|(a)
HiRes-I; (b) AGASA. In each gure, the vertical line represents the the value of
<cos> [g ;10 ] for the observed data.

all the bins in the observablesky =[ 8;87:5]is 1. The resulting surface
plot is shown in a Hammer-Aito projection of a equatorial cordinates in
gure 11. The highest exposure areas havea( ) = 1:6. In gure 12, we
show the distribution of <cos> |y .10 ; Values for isotropic data sets with each
of the two di erent exposure models (HiRes-1 and AGASA). TheAAGASA data
set manifests 10 2 chance probability above background. For the AGASA
data, we also calculated the autocorrelation function witbut consideration
to angular resolution and employed the more conventional,, observable.
After varying the bin width for |, and accounting for the trials factor,
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we independently concluded that the chance probability is 10 3 for the
optimal bin width, i, =[0 ;2:5]. We thus conclude that factoring angular
resolution into our analysis and employing<cos> [y .10 ] as an observable in
no way diminishes the sensitivity to autocorrelation in thereported AGASA
data.

There are a few important di erences between the exposure tiie HiRes-
| and AGASA detectors. First of all, the exposure of the HiRe$ detector
is more asymmetric than the exposure of the AGASA detector. Hiis is not
only due to seasonal variations in the HiRes detector, but &b due to its
ability to constantly observe the region around =90 due to a higher zenith
angle acceptance. This higher zenith angle acceptance addlows the HiRes
detector to observe a greater region of the southern hemispi. In general,
while AGASA reports observations for 56.9% of the total skythe HiRes-I
detector reports observations for 75% of the total sky.

To simulate clustering we use the following prescription:

(1) An event is chosen based upon the distribution in and that is dictated
by . In the case of HiRes-I, this is simply done by selecting a sihated
event from our library and then assigning it a time that is a kiewn good-
weather ontime for the mirror(s) that observed that event. h the case
of the AGASA detector, this is done by selecting a random vagufor
that conforms to the distribution in equation (4) and then asigning it
a random value in between Oh and 24h and sampling a value for the
energy from the energies of the reported events.

(2) This event does not represent the source location itsglbut is assumed
to have arrived from the source location with some error. Weoastruct
a "true" source location by sampling the error space of thisvent.

(3) For each additional event assigned to that source, a sifated event is
selected with a \true" arrival direction that is the same as hat of the
initial event.

To study the relative sensitivity of AGASA and HiRes-I, we masure the value
of <cos> g .10 | for multiple simulated sets with a variable number of doubls
inserted. We then construct an interpolation of the mean vale and standard
deviation of <cos> g .10 | from a given number of observed doublets for each
experiment. This will allow us to state the number of doublet required for
each experiment in order for the 90% con dence limit okcos> o .10 to be
above the background value of 0.99250. Figure 13 shows thsule of these
simulations. In general, for the HiRes-I data set, the 90% oalence lower
limit corresponds to the mean expected background signal tithe inclu-
sion of 6.25 doublets. For AGASA,the 90% con dence lower litncorresponds
to the mean expected background signal with the inclusion &.5 doublets.
This demonstrates that while AGASA has a slightly better aHlity to perceive

12
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Fig. 13. Relative sensitivity of HiRes-I and AGASA to doublets|(a) Simulations
with the HiRes-I detector and 52 events; (b) 90% con dence albve background: 6.25
doublets, 95% con dence above background: 8.25 doubletsc) simulations with the
AGASA detector and 59 events; (d) 90% con dence above backgmund: 5.5 doublets,
95% con dence above background: 7.0 doublets. In each gurethe horizontal line
indicates the expected value ok cos > | .10  for an isotropic background

autocorrelation, the sensitivity of the two experiments iscomparable.

We now apply the actual Hires-I<cos> o .10 | to the sensitivity curve shown
in gure 13. In gure 14 we can see the result of these simulatns. The ob-
served HiRes-I signal corresponds to the 90% con dence uppienit with the
inclusion of only 3.5 doublets beyond random background caidence.

If we repeat this analysis with rst, a 7.5% reduction in the stimated angular
resolution values and second, a 7.5% increase in the estieatangular resolu-
tion values, we obtain a range for the 90% con dence upper litof [2:75; 4:0]
doublets and a range for the 95% con dence upper limit of & 5:5] doublets.
We state that at the 90% con dence level there are, at most, 4adiblets beyond
random background coincidence.
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Fig. 14. Sensitivity of the HiRes-I monocular observationsto doublets|(a) Simula-
tions with the HiRes-I detector and 52 events; (b) 90% con dence above observed
signal: 3.5 doublets, 95% con dence above observed signd&:doublets. In each plot,
the horizontal line represents the value of<cos > [y ;10 j for the observed HiRes-
data

A nal area of concern is the systematic uncertainty in the dirmination of
atmospheric clarity. Because hourly atmospheric observahs are not avail-
able for the entire HiRes-I monocular data set, we have retiaipon the use of
an average atmospheric pro le for the reconstruction of oudata [10]. While
di erent atmospheric conditions have negligible impact orthe determination
of the arrival direction for events with measured energiesis high, di ering
conditions can have an impact on energy estimation and thu$i¢ number of
events that are included in our data set. Over the 1 error space for our esti-
mation of atmospheric conditions, the total number of evestin our data set
uctuates on the interval [41; 65]. The value of the observablescos> (o .10,
has a uctuation on the interval [0:99226 0:99249] owing to addition and sub-
traction of events from the data set. Note that in neither cas does the value
of <cos> o .10 ] exceed the mean value (0.99250) expected for a background
set.

6 Conclusion

We conclude that the HiRes-l1 monocular detector sees no egitte of cluster-
ing in its highest energy events. Furthermore, the HiRes-I anocular data has
an intrinsic sensitivity to global autocorrelation such trat we can claim at the
90% con dence level that there can be no more than 4 doubletbave that

which would be expected by background coincidence in the HiR-I monocular
data set above 18° eV. This is comparable to the sensitivity of the reported
AGASA data set if one assumes that there is indeed a 30% energpale dif-
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ference between the two experiments. It should be emphasizhat this con-

clusion pertains only to point sources of the sort claimed bthe AGASA

collaboration. Furthermore, because a measure of autocelation makes no
assumption of the underlying astrophysical mechanism thaesults in cluster-
ing phenomena, we cannot claim that the HiRes monocular awyals and the
AGASA analysis are inconsistent beyond a speci ed con deeclevel.
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