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We present the results of a search for cosmic ray point sewtcenergies abovie0 x 10! eV in the HiRes
stereo data set. The analysis is based on a maximum likelitadio test using the probability density function
for each event rather than requiring an a priori choice ofedfiangular bin size. The search is extended to the
combined data set of HiRes data abawgx 10'° eV and AGASA data abov&0 x 10'? eV. In both cases, no
statistically significant clustering of events consisteith a point source is found.

1. Introduction

When analyzing skymaps of cosmic ray arrival directionis important to correctly account for the error on
the angular resolution of individual events. This is esplicitrue in cases where data from detectors with
different angular resolution are combined, or when the &rgesolution of the detector varies strongly with
energy or event geometry. A method that correctly accowntthie angular resolution on an event-by-event
basis was recently introduced in [1]. In this paper, we penfa likelihood ratio test of the hypothesis that
several events in the skymap come from a common source. én wibrds, we test whether any given position
on the sky harbors a source which contributgs> 1 source events to the data set. The likelihood of this
hypothesis is compared to the null hypothesjs= 0 and this likelihood ratio is maximized using as a free
parameter. By calculating the likelihood ratio for a dengd gf points on the sky, we essentially search the
entire sky for the most likely position of a sourceraf events. The statistical significance is then estimated
by applying the same method to a large set of random isotdgir sets and evaluating what fraction of them
have a likelihood ratio which is equal to or larger than th@rabserved in the real data.

In [, this method is applied to the combined HiRes and AGA®Aa set of events with energies in excess
of 4 x 10'? eV. No excess is found. The strongest signal, from the mositi the AGASA “triplet,” [2] is
consistent with random clustering even if the HiRes thr&stsdowereda posteriori to include a HiRes event
with energy3.76 x 102 eV in the vicinity of the “triplet.” Nevertheless, a pointisme at that position has
been claimed[]3,14], partly based on the fact that anotheebli&ent with energy betwedrd x 10'° eV
and3.0 x 10 eV is found in the same region. Here, we extend the energyerahthis analysis down to
1.0 x 10'? eV to understand whether the additional low energy eveahgthens the case for a point source
or is consistent with expectations for an isotropic skyméth ®71 events, the number of events in the HiRes
stereo data set aboved x 10°eV. We will analyze the HiRes stereo data set alone and in owatibn
with the AGASA data set, with the understanding that eveigrial” found in the combined set would be
strongly biased as the AGASA threshold4of x 10'° eV was chosen ir ]5] precisely because it maximized
the clustering signal. Also, magnetic smearing, which kelli to become an issue for energies as low as
1.0 x 109 eV, is not taken into account.

2. Analysis

We give a short description of the likelihood method usedhis &nalysis. Consider first a fixed source location
in right ascension and declinatiofi; = («as, d5). Given a sample oV cosmic ray events, we suppose that
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events come from the source locatityn and that the remaininy — n events are random background events.
If the ith event is a source event, then its true arrival directiaryisThe probability density for finding it at
some locatior¥ is given by the functiod); (&, Z, ), derived from the angular errors of the event and the angular
displacement betweer, andZ. On the other hand, if tha@h eventis a background event, then the probability
density for finding it at a location is given by the functior; (Z), derived from the relative exposure of the
detector to an isotropic background of cosmic rays. Theauyiiss necessary becausedepends on whether
event: is a HiRes or AGASA event. Each of these functions is norredlip unity over positiong in the sky.

We do not hypothesize which individual events are sourcackdround events. We only suppose that there are
ns events in the sample that come from some source positiomherefore, the partial probability distribution
of arrival directionsr for theith event is given by:
n N —n
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It follows that the probability of finding théth event at the locatiow; (where it is actually observed) is
Pi (fia */Z:S)

The likelihood for the entire set d¥f events is then given by:
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The best estimate for the number of source events, undestwemgtion of a point source locatedagt is
determined by finding the value af which maximizes_.

Because the value of the likelihood function depends on tmelrer of events, a more useful quantity thé&n
is the likelihood ratigR:

L(ns, Ts)
L£(0, %)

- {5 (%) ©

i=1

R(ns,@s) =

where £(0, Z) is the likelihood function of thewll hypothesis (ns; = 0). In practice, we maximizén R,
which is equivalent to maximizing.

The method described so far is sufficient for testing a smesifurce positiol¥;. To search the entire sky for
the source position with the strongest signal, we calculedikelihood ratioln R for a dense grid of points
on the sky covering the full range of equatorial coordinaesessible to AGASA and HiRes. The source
position is essentially treated as a free parameter, aldthgfre number of source events. Searching for the
parameters, d5, andn, which maximize the likelihood ratio will therefore give Usetbest estimate for the
position of the source and the number of events it contriute

The search proceeds as follows. The visible region of thassHlivided into a fine grid of points with separa-
tions0.1°/ cos 6 and0.1° in « andd, respectively. Each pointis treated in turn as a sourceitota,. At each
point, the specific quantitied; (Z;, Zs) andR;(&;) are required for every event. The source probability dgnsit
function Q;(&;, Zs) depends on the angular resolution associated withitthevent, which in principle may
depend on several quantities including energy, zenitheardt. The background probability density function
R;(%;) depends on the detector exposure to different parts of teitsis generally the same function for all
events observed by a given detector, but may in principlefometion of e.g. energy as well. For each event,
Q:(Z;, Z5) needs to be reevaluated at every grid point, wRiJéZ;) needs only to be evaluated one time.
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Once the values of); and R; are specified, the log likelihood ratia R is maximized with respect ta,
wheren, > 0. This process is repeated for each positigron the grid. For most locationk R is zero, but
local maxima will occur in the vicinity of one or more eventsote that while the method is in some sense
binned due to the discrete array of grid points, the spaafposen small enough so that errors introduced by
binning are insignificant.
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Figure 1. Likelihood ratioln R, maximized with respect ta,, as a function of right ascension and declination for the
combined set of HiRes events abadvé x 10'° eV and AGASA events above0 x 10*° eV.

For the signal probability density function (Q) of the HiR®mgents, we use a two-dimensional Gaussian func-
tion whose width is chosen such that % of the probability density function falls within an openiaggle
0.6°. Note that for a two-dimensional Gaussian distributiondpening angl# = 1.515 o enclose$8 % of

the distribution. Since the dependence on energy is weakise¢he same value, = 0.4°, for every HiRes
stereo event. The procedure to obtain the background extpmtts described iri]1].

3. Results

We apply this method to the 271 HiRes stereo events with éweepovel .0 x 10° eV. The point with the
largestin R is at right ascension = 219.2° and declinatiod = 74.9°. The maximum likelihood ratio at this
position isln R = 8.45 for ny = 2.9.

The statistical significance of the appearance of a “souwddi a maximum likelihood ratidn R can be
evaluated using simulated random data sets. The full likeldl analysis is performed for a large number of
random data sets with the same number of events and the saladyimy exposure as the original data set,
but isotropic arrival directions. The chance probabildy the “source” to appear is then given by the fraction
of random data sets which have at least one location causegeximumin R to be equal or larger than
8.45, the value of the maximum in the real data. For the HiRes stdata above.0 x 10'° eV, the chance
probability of the source hypothesis is of the orde2&f%. Consequently, there is no statistically significant
evidence for clustering consistent with a point source edata set.

We now include the published AGASA data set abdvex 10'° eV in this analysis. For AGASA, we ap-
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proximate the probability density by the sum of two Gaussiarctions chosen such that t68 % and90 %
opening angle given in[7] is correctly reproduced. Detadla be found in[JiL18].

Fig.D shows the result of the analysis. At eaclandd, the likelihood ratio is shown for the number of
source events, which maximizedn R. The point with the largedih R is at right ascension. = 169.0°

and declinatio = 56.2°, which is indeed the position of the point source claimed3h [The maximum
likelihood ratio at this position im R = 8.38 for ns = 3.6. As before, we evaluate the chance probability for
the appearance of a source with maximurfk = 8.38 or higher in this data set by analyzing a large number
of simulated isotropic data set, now containing 57 AGASAmgsén addition to the HiRes stereo events. The
chance probability ig3 %, so again, no evidence for clustering consistent with atmmarce is found.

The HiRes experiment is scheduled to take data until Mar€l6 2@nd the search for cosmic ray point sources
at the highest energies will continue when more data becavakable.
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