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a b s t r a c t

The Telescope Array ultra-high energy cosmic ray detector, situated in Utah, USA, is taking data since
March 2008. We will present the latest results of the spectrum, composition and anisotropy studies
based on the 4 years of the Telescope Array data.

& 2013 Elsevier B.V. All rights reserved.

1. The telescope array experiment

The Telescope Array (TA) detector is a hybrid detector of ultra-
high energy cosmic rays located in the Northern hemisphere in
Utah, USA ð39117′48″N; 112154′31″W). It consists of the surface
detector (SD) composed of 507 scintillator detectors covering the
area of approximately 700 km2 (for details see [1]). The atmo-
sphere over the surface array is viewed by 38 fluorescence
telescopes arranged in 3 stations [2], which constitute the fluor-
escence detector (FD) of TA.

The TA detector is fully operational starting from March 2008.
In this paper we will present the results based on the analysis of
the first 4 years of TA data. An update is expected soon that will
include the full first 5 year of data.

The scientific goals of TA include determination of the energy
spectrum of UHECR, their mass composition, and investigation of
anisotropies of UHECR in the Northern sky. The ultimate purpose
is to unveil the nature and origin of UHECR.

2. Data

Different subsets of the TA data are optimized for different
studies. For the measurement of the spectrum of UHECR, the high
quality surface detector (SD) events have been selected by the
following criteria: the zenith angle o451, shower core must be
inside the array at a more than 1200 m from the border, number of
detectors hit is 5 or larger, the quality of the reconstruction fit is
χ2=d:o:fo4, pointing direction resolution is better than 51, the
fractional uncertainty of the energy estimator Sð800Þ is less than
0.25. In the 4-year period fromMay 2008 until May 2012, there are
13,100 events above 1018.2 eV satisfying these criteria. The aperture
of TA SD with the above cuts is 920 km2 sr, while the total

exposure corresponding to this set is 3690 km2 sr yr. Further
details can be found in Ref. [3].

A different data set has been compiled for anisotropy studies.
The idea here is to loosen the cuts in order to increase statistics,
without decreasing significantly the data quality. This may be
achieved by extending the zenith angle cut to o551 and relaxing
the border cut. This anisotropy set contains 1807 events with
energies E410 EeV, 114 events with E440 EeV, and 42 events
with E457 EeV.

By comparing the thrown and reconstructed arrival directions
of the simulated data sets, the angular resolution of TA events with
E410 EeV was found to be approximately 1.51. Events with zenith
angles between 451 and 551 have even better angular resolution.
The energy resolution of the TA surface detector at E410 EeV is
close to 20% [3].

In the anisotropy studies the crucial role is played by the
exposure function. The exposure of the TA SD detector was
calculated by the Monte-Carlo technique with the full simulation
of the detector. It follows from these Monte-Carlo simulations that
above 10 EeV the efficiency of the TA SD is 100%, while the
exposure is indistinguishable from the geometrical one.

For the mass composition studies the stereo FD data have been
used. These will be described in the corresponding section below.

3. The energy spectrum

The energy spectrum of UHECR is reconstructed from the SD
data. The density of shower particles at a lateral distance of 800 m
from the core, Sð800Þ, is used as the energy estimator. This
quantity is obtained by a lateral distribution fit, with the same
functional form as used by the AGASA experiment. The energy is
then estimated by using a look-up table in Sð800Þ and the zenith
angle determined from an exhaustive MC simulation.
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The absolute energy scale derived from the SD data alone is
prone to large systematic uncertainties and possible biases asso-
ciated with the modeling of hadronic interactions. On the other
hand, the energy scale uncertainty is experimentally well-
controlled for the FD events. We therefore correct our energy
scale to the TA FD using events seen in common between the FD
and SD. The observed differences between the FD and SD events
are well described by a simple proportionality relationship, the SD
energy scale being 27% higher than the FD. This correction is
included in the spectrum shown below.

Fig. 1 shows the spectrum measured by the TA SD, where the
differential flux multiplied by e3 is shown. One can see the ankle
structure and the suppression at the highest energies. A fit to a
broken power law determines the energies of these features.
The fit finds the ankle at an energy of ð4:670:3Þ � 1018 eV and
the suppression at ð5:470:6Þ � 1019 eV. The power exponents for
the three regions (below the ankle, between the breaks, and above
the suppression) are 3.3470.04, 2.6770.03, and 4.670.6, respec-
tively. Also shown in Fig. 1 are the spectra reported by other
experiments as indicated on the plot. The HiRes and TA SD spectra
agree very well, both in the energy region above 1018.85 eV where
the TA SD is 100% efficient, and also at lower energies where TA
employs a substantial efficiency correction. The significance of the cutoff may be inferred by a linear

extrapolation of the power law beyond the suppression point,
see Fig. 2. The extrapolation predicts 58.6 events above the break,
whereas TA observed only 21 events. This difference corresponds
to a Poisson probability of 1:44� 10�8, or 5.6 standard deviations
significance.

A related observable is E1=2, the energy at which the integral
spectrum falls to one-half of its expected value in the absence of
the GZK cutoff (Fig. 3). This value is predicted to be 1019.72 eV for
protons [4]. TA measures log 10 E1=2 ¼ 19:7270:05. Thus, the
energy of the cutoff is consistent with the interpretation that the
composition is protonic.

4. Mass composition

The observable sensitive to the nature of primary particle is the
shower depth Xmax, the atmospheric depth of the maximum of the
shower. This quantity can only be directly measured by the
fluorescent detector, so the FD data have to be used in the
composition analysis. TA stereo data is used in the present
analysis. Because of the large fluctuations, the composition can
only be inferred from statistical quantities such as the mean value
and RMS of Xmax.

The expected distribution of Xmax was estimated by the MC
shower simulation code CORSIKA. The shower library was gener-
ated using a primary energy between 1018 eV and 1020 eV. Primary
particle type was taken to be protons or iron nuclei. QGSJET-I,
QGSJET-II and SYBILL were used for the hadronic interaction
models. The generated showers were then run through the
reconstruction procedure (including the full simulation of the
detector) identical to that used for the real data, in order to
determine the expected Xmax distribution that includes all recon-
struction and selection biases. In this way, the expectations for
proton and iron primaries are obtained that can be compared to
the real data.

Fig. 4 shows the comparison between the measured Xmax and
that expected for proton (red lines) and iron (blue lines) in several
models as indicated on the plot. The TA data are better compatible
with proton composition at all, including highest energies.

In Fig. 5 we show the comparison of the observed Xmax

distributions to those expected for proton and iron bin-by-bin in
energy. Black points represent the data. Red (blue) histograms
show MC simulations for protons (iron). As one can see, the

Fig. 1. TA SD energy spectrum (black points). The black lines show fit to a broken
power law as described in the text. Also shown are measurements by other
experiments as indicated on the plot.

Fig. 2. Calculation of the significance of the break in the spectrum.

Fig. 3. E1=2 is the energy at which the integral spectrum falls to one-half of its
expected value in the absence of the cutoff.
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agreement is systematically better for protons than for iron
primaries.

This is quantified in Fig. 6 which shows the results of the
Kolmogorov–Smirnov (KS) test for each energy bin and each
composition and interaction model. Low p-values indicate incom-
patibility of the corresponding model and the data. According to
this figure, iron primaries are excluded at all except two highest
energies, where the statistics is not enough to distinguish between
the iron and proton compositions.

5. Anisotropy

For the anisotropy studies, a special SD data set is used as
described in Section 2. To minimize the statistical penalties, we
consider three high-energy subsets with energy thresholds of
10 EeV, 40 EeV and 57 EeV.

5.1. Global distribution of the TA events

First, we examine the distributions of the TA events in the right
ascension and declination in two coordinate systems: equatorial
and supergalactic (SG). We generate a large (105) Monte-Carlo
event set corresponding to the uniform UHECR distribution and
compare the distribution of the right ascensions and declinations
of the events in the data and in the MC set by the Kolmogorov–
Smirnov (KS) test.

No significant deviations are found in the sets with the energy
thresholds of 10 EeV and 40 EeV. The highest-energy set with
E457 EeV shows some deviation from isotropy. The results of the
KS test for this case are summarized in Table 1. The strongest
deviation occurs in the supergalactic declination where the KS

Fig. 4. The results of the Xmax measurement by TA (black points). Red (blue) lines
show simulations in case of protons (iron) for several interaction models as
indicated on the plot. (For interpretation of the references to color in this figure
caption, the reader is referred to the web version of this article.)

Fig. 5. Xmax distributions in different energy bins, from top-left to bottom-right: 18:2o log Eo18:4, 18:6o log Eo18:8, 18:4o log Eo18:6, 18:8o log Eo19:0,
19:0o log Eo19:2, 19:4o log Eo19:6, 19:2o log Eo19:4, 19:6o log Eo19:8. Red histogram: MC proton; blue histogram: MC iron. (For interpretation of the references
to color in this figure caption, the reader is referred to the web version of this article.)

Fig. 6. The results of the KS test for compatibility between Xmax distributions
obtained in MC simulations and the data, for two compositions (proton and iron)
and different energies. Low p-values indicate incompatibility.
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p-value is 0.006. The corresponding histograms are shown in
Fig. 7.

5.2. Clustering and autocorrelation function

The AGASA experiment reported clustering of UHECR events
with E440 EeV at the angular scale of 2.51 [5]. We repeat this
analysis using the TA data set. The procedure is as follows: for a
given angular separation δ we count the number of pairs of the
observed events that are separated by an angular distance less
than δ. We then generate a large number of random UHECR event
sets, each having the same number of events as the data, and
repeat pair counting in each of these sets. For each value of δ we
determine the fraction of simulated sets in which the number of
pairs is larger than, or equal to, the number of pairs in the data.
This gives the p-value, PðδÞ, which describes how likely the excess
of pairs, if found in the data, is to occur as a result of a fluctuation
in a random set.

We treat the separation angle δ as a free parameter and
determine the dependence PðδÞ. This test has been performed at
two energy thresholds, 40 EeV and 57 EeV. The result is presented
in Fig. 8 where the upper blue and the lower red lines correspond
to the thresholds 40 EeV and 57 EeV, respectively. As one can see,

there is no excess of pairs at the angular scale of 2.51 in neither of
the two cases. However, there is a deviation from isotropy at
angular scales of �201 in the highest-energy data set.

5.3. Correlations with AGN

Given the catalog of putative sources, one may check whether
the objects in the catalog correlate with the arrival directions of
UHECRs. This can be done as follows. First, the probability p0 is
determined by the Monte-Carlo simulation that, for a given set of
sources and a fixed angular separation δ, a single UHECR event
falls within the angle δ from any of the sources, assuming the
events are distributed uniformly. Then one counts the number n of
pairs source – observed UHECR event that are separated by an
angular distance less than δ. The p-value that characterizes the

Table 1
Results of the comparison of the data set with E457 EeV to the uniform
distribution by the KS test.

Frame Right ascension Declination

E457 EeV
Equatorial 0.04 0.13
SG 0.03 0.006
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Fig. 7. Distributions of events with E457 EeV in right ascension (left column) and declination (right column) in the equatorial (top row) and supergalactic (bottom row)
frames.

Fig. 8. The dependence of the p-value PðδÞ on the pair separation angle δ for two
energy thresholds: 40 EeV and 57 EeV (upper blue and lower red lines, respec-
tively). (For interpretation of the references to color in this figure caption, the
reader is referred to the web version of this article.)
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correlation at the angular scale δ is then obtained from the
cumulative binomial distribution.

We apply this formalism to the nearby AGNs from the Veron-
Cetty & Veron 2006 catalog [6]. We fix the parameters following
Ref. [7] as follows: δ¼ 3:11, E457 EeV, the maximum redshift is
0.018 (465 AGNs in total). Following the previous analysis [8], we
apply the zenith angle cut of 451 and tight border cuts. The
evolution of the number of correlating events with the total
number of events is shown in Fig. 9. With these parameters one
finds p0 ¼ 0:24, while the number of correlating events corre-
sponding to the total of N¼32 events is n¼15. This gives the
p-value 0.004.

5.4. Correlation with the LSS

In the limit when the density of UHECR sources is sufficiently
high so that they can be treated statistically, their distribution
must follow that of the ordinary matter. The latter is inhomoge-
neous at scales of up to 50–100 Mpc forming the large-scale
structure of the Universe (LSS). Within these assumptions, the
UHECR flux can be calculated, as a function of energy, with
essentially one free parameter, the typical deflection angle θ. Thus
predicted flux may be compared to observations, which gives
constraints on the possible values of θ. The analysis of this type
has been previously performed using the HiRes [9], the PAO [10,11]
and the TA [8] data. Here we present an update of this analysis
using the latest TA data.

The mass distribution in the Universe was inferred from the
2MASS Galaxy Redshift Catalog (XSCz) that is derived from the
2MASS Extended Source Catalog (XSC). We have assumed that
sources follow the matter distribution, and propagated UHECRs
from sources to the Earth taking full account of the energy
attenuation processes under the assumption that the primary
particles are protons. The arrival directions were smeared with
the 2d Gaussian function of the angular width θ.

The predicted flux was compared to the sky distribution of the
observed UHECR events by the parameter-free flux-sampling test
(see Refs. [12,8] for details). At a given value of θ, the result of the
test is the p-value that shows how likely it is that the UHECR
distribution follows the one expected in a given model (LSS or
isotropy).

At low energies E410 EeV, the data are found to be compatible
with isotropy and not compatible with the structure model unless
the smearing angle is larger than �201. This is expected, since
even in the case of protons, and taking into account the regular
component of the Galactic magnetic field only, the deflections of
the UHECR at E� 10 EeV are expected to be of the order of 20–401,
depending on the direction.

At intermediate energies E440 EeV (not shown in Fig. 10) the
TA data are compatible with both the isotropic distribution and
with the LSS model.

Finally, at the highest energies E457 EeV, the behavior is
different. The data are compatible with the structure model but
not compatible with the isotropic distribution for most values of
the smearing angle.

The results of the test at 57 EeV as a function of θ, as well as the
sky map of the TA events superimposed with the map of expected
flux, are shown in Fig. 10. The blue crosses and green pluses show
the p-values obtained by testing the isotropy and the LSS model,
respectively. The red horizontal line shows the confidence level
of 95%.

6. Photon limit

Being composed of thin scintillators, the TA detectors respond
equally to the muon and electromagnetic components of the
extensive air shower and are therefore sensitive to showers
induced by photon primaries. We use the shower front curvature
as a composition-sensitive parameter. For the energy-sensitive
parameter, the scintillator signal density at 800 m from the shower
core is used.

The data set used in the photon limit analysis consists of the TA
SD events selected by the following cuts: the distance to the
boundary larger than 1200 m, the zenith angles 451oθo601, the
number of scintillator detectors triggered is 7 or larger, the joint fit
quality χ2=d:o:f :o5, the reconstructed photon energy Eγ41019 eV
or Eγ41019:5 eV depending on the energy region of interest. The
details of the event reconstruction procedure are described in Ref.
[13].

To estimate the flux limit, the event-by-event method [14] was
used. The resulting limits based on the data collected in the period
from May 2008 until May 2011 are presented in Fig. 11.

7. Summary and conclusions

We have presented the updates of the TA results concerning
the spectrum, mass composition, anisotropy and the flux of

Fig. 9. The number of TA events correlating with nearby AGNs vs. total number of
events.

Fig. 10. Upper panel: The sky map of the TA events superimposed with the map of
expected flux. The bands of grey represent the flux value; each band integrates to
1/5 of the total flux. Lower panel: p-values obtained by the flux-sampling test. The
blue crosses and green pluses correspond to testing the isotropy and the LSS model,
respectively. The red horizontal line shows the confidence level of 95%.
(For interpretation of the references to color in this figure caption, the reader is
referred to the web version of this article.)
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photons in UHECR. These updates are based on the first 4 years of
the TA operation.

The spectrum of UHECR as measured by TA exhibits the ankle
at 4.670.3 EeV and the break at 5476 EeV and is fitted with a
broken power law with three slopes �3.34, �2.67 and �4.6 below
the ankle, between the ankle and the break, and above the break,
respectively. The significance of the cutoff at highest energies is 5.6s.
The position of the break, as well as the energy E1=2, is compatible
with the GZK cutoff and the proton composition.

The Xmax measurement indicates light composition compatible
with protons all the way up to highest energies. No change of
composition towards heavier nuclei is observed.

The sky distribution of the events is compatible with isotropic
except at highest energies. Some deviation from isotropy is
observed at energies E457 EeV. This deviation manifests itself
in the distribution of events in the right ascension and declination
in the equatorial and supergalactic coordinates, in the autocorrela-
tion function, in the correlations with the nearby AGN, and in the
correlations with the LSS. The angular scale of this deviation is
�20–301, while its significance is still marginal, about 2–3s
depending on the test.

The update of the TA photon limit is also presented.
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