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Abstract: The correlation between the first three years of the Telescope Arrtacsudetector data and the large-scale
structure of the Universe is studied. The predicted cosmic ray flux isleédd by propagating ultra-high energy protons
from sources whose distribution is derived from the complete cataloglakigs within 250 Mpc from Earth. The flux-
sampling method is used to test whether the actual data follow the modétimesl. We calculate the statistical power
of the flux sampling test for the case of the Telescope Array, then aenpadata with LSS model predictions with and
without galactic magnetic field, and also to the isotropic distribution.
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1 Introduction the matter distribution in the nearby Universe. In this pa-
per we examine the TA data for the presence of such an

Telescope Array (TA) is a hybrid detector of ultra-highanisotropy.

energy cosmic rays (UHECRS) located in Utah, USA. IDur analysis consists of two parts: (i) calculation of the

has been fully operational starting from March 2008. Thexpected flux distribution and (ii) comparison of expected
ground array of TA is composed of 507 scintillator detecflux to the TA data.

tors covering the area of approximately 680%sThis ar- First, we use the observed distribution of galaxies to infer
ray is overlooked by 38 quores_cence telescopes arrangedyp, matter distribution at distances smaller than Mpc.

3 towers. In 3 years of operation, TA 'has agcumulated tfhe matter distribution is then used to calculate the sky dis
largest cosmic ray data set ever available in the Northegfy, tion of the expected cosmic ray flux. The latter distri-
hemisphere. bution is energy dependent: the higher is the energy, the
One of the major scientific goals of TA is the study ofshorter is the propagation length and the smaller the region
anisotropy of UHECRSs in the Northern sky. While at encontributing to the flux. Since at smaller distances rela-
ergies belowl0'® eV cosmic rays get isotropised in thetive variations of matter density are larger, the variagion
Galactic magnetic field and no anisotropy is expected, thsf the CR flux at high energies are more pronounced. In
situation is different at ultra-high energies. If cosmiy ra this study we consider & priori chosen energy thresholds
primary particles are protons a suggested by the prevjhich also have been used in the previous studieé€eV

ous studies [1, 2], their deflections in the magnetic fieldg] Ecv = 10'8 ¢V), 40 EeV and57 EeV.

at energies above0'” eV are likely to be_ lnsuff|C|_ent Another important factor that affects the calculation & th
to isotropise the flux. Therefore, any anisotropy in thgsp {1,y is deflections in the magnetic fields. We use two
cosmic-ray source distribution should manifest itselfria t different methods of taking the deflections into account.
data. Random deflections caused by the extragalactic magnetic
Observation of the cutoff in the highest-energy part of théield and by the turbulent part of the Galactic field can be
cosmic ray spectrum [3] resulting from the interactions ofaken into account by smearing each source within certain
UHECRSs with the cosmic microwave background radiatio@angular scal®,. The smearing reduces the variations of
[4, 5] suggest that the UHECR propagation length at higthe flux, so that in the limit of largé, the flux becomes
energies becomes smaller than50 Mpc. Since the mat- isotropic. In this analysis we considér as a free parame-
ter is distributed non-uniformly at these scales, a sizeabler.

anisotropy in the flux is expected that should correlate with
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In the case of deflections by the regular component of the E0Ee | ‘ ‘ " BtoEe |
Galactic magnetic field, smearing may become a poor aps ;ﬂ Mo
proximation if the deflection angles is larger thdn— 15°. = dta af ”WL [[u" Iyl
In this case the deflections in the regular Galactic magnetig I ]

field should be taken into account explicitely inthe cal- . IJ. . . . LI

culation of the expected flux, which requires a reasonable DEC, degees RA, degrees

knowledge of the GMF. S —
E>40EeV

a function of the smearing angle and also the parameters of e.-m —‘ ‘I ]

GMEF if the latter is taken into account explicitely, is com- *

eters that do not reproduce the observed cosmic ray distri=s—=—s—z"c =% a5 = W w e e

bution. The comparison is performed by the flux-sampling

Pys =37%

E>40 EeV

In the second part of the analysis the expected flux, which |<
) |_|_| -
pared to the TA data. This allows to rule out model param: ]

method [6] (see Sect. 3.1 for more details). L oeme "] T T osew
2 Data ‘;: : 4 §
This analysis is based on the TA data collected during 3= = = Z o = = = = ‘o = w w w s e

years of the surface detector operation in the period from

March 2008 till March 2011. With the zenith angle cut ofFigure 1: Comparison between the data (blue line) and
45°, this data set contains 809 events with energies highgife geometrical exposure simulations (red line) at ener-
10 EeV, 46 events with energies higher théinEeV and 19  gies10 EeV, 40 EeV and57 EeV (top, middle and bottom
events with energies higher thahEeV. Abovel0 EeV, the  rows, respectively). Plots show the distribution of events
angular resolution of TA events is better thah°, while  in declination (right column) and right ascension (left-col
the energy resolution is about 20%. umn). The compatibility of the two distributions by the

Comparison of the data to the expected flux distributiololmogorov-Smirnov test is given ds.
requires good knowledge of the exposure function. In the

case of the TA surface detector, and for the data set wi@ Method

energiesk > 10 EeV, the exposure is well approximated

by the geometrical one. The approximation is expected to . o
be better at higher energies. 3.1 Calculation of the model flux distribution

Fig. 1 shows the comparison between the distributions ifhe distribution of the expected flux over the sky is gener-
the declination (left column) and right ascension (right co ated as follows. First, galaxies in the flux-limited sample
Umn) of the events in the Monte-Carlo simulations basegescribed above are We|ghted to Compensate for a progres-
on the geometrical exposure (red line) and in the data (bluge incompleteness of the flux-limited sample at large dis-
line) with energy threshold®&’ > 10 EeV, E > 40 EeV  tances. The weighting algorithm is described in Ref. [8].

and E > 57 EeV (top, middle and bottom rows, respec-it allows one to use most efficiently the information on the
tively). The E > 10 EeV andE > 40 EeV sets are matter distribution contained in the catalog.

compatible with geometrlc_al EXposure. This a_lso InOIICatE“Fhen all galaxy weights are corrected for the attenuation
the absence of strong deviation from isotropy in these set

: e ; of the cosmic ray flux due to redshift, interactions with
The highest-energy set has the distribution in the right a%MB and other ghoton backgrounds. The primary parti-

cension which is mildly incompatible with the correspond—cIes are assumed to be protons. The injection spectrum at

ing distribution of the simulated set: the probability tha&he source is taken to be a power-law with the index.of

the two distributions are the same is 4% according to th\ﬁhich is consistent with the observed CR spectrum
Kolmogorov-Smirnov (KS) test. P ‘

o . . At the last stage the contributions of individual galaxies
The matter distribution in the nearby Universe is mferreqO the flux in aggiven pointl aurel- addedlaclc\:/(l)rginggto t)ﬂeir

from the galaxy catalogs containing thg redshift informai\g/eights and angular distances to that point. The depen-
tion, ”afne'y’ Fhe ZMASS Galaxy Redshift Catalog (XSCz ence on the distance is taken Gaussian with the width
[7] that is derived from the 2MASS Extended Source Catéqual tof,, so that only galaxies within the angular dis-
alog (XSC). This catalog provides the most accurate info{énce of esl,feWG from the given point contribute signifi-
mation about 3D galaxy distribution to date. To map th%antly s

flux distribution we use galaxies brighter than= 12.5 in o ) . )

the K-band which are situated at distansesipc < d < Fmally, a unlf(_)rm_component is added representing cu-
250 Mpc from the Earth. There are09 408 objects satis- mulative contribution of sources beyond the distance of
fying these conditions in the catalog. 250 Mpc. The relative strength of the uniform component

is calculated in the same way as the attenuation factors for
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An important characteristics of a statistical test is its-di
criminative power which shows the ability of a test to dis-
tinguish two hypotheses (powers close to 1 correspond to
high discriminative ability). We have calculated the Stii

cal power of the flux sampling test to discriminate between
the LSS hypothesis and isotropy for the three energy cuts
of E > 10 EeV,E > 40 EeV andFE > 57 EeV, and smear-
ing angles varying from 2 to 14 degrees. The results of
the simulations are presented in Fig. 3.2. Different curves
show statistical power for different number of events. As
can be seen from the figure, the statistical power of the test
in distinguishing the two models decreases with increasing
smearing angle. This is expected since as the smearing an-
gle increases, the predictions of the LSS and isotropy mod-
els become more and more alike. Another observation is
individual galaxies. After adding all the contributionket that at the current number of events (35fat> 40 EeV

flux is multiplied by the exposure function of the TA detec-and 15 atE > 57 EeV) the statistical power is below 50%
tor. Further details of the flux calculation can be found irfor all smearing angles.

Refs.[6, 8, 1].

The flux map at the energy thresholdfof> 57 EeV calcu- 3.3 Account for the Galactic magnetic field
lated as described above is shown in Fig. 2. The rectangular

region around the Galactic centét < 10°, |I| < 90° is  Atlow energies cosmic ray deflections in the Galactic mag-
cut from the analysis because of the incompleteness of thetic field may be too large to be accounted for by intro-
underlying galaxy catalog in this region. Dark areas repraducing the smearing angle. Indeed, recent data on Faraday
sent the regions of larger flux. They correspond to matteptations of extragalactic sources indicate that the Gialac
overdensities in the nearby Universe. magnetic field contains a halo component of a substantial
strength [9]. This component may lead to cosmic ray de-
flections that are larger than was typically thought before.

In this case the flux map has to be corrected for GMF before
The flux-sampling test [6] is designed to compare the skiy is compared to the data. The correction can be done by
distribution of the observed cosmic ray events to the exack-tracing of anti-protons: the corrected value in amgive
pected cosmic ray flux. It is based on the following idea. Alirection is simply the original (not corrected for GMF)
set of cosmic ray events defines a set of flaueswhich  flux value in the direction obtained by tracing back an anti-
are read off at the corresponding directions on the sky. lproton of same energy. The example of the corrected flux
this sense the set of cosmic rays samples the flux mapap for the energy threshol# > 40 EeV is shown in
The resulting set of flux values characterizes, indirethly, Fig.4.
space distribution of cosmic rays in the set: for instarfce, i
cosmic rays come preferentially from regions of high flux, .
the set of flux values will conte)llin moreghigher vaI?Jes. I14 Results of the tests and conclusions

two sets of cosmic rays are drawn from the same distri- o ]

bution, the corresponding two distributions of flux valued he results of the statistical tests with the current TA data
must agree. The compatibility of these distributions mayill be presented at the conference.

be tested by the KS test.

In the actual test one uses the flux map that correspondsAgknowledgements
the matter distribution. The hypothesis to be tested is that

th'e cosmic ray sources follow the di;tribution of matter (Werhe Telescope Array experiment is supported by the Japan
will refer to it as the LSS hypothesis). One of the COSMiGqgiery for the Promotion of Science through Grants-
ray sets is generated according to this hypothesis. Another aiq “for Scientific Research on Specially Promoted

setis the real data. The result of the KS test gives the proﬁ'esearch (21000002) “Extreme Phenomena in the Uni-

ability (more precisely, p-value) that the two sets are draw,,q ¢ Explored by Highest Energy Cosmic Rays’, and

form the same distribution. Low p-values, therefore, indiy,o |nter-University Research Program of the Institute
cate incompatibility between the data and the LSS hypoths . ~smic Ray Research; by the U.S. National Science
esis. In this analysis we chooseapriori confidence level . ndation awards PHY-0307098. PHY-0601915. PHY-
(CL) of 95%, meaning that if the p-value comes out smalleg703893  PHY-0758342, and PHY-0848320 (Utah) and
than0.05, the data are incompatible with the LSS hypothepy.gg49681 (Rutgers): by the National Research Foun-
sis at the 95% CL. dation of Korea (2006-0050031, 2007-0056005, 2007-

0093860, 2010-0011378, 2010-0028071, R32-10130); by

Figure 2: Sky map of expected flux At> 57 EeV (Galac-
tic coordinates). The regiofy| < 10°, |I] < 90° is ex-
cluded from the analysis. The smearing anglé®is

3.2 Flux-sampling test
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Figure 4. Sky map of the flux expected in the LSS model

corrected for the Galactic magnetic field. Dashed line

marks the region where the flux may be affected by the
incompleteness of the galaxy catalog around the Galactic
Center.
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