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Abstract: We report on the search for the large-scale cosmic-ray & in the energy region between
1080 eV and 1824 eV in the northern sky, based on the dataset taken duringettiedpbetween 2008 May and
2012 October with the surface detector of the TelescopeyAaxaeriment (TA SD). The number of analyzed air
shower events is approximately6ltimes larger than that of the AGASA observation which ckdithe presence

of the large-scale anisotropies before. The expectedtaopsomap observed by the TA SD is demonstrated using
the MC events including the artificial anisotropies assugrtimee AGASA results. This map shows detectable
intensities with the TA SD around the positions of the AGAS#satropies. We find, however, no such strong
excesses or deficit in the actual TA SD data.
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1 Introduction approximately 1,400 m above sea level), since 2008. The

The energy region around ¥0eV (EeV) is thought TA SD consists qf 50? plastic scintillation d_etectors of
to be a transition from cosmic rays of galactic origin 3 m? placed at grid point 1.2 km apart, and its coverage
to extra-galactic origin. Many cosmic-ray experiments&'€@ iS approximately 700 KmFor more details, see
have searched for the cosmic-ray anisotropy to idemw&lsewhere [[7]. In this analysis, we will use the data taken
its origin in this energy region. The AGASA and the between 2008 May 11th and 2012 October 15th by the TA
Akeno-20 kn? array (Hereafter, simply ’"AGASA), which SD.
had operated over 15 years, reported results that indicate
the presence of the large-scale anisotropies in the ener . :
region around 1#° eV [, [2]. In this observation, the J Air Shower Analysis
cosmic-ray excesses were found around the Galactidhe air shower reconstruction and data selection are
center (G.C.) and the Cygnus region with the statisticaloptimized for the low-energy air showers around®év
significance 4.6 and 3.9, respectively, in the energy based on the standard reconstruction code developed in the
region between 16° eV and 1884 eV. They also found a cosmic-ray anisotropy, energy spectrum and composition
large-scale cosmic-ray deficit near the Anti-Galacticeent studies [[8,8]. The number of triggered events i€ 10
(Anti-G.C.) with the statistical significance —40 level.  with the three-fold coincidence of adjacent SDs with
On the contrary, the Auger experiment rejected such greater than three single muons withini& [7]. The
large enhancement near the Galactic center which wasumber of remaining events after the standard cuts is
observed by the AGASA [3]. relatively small~18,000 events due to hard parameter
In this paper, we will report on the search for large-scalecuts to mainly improve the energy resolution for the
cosmic-ray anisotropy at $#®eV energy region with the spectrum study. In order to search for the large-scale
Telescope Array Surface Detector (TA SD) which has theanisotropy, the air shower statistics is more important
largest effective area in the northern hemisphere. than the energy resolution if the anisotropy gradually
changes with the energy. Since the scale of anisotropies
. observed by the AGASA may be more thar? 1the good
2 Experiment angular resolution to search for is unnecessary. Therefore
The TA SD is the largest cosmic-ray detector in thewe drastically loosen the event cuts in the air shower
northern hemisphere, which consists of the surfacgeconstruction to improve the air shower statistics. Téble
detector (SD) arrayl [4] and three fluorescence detectoshows the number of remaining events with only four
(FD) stations [[5/6]. The TA has been fully operating criteria which are defined as the loose cuts. The number of
at Millard Country, Utah, USA (38C°N, 11291°W; air showers after the loose cuts is increased-iy times,
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which corresponds to 172,125 events, compared with thglL1]. The “a” parameter in this analysis is optimized as
of the standard cuts. a(0) =2.2 cog1.1 6) by the MC simulation depending on
Fig. d shows the energy distributions by the Montethe zenith angled. This improves the angular resolution
Carlo (MC) simulation assuming protons. Closed circlesby 20% for air showers around 1 EeV, compared with
and triangles show reconstructed energy spectra of the dathe standard reconstruction method, although the angular
after the loose and standard cuts, respectively. The solitesolution above 10 EeV worsens by 10%. The angular
and dashed histograms show the energy spectra by the M@solution with the loose-cut data is estimated to be oleral
simulations after the loose and standard cuts, respegtivel3.0° above 1 EeV, although it depends on the zenith angle
In this figure, one can see that the reconstruction efficiencyf the air shower. This is good enough to search for the
with the loose cuts around 1 EeV is increased by 1Qarge-scale cosmic-ray anisotropy.
times compared with that of the standard cuts. This The energy is estimated from a lateral distribution fit
is a remarkably advantage to search for the large-scalgith the same form used by the standard analysgis [9, 12].

anisotropy at EeV energy region. First, we calculate th&800), the density of air shower
particles at lateral distance of 800 m from the core, by

Cut parameters # of events the lateral distribution fit. Then, th&800) is converted to
# of triggered events 1,019,131 the energy by a look-up table §800) and zenith angle
# of SDs> 4 266,518 determined from the MC simulation using the loose-cut
Pointing direction errox 10° 261,481 events. The energy resolution is estimated toj@%/o
Zenith anglef < 60° 242,693 around 1 EeV energy region.
Reconstructed energy 0.5 EeV 172,125 With the loose-cut events, we also search for steady

point-like sources of neutral particles around EeV energy
Table 1: Loose-cut parameters in this ana'ysis and thén the northern Sky For detailed I‘esultS, see elseWheJe [13
number of remaining events.

4 Background Estimation
The various background estimation methods have been

102: e — — developed to analyze the cosmic-ray anisotropy. As a
F Data Loose ® simple method, the distribution of the air shower direcgion
MC Loose generated by the MC simulation is directly compared

i Data St A . . .
2| ,\ﬁcasstfﬁggﬁ S with the data. However, the MC simulation usually dose

not reproduce the data perfectly due to the simulation
model dependence and meteorological effects which are
difficult to reflect in the MC simulation. As the other
strategy, the background can be estimated by the data
itself without the MC simulation. In order to estimate
background of the large-scale anisotropyl(® scale,

we adopt the time-swapping method which is widely
accepted method of background estimationl [14, 15]. A
direction of the air shower event is expressed by three
parameters, the zenith angl the azimuthal anglep,

and timet. With the time-swapping method, a time stamp
L R of each event is randomly replaced to the time stamp of
10 any other event. The time stamp never be used twice.
Energy (EeV) Thus, all the air shower events are randomly swapped
by replacing the time stamp. This swapped dataset still

Fig.1: Reconstructed energy spectra. Closed circles angonserves) and ¢ distributions, and daily/seasonal event

triangles show energy spectra of the experimental dat§t€ variation due to the meteorological effects, whiletru
gnals distribute over other directions and smeared on

after the loose and standard cuts, respectively. Soli ! ) .
and dashed histograms show energy spectra by the M e equatorial coordinates. Therefore, the s_vvapped (_iatase
an be used for the good background estimator. Finally,

simulation after the loose and standard cuts, respectively 54 ¢ ,ch swapped datasets are generated by the different
seeds of the random number, and an averaged background

_We also optimize the reconstruction method of arrival yataset is created from them to compare with the original
direction for the low-energy air showers based on thegant distribution.

modified Linsley time-delay function [10] described as

Number of events

10 bt

= a<1+ L)l‘spo.s’ (1) 5 Reconstruction of the AGASA Anisotropy

30 The AGASA has reported results that indicate the presence
where Ty is the time delay of air shower particles from of three large-scale anisotropies betweer880eV and
the shower plane (ns), is perpendicular distance from 10'%4eV [1,[2]. One is the 22% enhancement near the G.C.
the shower axis (m)p is the pulse height per unit area with the statistical significance-4.50. The other+8%
(VEM/m?), VEM means Vertical Equivalent Muon which enhancement is located around the Cygnus region with
is the average pulse height by vertical penetrating muonthe statistical significance-3.90. A deficit is seen near
in the detector, & is the Linsley curvature parameter the Anti-G.C. by approximately-8% with the statistical



Search for the Large-Scale Anisotropy with the TA]: %
33ND INTERNATIONAL CosMIC RAY CONFERENCE RIO DE JANEIRO 2013 i 3

significance~ —40. However, it is difficult to define
intrinsic shape of anisotropy, because these anisotropie & =
were averaged over large circles of°2fadius by the 60 2
analysis procedure. Therefore, we define intrinsic shape ¢« 2 115
anisotropies assuming a few hypothesises. First, we simpl 2 >
assume the 2-Dimensional (2D) Gaussian shape. The ,
assumed intensity of anisotropya, 8) on the equatorial & s
coordinates with the right ascension (R.A.a@y and the cC i

declination (Dec. ob) is expressed by

1.25

-40

-60

Assumed AGASA anisotropies
I S 0.9

360 340 320 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20 O
(C( — C{m)200325 + (5 - 6m)2 )) RA. (deg.)
)

[(a,0)=A exp(— (
202
(2)  Fig.2. Assumed AGASA anisotropy formed by the 2D

whereA denotes the amplitude of anisotropy; (R-A.)  Gaussian shape with thes = 1. The color contour

andom (Dec.) denote the center coordinates of anisotropygy,q s the relative intensities which are averaged over 20
os denotes the standard deviation of anisotropy. Atie

normalized to the amplitude of the AGASA anisotropy radius circle at each coordinate. The open circes show the

averaged over a circle of the radius°2The o of the center positions of assumed the AGASA anisotrogiés [1].
2D Gaussian is assumed to be°1f®r the following The cross marks indicate the Galactic center (G.C.) and

reasons. When the anisotropy Shape is assumed to 5@8 Anti-Galactic center (Antl-G.C.),Whlle the solid cerv
the 2D Gaussian, and the background events (noiséfdicates the Galactic plane.

dominate over the anisotropy excess or deficit (signals),
the optimal search window radiugs,, maximizing the

S/N (Signal-to-Noise) ratio is calculated to be 158 80|
Suppose the search window radiRg, = 20° which was 60
chosen in the analysis is optimized to the Gaussian shap:
the gs should be~Rg,/1.58 ~ 13°. Fig.[2 shows the _
assumed AGASA anisotropies formed by the 2D Gaussiatg 3
shapes with thegs = 13°. The relative intensities in &
this map are averaged over 2@adius circle at each
coordinate. In this figure, the open circles indicate the -
center position of the AGASA anisotropies near the
G.C. (am = 280,y = —17) and the Cygnus region ™ Ellodoloiiind il il el L
(am _ 305)7 d-n _ 450) reSpeCVlely The peak Of def|C|t |S 360 340 320 300 280 260 240 220 2&&1(839;30 140 120 100 80 60 40 20 O
located near the Anti-G.Goy, = 115, oy = 30°). These i
are overall reproduced the anisotropies observed by th s
AGASA. Using this relative intensity map, we generated eof
MC sample events including the artificial anisotropies. «f
Then, the expected map analyzed by the time-swappins 2
method will be demonstrated, and it will compare with theg ,
actual TA SD results. & 5

80

Q.20

B

(a) Expected from AGASA

S
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A

6 Resultsand Discussions oo (b) TA'SD Datz
'

We analyze the air shower dataset collected by the TA SL 360 340 520 300 280 260 240 220 200 180 160 140 120 100 80 60 40 20 0
from 2008 May 11th to 2012 October 15th. The number of RA-(dea)

analyzed air shower events is 79,396 events in the energy

region between 760 eV and 1884 eV. This corresponds Fig.3: (a): Expected significance map with the TA
to approximetaly 5 times larger statistics than that of the SD using the MC sample events assuming the AGASA
AGASA observation which claimed the presence of theanisotropies as shown in Hig.2. The number of analyzed
large-scale anisotropies|[1]. Fig. 3(a) shows the expectegyvents is the same statistics of the air shower events
significance map with the TA SD by the time-swapping ghserved by the TA SD. (b): Actual significance map of

method, using the MC sample events assuming the,e anisotoropy observed by the TA SD in the energy range
AGASA anisotropies as shown in Hi§).2. The number of etween 1@3_(%\/ and 168~4er The events in magg areg
analyzed MC sample events is the same statistics of thB '

actual TA SD data. Fid.]3(b) shows the significance drawr‘lsummed over Z_Dradlus qrcles centered aﬁ ¥ 17 grids

by the time-swapping method using the actual datase®" the qugtorlal coordinate. T_he open circles show the
collected by the TA SD. The events in maps are summedenter positions of assumed anisotropies. The cross marks
over 20 radius circles centered af X 1° grids on the indicate the Galactic center (G.C.) and the Anti-Galactic
equatorial coordinate. In Fif] 3(a), detectable anisaéop center (Anti-G.C.), while the solid curve indicates the
are seen at the statistical significance approximetéay—  Galactic plane.

6)o. On the contrary, in Fid.13(b), there is no significant

anisotropy. It means that the TA SD results do not support

such large excess and deficit.

&
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anisotropy.
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number of air showers above 0.5 EeV is increased-hQ

times after the optimization, compared with the standard

analysis method. In order to search for the large-scale

anisotropy, the time-swapping method is adopted to these

cosmic-ray air showers taken by the TA SD during the

period between 2008 May and 2011 October. The number

of analyzed air shower events is approximetaly times

larger than that of the AGASA observation which claimed

the presence of the large-scale anisotropies in the energy

region between 18° ev and 1884 eV. The expected

anisotropies assuming the AGASA results show detectable

intensity with the TA SD. We find, however, no such

significant excess or deficit, in this period and energy

range. We also search for the large-scale anisotropy in

the tuned TA energy range to the AGASA energy scale

which corresponds to the energy bewteent’$d ev

and 13825 eV. As a result, there is also no significant
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