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search for directional differences in the energy spectrum shape. In this study, observed cosmic
ray energy distributions are compared between sky areas that contain more nearby objects, such
as the super-galactic plane, and others that do not.
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1. Introduction

Extragalactic objects with large volumes or very strong magnetic fields can be sources of ac-
celeration of UHECR. At highest energy range, cosmic ray nuclei lose their energy in propagation
through distances from a few Mpc to 100 Mpc. Since the attenuation length of cosmic ray depends
on particle types, energy deposition in propagation depending on chemical composition. Proton
which have energy 10'°7 eV interact with cosmic microwave background (CMB) photons and lose
their energy generating pion. Then the spectrum of proton cosmic ray is expected to show sup-
pression of the flux which is known as GZK cut off [1, 2]. Another process for proton is e + e~
creation from protons interacting with CMB photons. By this process, protons lose energies at
around 10'86 eV. Then, there is a chance to see difference of energy spectrum more explicitly by
comparing the spectrum obtained from the area in celestial sphere which contain near objects and
the one which does not contain near objects. Unlike usual anisotropy study, the detail of anisotropy
comes from the spectrum modulation can be studied.

2. Experiment and analysis

Telescope Array(TA) experiment [3] is a hybrid detector which observe cosmic rays have
energy E > 10'8 eV using fluorecence telescopes and surface detector. The surface detector consists
of 507 scintillation counters deployed on a square grid with 1.2 km spacing, covering an area of 670
km? of area for detecting UHECR [4]. The operation of the surface detector started in 2008. The
duty cycle of the observation is 95% on average. Now the exposure is the largest in the northern
hemisphere. In this analysis, cosmic-ray events with energies greater than 10! eV collected in
a period from May 2008 to May 2013 are used to search for anisotropy in cosmic-ray energy
spectrum. From Monte Carlo simulation, the trigger efficiency of cosmic-ray showers at zenith
angles of less than 55° reaches 100% in the energy range greater than 10!° eV. The estimated
energy resolution of reconstructed cosmic rays is about 20%, and the angular resolution is 2°[3, 5].
The distribution of zenith angles of the observed showers is shown in Fig. 1. In this analysis we
divide the sky into two parts. One is the area that contains more nearby objects, whereas the other
is the area that contains less nearby objects. The former is called the “On source” area, and the
latter is called the “Off source” area. We performed two analyses defining two types of the On and
Off source areas described below.

2.1 Analysis for Super Galactic Plane (SGP)

The Super Galactic Plane (SGP) is a plane which contains more nearby galaxies of our Local
Group [6]. The Exposure in TA experiment is almost equally divided when we define a sky within
£30° of SGP as the On source area, and the other as the Off source area. The fraction of the
exposure for the On and Off source areas to the total exposure are 52% and 48% respectively. The
distributions of zenith angles of air-shower events for the On and Off source areas are plotted in
Fig.2. First we compare the energy distributions of observed air shower events from this On and
Off source areas. Fig.3 shows the energy distributions of the observed showers obtained for entire
exposure, On and Off source areas. The shape of the distributions were evaluated by maximum
likelihood fit with broken power law. The black line in Fig. 3 shows the best fit broken power law
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expressed by Eq. 2.1. Here E, is 1EeV. Cy represents the normalization constant promotional to
total number of events. The values a; > represent spectrum index below the energy £} and above
E;, respectively.

AN(E)

Ak’&jé) =Co (e(E,E;,) <£> 1Jr(l—s(E,Eb)) (é) 2> 2.1)

e(E,Ep) ={1:(E<E),0:(E>E) 2.2)

The Best fit parameters for energy distribution obtained from the entire exposure are C, =2.141 fg:ggg X

10M, o = —1.77570033  log o (Ep/EeV) = 1.77870:542 and 0 = —3.91078¢3. The difference of
the shapes of the energy distribution between the On and Off source areas is expected to be visible
when we see the broken energy and the event fraction above the energy. So while we evaluate
energy distribution from On source and Off source, «; is set to the value obtained from the fit to
the distribution for the entire exposure. The Cj is set to the value multiplying the fraction of ex-
posure. log,,(Ey/E0) and a; are set free and obtained for On and Off source areas. The obtained
broken power law function is plotted in Fig.3 as solid and dashed lines. Error contour for obtained
parameters are drown in Fig.3 as red and blue lines. Table.1 shows summarized best fit parameters
and errors. There are difference in break energy between On source and Off source area. The
difference, Alog,,(E»/E,) is 0.16. The event fraction of the Off source area to the On source area
above the break energy (N,rf(E > Ep)/Non(E > Ep)) is 0.34 instead of 0.48 which is expected
from the exposure ratio. The chance probability was estimated by a simulation assuming both dis-
tribution are coming from population which is same with entire exposure’s one. The estimation
were done by simple Monte Carlo simulation which is shuffling entire event in each energy bin to
On source and Off source distribution according to the fraction of exposure binomially. At each
trial of simulation, we obtain a random distribution coming from the same population, and did same
evaluation for the distribution difference. Fig. 5 shows the frequency distribution. The horizontal

<

axis corresponds to “Off source” ‘s break energy and vertical axis corresponds to event fraction
above the break energy. Table. 2 shows chance probability to obtain each case. The observed value

correspond to a probability ~ 0.62 x 10~* (3.20).

Area C, oy logy(Ep/EeV) (053
0.343 0.053 0.040 0.643

All 214170358 x 10T —1.7757003  1.7787 0es —3.910" 2o
Onsource  (1.1128 x 10%%) (—1.775) 1.832700%) —3.91079%
Off source  (1.0286 x 10*4) (—=1.775) 1.66870532 —3.8581 038z

Table 1: The best fit broken power law parameters measured by three energy distributions from the whole
area, On source and Off source area.

2.2 Analysis for the known object list (VCV list)

The object list used in this analysis is Veron-Chetty& Veron 12 catalogue with z<0.018 [7].
This is same object list and the criteria for objects already used at other correlation study [8].
The definition of On source area and Off source area is searched by changing the size of opening



72

73

74

75

76

77

78

79

80

Anisotropy in Cosmic Ray Spectrum T. Nonaka

=008 rrrrrrrrryr 7T
- gt e e e e e e B R B = r ]
§ a00 | 22/ ndf  8.625/10 e 5 [— On source (SGP lat < |30 |) I ]
..g I Prob 0.568 H% ] 0.025 s Off_source (SGP-lat !ff!." saeniininni
5. Fla 554.4+ 12.0 {? ) % g
2 250 2 o 3002 F
Ef % ] o 002
2 . 1 5 3
L i . ) :
200 F . 20.015 /
: ﬁhﬂ% ] I F /
150 : : 0.01 : /r
100 : Hr" : 0.005 .
E 19.0 E ° [V o o o o o o o o o e e e e e B e e
50 o eventE>10""eV & 10
A s a, x sin{6]cos{ 6 ] P Y FEUPU U NN
L o X (6] Ch ] [l B e S
A I T I I 10
0 10 20 30_ 40 50 0 10 20 30 40 50
Zenith angle 6 (Deg) Zenith angle 6 (Deg)

Figure 1: The zenith angle distribution of observed Figure 2: The zenith angle distributions while ob-
shower event with energy E > 10 EeV. serving the On source area and Off source areas
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Figure 3: The energy distributions of observed Figure 4: Contour of §logL on the plane of
shower events for the On/Off areas using SGP. The two parameters (£, and o). Contour levels
black histogram shows entire events. The M and the are drawn at 70%,90% and 99% level. Blue
[J points show energy distribution observed from On and red contours denote the confidence levels
source area and Off source area respectively. for the Off and On source areas respectively.

angle from 1° to 15° to maximize deviation. While deciding opening angle, we introduce a plot
named as “fraction plot”.Fraction plot is a plot of fraction of event at “On source area” and “Off
source area” as a function of a energy. If the two energy distributions come from same population,
the fraction should obey binomial probability of population rate calculated from exposure. The
largest deviation from the exposure ratio was seen in data at the case the opening angle is 11°.
The exposure fractions are 0.81 and 0.19 for On source and Off source areas, respectively. The
zenith angle distributions while observing On source area and off source area is plotted in Fig. 7.
The exposure for On and Off source area have only small deviation from geometrical exposure.
Fig. 6 shows the event fraction at Off source area when 11° is the opening angle for On source
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Figure 5: The plot of the event fraction above
the break energy versus log,y(E,/EeV) for the Off
source area using random Monte Carlo simulation.
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Figure 6: The event fraction for the Off source area
as a function of energy. The open squares are the ob-
served data and the dotted line is the expected frac-
tion.

Figure 7: The zenith angle distribution while observ-
ing On source area and off source area.

area. Fig. 8 shows the energy distribution obtained from entire exposure, On source area and Off
source area.The error contour obtained for the best fit parameters are shown in Fig. 9. The best fit
parameters are summarised in Table. 3. There is a difference in the break energies between the
On source area and the Off source area by Alog,,(E»/E,) ~ 0.31. And the event fraction at Off
source area above the break energy (N,¢¢(E > Ep)/Non(E > Ep)) is 0.12 instead of 0.19 which is
expected from the exposure ratio. As showin in Fig. 10 and Table. 4, the chance probability was
estimated using the same procedure that was applied for the SGP analysis. A penalty factor for the
estimated probability was calculated by counting the relative frequency of the best opening angle
in Monte Carlo simulation. The estimated penalty factor is 9.
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Figure 8: The energy distributions of observed Figure 9: Contour of §logL on the plane of two pa-
shower events for the On/Off areas using AGN. The rameters (£, and @;). Contour levels are drawn at
black histogram shows entire events. The B and the 70%,90% and 99% level. Blue and red contours de-

[ points show energy distribution observed from On note the confidence levels for the Off and On source

source area and Off source area respectively. areas respectively.
Area C, o log,o(Ep/E€V) (053
0.343 0.053 0.040 0.643
All 214170358 x 10T —1.7757003  1.7787 ) 0es —3.910" 260
Onsource  (1.7336 x 10%4) (—1.775) 1.7867053% ~3.6631038
Off source  (4.0782 x 10*4) (=1.775)  1.47075:98) —3.35210223

Table 3: The best fit broken power law parameters measured by three energy distributions from the whole
area, On source and Off source area defined using AGNss.

2.3 Systematic error

As showin in Fig.2 and Fig.7, the observing condition is not significantly differ as compared
to large statistical error at high energy tail of distribution which is currently interested in. So
this comparison does not affect the systematic uncertainty of zenith angle dependence of energy
estimator obtained from Monte Carlo simulation. The duty cycle of the observation with the surface
detector is also more than 95% constantly for over 5 years. To make sure the remaining effect of
time variation of energy scale due to atmospheric condition which is supposed to be averaged for
over 5 years, the rate of reconstructed events with energies greater than 10" eV was collected
in anti-sidereal time [9] and checked. The fluctuation amplitude of the event rate in the time bin

is at most 5% 43%. Considering spectrum index at around 10'%0

eV, this corresponds to the
energy shift by 2.5% if we assume this amplitude is caused by a systematic effect from remaining
variation of energy scale. After considering this shift, chance probability for the SGP analysis is

still 6.9 x 1074 (3.2 0).

3. Summary and discussion

In this analysis, the new approach to search for the anisotropy of UHECR is developed and
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employed, which considers the mechanism of modulation of energy spectrum due to an energy
loss of particles in CMB during the propagation. The energy distributions of observed events were
evaluated with break energy obtained from broken power low fit and event fraction above the break
energy. Observed energy distribution within 30° from SGP and out were compared. The result is
summarised in Table. 1. Chance probability is estimated as ~ 6.2 x 10~* (3.20) using binomial

Monte Carlo simulation as shown in Fig. 5. Also Observed energy distribution within 11° from

VCYV agn object and out were compared. The result is summarised in Table. 3. Chance probability

is estimated as ~ 1.5 x 1072 (2.20) after considering penalty factor for the scan of opening angle.
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Off source flux shows steeper suppression than the one from On source area. To make sure the
feature of the observed energy distributions, we performed simulation using a propagation code
CRPropa2.2.0.4 [10] and the source distribution from the object density of 2MRS catalogue [11]
using the density profile calculation described in [12]. Fig. 11 and Fig. 12 display results simu-
lated energy distribution of cosmic ray. Here the source spectrum index and evolution parameter
along red shift were set at -2.2 and 7, respectively [13]. Qualitatively, The difference of observed
energy distributions between the On source and Off source areas was reproduced well by simu-
lation. We conclude there is difference in flux attenuation of cosmic ray in northern hemisphere
and the approach with this study will help to investigate cosmic ray source model and chemical
composition. We will look for the best source model and/or chemical composition model by this
approach further in detail by increasing statistics of observed cosmic ray.
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