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An anisotropy of galactic cosmic rays observed with GRAPES-3
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Abstract: Anisotropy in arrival direction of galactic cosmic rays weeported by several group Nagashima et
al. and Hall et al., or more recently by ground based experisnguch as Milagro and Tibet AS-gamma in sub-
TeV energy region, and also IceCube in a few hundreds Te\bmedi large scale anisotropy could be caused
in several ways; the motion of the earth, large scale magfietd structures, discrete distribution of cosmic
ray sources, and so on. We have also reported a sidereatrapisof low energy cosmic rays in GeV energy
observed with the large tracking muon detector of GRAPE®}J]. Here we report a galactic cosmic ray
anisotropy observed with GRAPES-3 air shower array in higgrgy region, specially in combination with the
muon detectors for suppression of the contamination ofgnyrhadrons.
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1 Introduction The anisotropy of galactic cosmic ray intensity in the

Observation of sidereal anisotropy of the high energyE"€rgy region of> 10 TeV gives us an important infor-
galactic cosmic ray is an effective method for determin/Nation on the structure of galactic magnetic field of the
ing the structure of magnetic field in the interstellar spaci'e“OSphere and the local interstellar space around the he-
near boundary of the heliosphere which is not understood®SPhere, where cosmic rays propagate to the Earth. The
yet very well. An anisotropy of galactic cosmic rays is 21iSotropy of galactic cosmic rays were measured via the
thought to be reflect the general characteristic of propag&idereal daily variation of cosmic ray intensity by several
tion of galactic cosmic rays in the galactic magnetic fieldsgro,un.d based experiments. On 'the basis of the s@ereal
Nagashima et al. have studied sidereal time variation oyariation observed in the TeV region, most of the previous
cosmic rays for various energies. A number of experimentlvestigations reported that small amplitude and a phase
have studied the anisotropy, such as air shower experimefif Maximum somewhere between 23-3hours in the local
at Mt.Norikura (2750 m a.s.l), atmospheric muon measure>'dereal ime(LST). these observations are consisteht wit
ments at Nagoya (sea level), at Sakashita (underground}€ 1arge scale diffusive propagation of cosmic rays.
and Hobart(underground, Australia). These measurements .
have indicated the existence of two kinds of sidereal time_ Heré we present the new results of an anisotropy of
anisotropies, namely an intensity excess at sidereal tim® galactic cosmic gamma rays at very high energy re-
of 6 hour RA and deficit at 12 hour RA. These are calleddion using the data of GRAPES-3 air shower array of 9-
Tail-IN (TI) and Loss-cone (LC) anisotropies respectively Years from 2000 to 2008. We've used the muon data of
In addition, Hall et al. (1999) have analysed the data fromCRAPES-3 large area tracking muon detector to discrimi-
many muon stations all over the world (sea level and unhate the gamma mduced air showers from_nuclear induced
derground) and have obtained results similar to that of Ng2nes effectively. For this purpose we applied a hadron re-
gashima et al. Jjection criteria on all the recorded air shower events in or-
der to suppress a contamination of nuclear primary parti-

The observation of the sidereal variation of galactic cos¢/€s-
mic rays at low rigidities is required for understand of the
three dimensional direction of galactic anisotropy, which
cannot be realised by observations only in the high rigid- .
ity region. From this point of view, it is worthwhile to in- 2 GRAPES-3 experiment
vestigate the existence of the sidereal variation of galact The experimental system of the GRAPES&&a(mmaRay
cosmic rays. Astronomy atPeV Energ)ys Phase3) experiment consists

of a densely packed array of scintillator detectors and a
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oo i o acc arranged in the shape of an inverted pyramid to provide
adequate shielding up to a zenith angle of.45

At higher energies, where observations have to be nec-
essarily made with ground based particle detector arrays
at high altitudes, the muon content of showers offers itself
as a possible parameter to discriminate against air show-

, ers initiated by nuclear cosmic rays. As mentioned above,
muon station of GRAPES-3 can measure the direction of
j muon content of a shower.

Wast-Eastfa]

o One of the most critical parameter in the study of direc-
tion of primary cosmic rays using a particle detector array
7is good angular resolution. This requires an accurate de-
termination of the relative arrival time of the shower front
at various detectors. The high density of the detectors in

GRAPES-3 enabled an angular resolution of @o/be ob-

large area tracking muon detector. The EAS array consist&ined at energies as low as 30 TeV. Angular resolution of
of 350 plastic scintillator detectors shown in Hig. 1, eachthe GRAPES-3 was estimated by 2-D Gaussian fit to the
of 1 m? in area. These detectors are deployed with an inteMoon shadow data.

detector separation of only 8 m. The array is being oper-

ated at Ooty in south India (14°N, 76.7°E, 2200 m alti- During the period of this analysis from 2000 to 2008,
tude). GRAPES-3 air shower array keeps stable good perfor-

mance on the angular resolution. Higl. 3 shows the Moon

In order to achieve the lowest possible energy thresholdghadow clearly seen in the all cosmic rays flux detected
a simple 3-line coincidence of detectors has been used t8y GRAPES-3 air shower array at energies above 100TeV.
generate the Level-0 trigger, which acts as the fast GATE he Moon shadow gives us a reasonable estimation of an
and START for the analog to digital and time to digital angular resolution of GRAPES-3 air shower array of about
converters (ADCs and TDCs), respectively. As expected, 0-7° above 100 TeV.
this trigger selects a large number of very small and local
showers and also larger showers whose cores land very
far from the physical area of the array. Therefore, it is Moon shadow and estimated angular resolution
also required that at least 10 out of the inner 127 detectors e
should have triggered their discriminators withinus of
the Level-0 trigger. This Level-1 trigger with an observed
EAS rate of 13 Hz is used to record the charge (ADC) and
the arrival time (TDC) of the pulses from each detector
[4]. The pulse charge is later converted into the equiva-
lent number of minimume-ionizing particles (MIPS) using
the most probable charge for a single MIP measured us- e
ing the trigger from a small area (2@0 cn¥) scintillation logio(Ne) > 4.4
counter telescope. o0 0.66°+0.01°

Figurel: The GRAPES-3 experimental system with 25
scintillator detectors and 16 muon detector modules
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Figure 3: The deficit in cosmic ray intensity by an effect of
the moon shadow in high energy region of above 100TeV.
The data used for this analysis is from 2000 to 2008.
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Figure2: A muon station has four muon detector modules
each consisting of 232 proportional counters. There are o )
four muon stations inside the air shower array (Fig. 1). 3 Hadron rejection and Analysis

The air showers that we observe on the earth are almost in-

The 560 M GRAPES-3 muon detectdr][9] consists of duced by charged cosmic rays and they have some amount
4 super-modules in Fig.2 , each in turn having 4 modulesof muon content with a certain lateral distribution depend-
Each module with a sensitive area of 3% gonsists of ing on their energies. Therefore the air showers due to
a total of 232 proportional counters (PRCs) arranged ircharged cosmic rays could provide huge noise for the

4 layers, with alternate layers placed in orthogonal direcgamma ray astronomy by the ground based experiments.
tions. Two successive layers of PRCs are separated by 1Bowever a charged cosmic rays could be identified pre-
cm thick concrete. The energy threshold of 1 GeV for vercisely as a nuclear origin by measuring their muon con-
tical muons, has been achieved by placing a total of 15ent in the air shower using tracking muon detector. The
layers of concrete blocks (total absorber thickne&0  GRAPES-3 tracking muon detector can record the hit pat-
g.cn2) above the Layer-1. The concrete blocks have beetern of muons and reconstruct the direction of the muons
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Figure4: Distribution of detected muons of proton in- _ _ I N
duced air showers in the CORSIKA simulation. The figure 19ure5: Classification of shower events for optimizing
the performance of hadron rejection in this analysis.

has been made with the following event selection; core lo~
cation within the area of 20m from the center of muon sta-

tion and zenith angle is witin 20 degrees. . .
9 g showers, we obtained the distribution of number of muons

recorded by the muon detectors. We optimized the number

with an angular resolution of about 6This implies that ~Of muons by considering both the hadron rejections and
the tracking muon detector has a potential ability to distinthe gamma detections using CORSIKA simulation as men-
guish primary gamma rays from large amount of Chargedioned above. Fifl6 shows a variation of both the detection
primary nuclei. Then we tried to develop a strong and argefficiency for gamma ray induced showers and rejection
effective hadron rejection criteria by taking advantage th efficiency for proton induced showers for different shower
tracking muon detector using CORSIKA monte carlo sim-size and different distance from the muon detector. This
ulation. condition will allow to detect above-90% gamma rays
for all energy region above 100 TeV for primary gamma
This work was fully supported by COSIKA(COsmic rays of a vertical incidence, while it can reject 99.999%
Ray Simulations for KAskade) simulation code[8], which protons. This means that the showers which survived our
is widely used by high energy cosmic ray experimentshadron rejection would be the candidates primary gamma
around the world. The CORSIKA was set up with the patays.
rameter of QGSJIl for high energy hadronic interaction
and with GEISHA for low energy. The energy range of
primary particles in the simulation was set from 5TeV to
1PeV with the spectral index of -2.7 for both proton and4 Results
gamma primaries. All the simulated showers at the Oba total of 2.1x 10° showers have been collected over a to-
servation level of GRAPES-3 were reconstructed as realy| |ive time of 27.8<10” s, spread over a 9-year period,
shower data, and the number of muons were counted by,m 2000 to 2008. After the hadron rejection, only the
simulated GRAPES-3 tracking muon detectors. Since theymper of events of 1:810° was remained. For each EAS,
high energy gamma rays can produce a certain amount 9o core ocation, the shower age ‘s’ representing the steep
muons in air showers, just selecting muon zero Showergaqq of the Nishimura-Kamata-Greisen (NKG) lateral dis-

‘;": g gﬁg?;?oﬁgrﬂdﬁ;%g?g ggr?;?j:rntﬁgrg;gsit&?ig; %"’f‘rt?]n?ﬁbution function and the shower size.Nave been deter-
YS. ined using the observed particle densities, following the

detected number of muons for both gamma primary andminimization procedure discussed in detail by Tanaka et al

hadron primary and utilize the difference of shape of the . .
distribution and optimize the detectable muon numbers i k]. Also, for each shower, the zenltH_)(and the a2|muth
both gamma and proton induced showers [TFig.4 shows th ) angles have been calculated using the time informa-

detected muon distribution which were produced by the!" from the TDCs, also foIIowipg the minimization pro-
simulated proton induced air showers for different enerc€dure described by Tanaka etal [6].

gies corresponding shower size. L )
The direction of each air shower events have been trans-

Because the possible detected number of muons coulff'med into the equatorial coordinates, and have been
be varying depending on their shower core location, priPinned from 0 to 360 in right ascension and from -90
mary energy and their zenith angles, we classified all thd0 90" in declination into square cells with a bin size of
recorded air showers into bins with combinations of their3’. Each cell has been normalized by the averaged counts
core location, their estimated primary energies and theipf its declination bands. The map data has been converted
incident zenith angles as shown in the image ofiFig.5, Irfo the 2-D visualized map with smoothing process. The
the Fig®, all the core location have been divided into 11GRAPES-3 air shower array can observe the equatorial
area bands of 10m width from the center of muon detecsky from -40 to 60" in declination. Fig.l7 and Figl.8 show
tor to the edge of the array. The zenith angle have alsthe sky map of significance values of the gamma ray can-
been classified into 5 bins of 10 degrees width from thedidates in the energy region of 100TeV and 290TeV.
zenith to 50 degrees. For each classified data set of air
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Performance of the hadron filter for several distances
from the muon station..
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g #proton = qo . obtain a strong and effective hadron rejection efficiency
uo, - 5 and effective detection efficiency for gamma ray induced
T I T e air showers. In this analysis using the dgta set of 9-years
log10(Ne) from 2000 to 2008, we calculated an anisotropy sky map

of gamma ray candidates in the energy region of above
) . L 100 TeV and above 290 TeV with hadron rejection crite-

Figure6: The conditions of hadron rejection have beenyis |t has been founded that the uniform distribution of the
applied with 99.999% rejection for above 100 TeV, per-arrival directions of the primary gamma ray candidates at
formed for various shower size, area and zenith angles. Trhigh energy. The performance of the hadron rejection ef-
angle shows the efficiency of primary gamma ray detectiorficiency of the GRAPES-3 muon detector in this analysis
and diamond shows the proton rejection efficiency. Squarean achieve 99.999% of hadronic primary cosmic rays.
shows the number of muons detected by the muon detec-
tor. Acknowledgment: We thank all the GRAPES-3 collaborator

in India for operation of the experiment. The air shower simula-

tion and data analysis were carried out on the general-purpose

sianif PC farm and analysis servers at Center for Computational Astro-
gnificance A . .
0 5 0 physics, National Astronomical Observatory of Japan.
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We developed a strong and an effective hadron rejection
criteria by using CORSIKA monte carlo code. The hadron
rejection criteria have been applied to all the recorded air
shower events to suppress a contamination of hadron in-
duced air showers. Because air showers due to primary nu-
clei contain large amount of muons with a certain lateral
distribution, they play a large disturbance for the gamma
ray astronomy performed by a ground based experiments.
However very high energy gamma rays can produce air
showers with some amount of muon contents too. There-
fore simply selecting muon-zero air showers as gamma ray
candidates which we reported previously![10] can possibly
reject gamma ray induced air showers. Therefore we op-
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