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A search for 100 TeV celestial gamma rays with the Tibet air shower array and a
future prospect
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Abstract: Search for steady 100 TeV gammarray point sourcesis donefrom —10° to +70° in declination
based on six-year data obtained from Nov. 1999 to Nov. 2005 by the Tibet air shower array. We found
no new source and no significant excess of events was detected from known TeV gamma-ray sources.
Flux upper limits are set above 100 TeV on several nearby objects |ocated inside our Galaxy. All of them
are slightly higher than the extrapolation from lower energies by a factor of 1 to 20. Our upgrade plan
with a large underground water Cherenkov muon detector array will improve our sensitivity by a factor
of ~10 or more in the 100 TeV region (10TeV - 1000 TeV). Approximately 10 new sources are expected
to be discovered and we will be able to measure cutoff energy of known and unknown sources which are
potential origin of galactic cosmic rays.
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I ntroduction

Based on observation by 4 large imaging air
Cherenkov telescopesin Namibia, the HESS group
recently reported on discovery of new 14 gamma-
ray sources [2]. Most of them are UNIDentified
(UNID) sources and faint in X-rays or other wave-
lengths. It was surprising that the conventional
method to search for anew TeV gamma-ray source
by an air Cherenkov telescope had assumed strong
X-ray emission accompanied with it. Upon the
HESS discovery, the importance of a wide field-
of-view unbiased survey is recognized. Furthe-
more, many of the 14 sources have a harder energy
spectrum (indices;-1.8t0-2.8) at TeV energiesthan
the standard candle Crab (index;-2.6). The energy
spectra turnd out to extend up to 10 TeV approx-
imately. Cosmic rays are supposed to be accel-
erated up to the knee energy region at supernova
remnants (SNRs) in our galaxy. Therefore, we nat-
urally expect gamma rays in the 100 TeV region
(10-1000TeV) which originate in 7° decays pro-
duced by the accelerated cosmic rays interacting
with matter surrounding the SNRs.

The Tibet air shower array is one of the best appa-
ratuses for observing gamma rays in the 100 TeV
region, because it is in operation in daytime(duty
cycle ~ 90%) and its angular resolution(0.2° at
100 TeV) and its effective area (22,000m? in this
paper) are comparable to imaging air Cherenkov
telescopes (IACTS) (~ 0.1°,~ 50,000m?). Be-
sides, the large field of view of our experiment (2
sr) isis suitable for non-biased wide sky survey.

We report on search for point sources in the 100
TeV region, in this paper, in order to demonstrate
the current sensitivity without hadron/gamma-ray
discrimination.  And then, we introduce our
planned upgrade with a large underground wa-
ter Cherenkov muon detector array (Tibet-MD),
which will improve our sensitivity by a factor of
10 or more.

Experiment

The Tibet air shower experiment has been in op-
eration at Yangbajing (90°31" E, 30°06 N; 4,300
ma s 1) in Tibet, China since 1990. The
Tibet | array was constructed in 1990 [4] and it

was gradually expanded to the Tibet 1l by 1994
which consisted of 185 fast-timing (FT) scintilla-
tion counters covering 36,900 m?2, and 36 density
(D) scintillation counters around the FT-counter ar-
ray. From 1996 the array was upgraded again and
the Tibet 111 was set up in 1999 composed of 497
FT counters covering 36,900 m? and 36 D coun-
ters around them. In the inner 22,000 m?, we de-
ployed 429 FT counterswith 7.5 m lattice interval,
therest of 68 FT counterswith 15m latticeinterval,
and 36 D counterswith 30 m lattice interval around
FT counter array. The array continued to be up-
graded until 2003, and it consists of 761 FT coun-
ters, at present, covering 50,400m? and 28 D coun-
ters around them. With the Tibet air shower array,
we have successfully observed a new cosmic-ray
anisotropy in the Cygnus region at multi-TeV en-
ergies[12] aswell as multi-TeV gamma-raysfrom
Crab[5], Mrk501[6] and Mrk421 [8] together with
searches for multi-TeV new point sources in the
northern sky [9], for multi-TeV diffusegammarays
from the galactic plane [7], and for PeV gamma
rays from point sources [10].

In the present paper, we only use datafrom 497 FT
counters and 36 D counters set up by 1999 in order
to keep the data consistency.

Analysis

A total of 1.1 x 10® air shower events were col-
lected during 1320 detector live daysfrom Novem-
ber 18, 1999 to November 15, 2005 after the qual-
ity cut and the event selection based on the follow-
ing simple criteria; (1) Air shower core location:
Among the nine hottest counters in each event,
eight should be contained in the inner 22,000 m2.
(2) Shower Size: X ppr should be more than 1000
where Yppr is the sum of the number of parti-
cles per m? counted by the 497 FT counters. (3)
Zenith angle: The zenith angle of the arrival direc-
tion should be less than 50°.

According to the MC simulation including the
quality cut and the event selection, the modal
energy of primary gamma rays is approximately
100 TeV, the angular resolution is about 0.2°, and
the detection efficiency for gamma rays is nearly
100%. The gammarray energy is estimated from
Y ppr by using the MC simulation and the energy
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resolution is estimated to be around 40% at 100
TeVv.

First, northern sky map from —10° to +70°
in declination is divided into rectangular cells
whose width is 0.5° in declination direction and
~ 0.5°/sin(d) in right ascension direction, where
0 isthe declination of the center of the cell.

The 92840 cells, any of which non-overlapping,
cover the map completely.

The number of background events on each cell
is estimated by using eight OFF-windows, which
move keeping the zenith angle equal to the cell
(ON-window) and azimuthal distance of neighbor
windows constant (0.75/sin(#), where 6 is zenith
angle). The significance of the excessin each cell
is calculated based on the Equation (17) of [14].

Subsequently, we analyze some known galactic
TeV gamma-ray sources by using acircular search
window with radius of 0.28° in search of 100 TeV
gammarays.

Results and Discussions

The significance distribution of the 92840 cells
is shown in Fig. 1 as filled circles. No signif-
icant deviation from the norma Gaussian distri-
bution can be seen, which means we couldn’t de-
tect any gamma-ray sources. Taking into account
the sources located at the edges of the bins, re-
analyses were done by employing different bin-
ning phases. Filled squares, open circles and open
squares in Fig. 1 indicate results by the dliding
windows from the original binning by a half bin
size in right ascension direction, declination di-
rection, and both directions, respectively. They
are al consistent with the normal Gaussian dis-
tribution, showing no signal detection. Excesses
from some known galactic TeV sources are ex-
amined as well. Again, no significant excess was
found. Accordingly, we set flux upper limits above
100 TeV on these sources. 99% confidence level
flux upper limits above 100 TeV on Crab nebula,
TeV2032+413, HESS J1837-069, HESS J1834-
087 and Cassiopeia A are 0.8, 1.9, 2.2, 2.3 and
1.6 x10~'* em~2 sec™!, respectively. Our upper
limit on Crab nebula is aimost the same level as
the extrapolation from the HEGRA result [1] and
much higher than extrapol ation from the HESS re-

sult [3], as shown in Fig 2. Therefore, we cannot
provide any meaningful information on the pos-
sible inconsistency between HESS and HEGRA.
Our upper limits (see also [11]) on the rest of the
four objects are dlightly higher than the extrapola-
tion from lower energy measurements by a factor
of 2, 2, 10 and 20, although the extrapolation is
rather ambiguousin the case of Cassiopeia A.
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Figure 1: Significance distribution of 92840 cells
from—10° to 70° in Dec. above 100 TeV. Filled cir-
cles, filled squares, open circles and open squares
correspond to the original binning, the binning slid
in R.A. direction , the binning slid in Dec. direc-
tion and the binning slid in both direction by a half
bin from the original one.

Future Prospect

We are planning to construct a ~10,000 m? wa-
ter Cherenkov muon detector array 2.5 m under-
ground around the slightly expanded version of the
Tibet air shower array (~50,000m?2). Wewill have
~200 concrete pools where each pool is ~50 m?
in area and is filled with underground water, 1.5
m in depth. Two 20 inch-in-diameter PMTs are
mounted on its upper part facing downward.

According to a full Monte Carlo simulation, flux
sensitivity of this new project, as shown in Fig. 3,
will be an order or more better than the present
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Figure 2: (a)Flux upper limit at 99 % C.L. above
100 TeV(arrows) on Crab nebula with lower en-
ergy observationsby HESS [3] and HEGRA [1].

one in the 100 TeV region (Details are discussed
in[13]).

Then, we expect to observe gammaraysin the 100
TeV region from approximately 10 known sources
and from rougly 10 new sources. As we will be
able to observe gamma-ray acceleration limits on
the sourcesinthe 100 TeV regionwe expect to con-
tribute to identification of origin of galactic cos-
mic rays. In addition, our wide field of view and
high S/N ratio will enable usto search for spacially
diffuse gamma rays from the galactic plane or of
extragalactic origin in the 100 TeV region at the
world-best sensitivity, complementary to IACTs
with narrow field of view.
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Figure 3: Tibet AS+MD (red curve) integral flux
sensitivity (10 events or 5¢0) for a point source in
comparison with other experiments and proposals
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