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Multi-TeV gamma-ray emission from the Crab Nebula observed
with the new Tibet-I11 air-shower array
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Abstract. Using a high density air-shower array (Tibet-HD
array), we succeeded in detecting multi-TeV ~-ray signals
from the Crab Nebulain 1999. In the late fall of 1999, the
HD array was enlarged from 5175 m? up to 22000 m? (Tibet-
[l array). Using the 316 live-day data taken between 1999
November and 2001 May with this enlarged new array, we
studied the emission of TeV ~-rays from the Crab Nebula.
A preliminary analysis gives the excess v-ray signal at the
statistical significance of 4.8 o. The energy spectrum of ~-
rays observed is consistent with the previous observation. We
report the result on the study of the Crab flux.

1 Introduction

The Crab Nebula has been well studied with atmospheric
Cerenkov telescopes (ACTS) and has been established as a
standard source in TeV v-ray astronomy. The Crab was the
first TeV source detected at high significance with the advent
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of imaging ACTs (Weekes et al., 1989). The observed spec-
tra so far reported (Ong, 1998) seem to extend up to at least
several 10 TeV and seem to be consistent with a synchrotron
self inverse Compton model based on the pulsar wind accel-
eration model (de Jager & Hading, 1992). In this modd, it
islikely that electrons are accelerated to ultra-high energies
extending up to 10'® eV in the pulsar wind shock (Gaisser,
Harding and Stanev, 1989), emitting soft photons by a syn-
chrotron process. The emission of TeV energies from the
Crab Nebula can then be explained as the inverse Compton
(IC) scattering of such relativistic electrons with soft pho-
tons, including infrared radiation from dust and 2.7 K mi-
crowave background. The IC ~-ray spectrum depends on a
parameter, which is defined as the ratio of magnetic field to
the particle energy density in the wind, and thus on the mag-
netic field distribution in the nebula

Non-thermal radiation from the Crab Nebula is observed
over the multi-wave lengths, i.e., radio waves, X-rays, GeV
and TeV energy region v-rays. A precise observation of -
ray energy spectrum in TeV region will teach us some infor-
mation of source distribution and source spectrum of rela



tivistic electrons, global magnetic field distribution and seed
photon distribution for the inverse Compton process in the
nebula

The Tibet experiment (Amenomori et a., 1992), at an al-
titude of 4300 m, is the lowest energy air shower array and
is sensitive to y-ray air showers at energies as low as 3 TeV
(Amenomori et a., 1997). Thus, observations by the Tibet
experiment using well-established air shower techniques par-
tially overlap those of Cerenkov telescopes and will make a
contribution to study the emission mechanism of high-energy
~-rays from the Crab.

With the HD air shower array operated at Yangbajing be-
tween 1996 and 1999, we observed multi-TeV ~-rays from
the Crab Nebula and obtained the energy spectrum of ~-
rays in the energy region above 3 TeV (Amenomori et al.,
1999). Thisisthefirst clear observation of v-ray signalsfrom
point sources using a conventional air shower array. The suc-
cess of the air shower array in detecting a signa at the 5.5
o level was achieved by the improvement of the array per-
formance, which can be directly checked by observing the
Moon shadow. We have shown that the HD array had the
sensitivity to detect cosmic-ray showers at energies as low as
> 3 TeV, aswell as to observe the Moon shadow with good
statistics. A monthly observation of the Moon shadow had
made it possible to monitor the angular resolution, pointing
accuracy, and also the stable operation of the array over a
long period.

The geometrical area of the HD array was extended by a
factor of about 5 in the late fall of 1999. One of the most
important improvements is that the MC simulation code is
changed from GENASto Cosmos (air-shower simulator) and
Epics (detector response). We report a very preliminary re-
sult on the observation of multi-TeV ~-rays from the Crab
with the new Tibet air shower array, Tibet-111, based on the
newly developed afull simulation code.

2 Experiment

The 22000 m? Tibet-111 array, consisting of 533 scintillation
counters which are placed at a lattice with 7.5 m spacing,
has been operating with energy range around 3 TeV since
1999 at Yangbajing in Tibet, China (90.53°E, 30.11°N) at an
altitude of 4,300 m above sea level, an atmospheric depth of
606 g/lcm? (Amenomori et al., 2001a). Each counter has an
area of 0.5 m?, and a 3 cm thick plastic scintillator and a 2
inch-diameter PM Ts are equipped.

The mode energy of triggered air showers by the Tibet-111
array is about 3 TeV, covering the upper part of the energies
by the atmospheric Cerenkov technique. The event rate is
about 680 Hz, satisfying the triggering condition of any 4-
fold coincidence of > 0.8 particleswithin 300 ns gate width.

The long term stability of the detector angular resolution
as well as of the cosmic-ray event rate (< 5% instability
without atmospheric pressure correction ) is demonstrated
elsawhere (Amenomori et al., 2001b).

3 Tibet-111 performance for y-ray from the Crab
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Fig. 1. Correlation between the air-shower size 3 prr and primary
vy-ray energy. Primary ~-rays with a differential power index of
—2.6 are thrown from the Crab orbit.
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Fig. 2. Energy spectrum of v-raysin each sizeinterval of > prr.
Primary v-raysare same asin Fig. 1 and the observation is assumed
to be done with the Tibet-111 array.

The vast mgjority of events detected by the array are ini-
tiated by primary cosmic rays rather than ~-rays, and there-
fore it is crucia to reject as much background as possible.
The background cosmic rays are isotropic and v-rays from a
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Fig. 3. Effective area of the Tibet-11l array for detecting ~-rays
from the Crab as afunction of primary ~-ray energy, calculated by
aMonte Carlo simulation. Primary v-rays are same asin Fig. 1.

source are apparently centered at the source direction, so that
the reduction of hadronic showers must be accomplished via
the good angular resolution of the array.

Performance of Tibet |11 Array isstudied by aMonte Carlo
simulation based on Cosmos uv5.65 (Kasahara, 1995).and
Epics uv6.60 (Kasahara, 2001). Using this full MC simula-
tion code, the detector performance for +-rays from the Crab
Nebulais studied.

We assume adifferential power law spectrum with spectral
index —2.6 for the v-rays from the Crab above 0.3 TeV, tak-
ing into account the Crab orbit. The correlation between our
energy scale > ppr and primary y-ray energy from the Crab
is demonstrated in Fig. 1, which is projected on the primary
energy axisin Fig. 2 to see the one-event energy resolution
(~ 100 % at 3 TeV) for each ) ppr bin, where ppr is the
number of particles per m? observed in each detector and the
summation istaken for all fired detectors. The primary ~-ray
energy is estimated based on Fig. 2. Figure 3 and 4 show the
effective areaand the angular resolution, respectively, for the
~-rays from the Crab, where the effective area is defined to
be the geometrical areaefficiency. The MC simulation repro-
duced the absolute event rate by cosmic rays and the pointing
accuracy and the energy dependent angular resolution mea-
sured by the Moon shadow in cosmic rays (Amenomori et
al., 2001a).

4 Analysis

The data used in this search were collected between 1999
November and 2001 May. The event selection was done by
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Fig. 4. Angular resolution of the Tibet-111 array. Primary ~-rays are
sameasinFig. 1.

imposing the following three conditions on therecorded data;
1) Each of any four FT detectors should record a signal more
than 1.25 particles. 2) Estimated core location should be in-
side of thearray. 3) The zenith angle of theincident direction
should be less than 40°. After data processing and quality
cuts, the total number of events selected was 3.9 x 109, and
the effective running time was 316.3 days.

The vast mgjority of events detected by Tibet-111 are initi-
ated by cosmic rays. Since the background cosmic rays are
isotropic and ~-rays from a source are apparently centered
on the source direction, a proper angular window for extract-
ing the v-ray signal so as to optimize the signa to noise ra-
tio data should be set, based on a MC study of the array’s
energy-dependent angular resolution.

Theangular resolution of the Tibet-111 depends onthe value
of >~ prr in an event. In this analysis, we use the follow-
ing circular angular window; 1.6°, 1.2°, 1.0°, 0.7°, 0.5° for
15 < > ppr < 30,30 < > ppr < 40,40 < > ppr < 70,
70 < > ppr < 160, 160 < > prr < 400, respectively.
The angular windows contain approximately 50 % of ~-ray
events form the Crab.

The background is estimated by number of events aver-
aged over 6 to 12 off-source cells with the same angular ra-
dius as on-source, at the same zenith angle, recorded at the
same time interval s as the on-source cell events.

5 Resultsand Discussions

The statistical significance of TeV ~-ray signa from the Crab
iscalculated using the excessevents (Non— Norr ) /v NoFr,
where Non and Nopr are the number of events within the
on-source cell and the average number eventsin the off-source
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Fig. 5. Contour map of the weight of excess event densities around
Crab Nebula. A clear peak is seen at the center, i.e., in the Crab
direction.

cells, respectively.

The excess events for 316.3 live day are plotted on the
equatorial coordinates as showninFig. 5, to demonstrate that
aclear peak is observed in the the Crab direction. Using the
number of excess events of each > ppr bin from the Crab,
detector live-time, calculated effective area, and correlation
(Fig. 2) between > ppr and primary ~-ray energy, the dif-
ferential y-ray flux is calculated as shown in Fig. 6.

Whilethe present analysisisstill preliminary, the observed
spectrum is consistent with the Tibet-HD result. Various sys-
tematic errors in the Tibet-111 array is now under extensive
study.

6 Summary

With the Tibet-111 air shower array, operating at Yangbajing
since 1999, we succeeded to detect multi-TeV ~-rays from
the Crab. We analysed the data set obtained for 316.3 obser-
vation days during the period from 1999 through 2001, and
observed the excess events coming from the Crab direction.
The statistical significance of the excess eventsis calculated
to be 4.8 o and the observed energy spectrum between 3 TeV
and 10 TeV is consistent with the previous observation. This
detector sensitivity will be more increased by afine turning
of the array.

The Tibet-111 array is till in the middle of its construction,
and the effective area of high density part becomes 36900 m?
inthefall of 2002. Further observations of the Crab with the
Tibet-111 array could well establish the energy spectrum of
~-raysup to ~ 100 TeV.
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Fig. 6. Differential ~-ray flux from the Crab Nebula with Tibet-I11
(316 days) and HD (Amenomori et a., 1999), together with other
experiments, Whipple(Hillaset.d., 1998), CANGAROO (Tanimori
et a., 1998), and HEGRA (Aharonian et a., 2000)
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