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Abstract. Severa strong TeV gamma-ray bursts were de-
tected from Markarian 421 (Mrk 421) in the years 2000 and
2001 by the Tibet-111 air-shower array at the statistical sig-
nificance of 6.9 ¢ level. Mrk 421 was unprecedentedly ac-
tive at X-ray and TeV gamma-ray energies during this pe-
riod. The observed differential energy spectral index of the
gammarrays from Mrk 421 is 3.65+)22 at energies from 2.6
TeV to 39 TeV, assuming a power law spectrum.

1 Introduction

A variable gamma-ray source Markarian 421 (Mrk 421) isa
blazar class of active galactic nuclei (AGN) close to the BL
Lac type object, at a redshift z = 0.031. The angle of the
jet axis blasting from Mrk 421 to the line of sight is consid-
ered to be very small. In 1991, EGRET detected gamma-
ray emissions from Mrk 421, which was the first detection
of an extragalactic gamma-ray source. The integrated pho-
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ton flux above 100 MeV is (1.4 £ 0.3) x 10~7 cm~2 s},
and the differential photon energy spectrum is represented
by a power law with an exponent of 1.96+0.14 (Lin et d.,
1992). Subsequently, detection of gamma rays at TeV ener-
gies from Mrk 421 was reported by the Whipple collabora-
tion (Whipple). The average integral flux was measured to
bel.5 x 10~ cm~? s! above 0.5 TeV, corresponding to
0.3 times as large as that from the Crab Nebula, which often
serves as the standard candle in TeV gammarray astronomy
(Punch et al., 1992).

Occasionally, at TeV energies gamma-ray flux of Mrk 421
shows a rapid variability. The TeV observation of Mrk 421
by Whipple showed a significant variabilities on a few-hour
time scale on May 14 and 15 in 1994, during which the aver-
age source flux above 250 GeV increased by approximately
factor of ~10 (Kerrick et a., 1995). Such rapid variabili-
ties of the TeV gamma-ray emissions were detected again
by the Whipple from April 20 to May 5 in 1995 (Buckley
et a., 1996) and May in 1996 (Gaidos et al., 1996) at sub-
TeV energies. At the second outburst in 1996, which lasted
approximately 30 minutes, the flux increased by a factor of
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Fig. 1. Tibet-11l long-term event rate stability in the upper figure,
wherethe correction by the atmospheric pressure effect is not made.
Also shown in the lower figure is the cumulative number of deficit
events with 15 < Xprpr < 40 due to the Moon shadow for data
(solid curve) and the expected assuming the angular resolution 1.2°
(dotted curve).

20-25.

Then, Mrk 421 showed an increased X-ray and TeV gamma
ray activities in the year 2000 and the activities lasted until
the year 2001 (ASM/RXTE web site., 2001). In this paper,
we report on the results from data analysis of air shower
events pointing back to the direction around Mrk 421 dur-
ing its outbursting period in the years 2000 and 2001, using a
large scintillation counter arrays (Tibet I11) at Yangbajing in
Tibet.

2 Experiment

An enlarged 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 sealevel, an atmospheric depth of
606 g/cm? . Each counter has an area of 0.5 m?, and plastic
scintillators of 3 cm thickness and 2 inch diameter PMTs are
equipped (Amenomori et a., 2001).

The mode energy of triggered air showers by the Tibet-111
array is about 3 TeV, covering the upper part of the ener-
gies by the atmospheric Cherenkov technique. The energy
of each primary particle is estimated from air shower size
Y prr, Where ppr isthe number of particles per m? observed
in each detector and the summation is taken for al fired de-
tectors. Triggering condition isany 4-fold coincidence of 0.8
particle within 300 ns gate width, and the event rate is about
680 Hz (Amenomori et al., 2001).

The amount of displacements of the Moon shadow are
quite consistent with the geomagnetic deflection of mixed
primary cosmic-ray protons with energy. The displacement

of Moon shadow center in the north-south direction can give
the systematic error of pointing the object at 0.1° level. The
energy scale uncertainty is estimated to be less than £10%
level (Amenomori et al., 2001).

The long-term stability of the daily event rate is shown in
Fig. 1, whereits variation is less than +£5%. The cumulative
number of deficit events (15 < Xppr < 40) by the Moon
shadow is shown also in Fig. 1 which demonstrates the de-
tector pointing accuracy and the angular resolution is stable.

3 Event Selection and Data Analysis

The number of recorded shower events is about 4.3x 10° for
the period from Nov. 18 in 1999 to May 1 in 2001, during
which the detector livetime is 316.3 days. In order to extract
an excess of TeV gamma-ray events coming from Mrk 421,
the background event density has to carefully be estimated.
According to the detector angular resol ution estimated by the
Moon shadow in Fig. 1, we set the following on-source an-
gular cell centered at the source direction with a radius of
1.4°,1.0°, 0.5°, and 0.4° for events with 15 < ¥ppr < 40,
40 < Yppr < 100, 100 < Xppr < 400 and 400 < Xppt <
1000, respectively, to optimize the SIN ratio.

The background is estimated by number of events aver-
aged over 8 off-source cells with the same angular radius as
on-source, at the same zenith angle, recorded at the same
time intervals as the on-source cell events. The definite po-
sitions of these off-source cells, located at every 3.2° step
from the source position measured in unit of angle distance
in the azimuthal direction at the same zenith angle as the on-
source direction, move picking up events incident always at
the same time as the on-source cell moving on the sky with
time.

It should be noted we exclude the two adjacent off-source
cells to the on-source cell to avoid a possible signal tail in
the off-source events. This method, so-called “egui-zenith
angle background estimation”, can estimate the background
under the same condition as the on-source, however, it fails
while the source object stays remarkably closes to the zenith,
because the off-source cells overlap with the on-source cell.
In fact, this method is applicable when the on-source ob-
ject exists at the zenith angle larger than 8°. Fortunately,
as the zenith angle of Mrk 421 at crossing the meridian is
about 7° at Yangbajing, each on/off-source cell is indepen-
dent throughout the observation period.

4 Resultsand Discussions

The dtatistical significance of TeV gammarray signa from
Mrk 421 is calculated using the excess events

- Noff)/\/ No ’

where N, and N,g are the number of events within the on-
source cell and the number of events averaged over 8 off-
source cells.

(Non
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Fig. 2. 31-day moving average of the daily excess event rates
around the Mrk 421 flaring period in the years 2000 and 2001, to-
gether with the RXTE X-ray satellite observation (ASM/RXTE web
site., 2001). Also shown are the obsevations by Cherenkov Tele-
scopes, CAT (Holder et al., 2000), Whipple (IAU Circulars., 2000),
HEGRA (HEGRA web site., 2001).

We plot the 31-day and 7-day moving average of our daily
excess event rate from Mrk 421 in Fig. 2 and Fig. 3, re-
spectively, together with the Rossi X-Ray Timing Explorer
(RXTE) (ASM/RXTE web site,, 2001). We see an excel-
lent correlation between them as shown in Fig. 2 and Fig. 3.
Then, according to the flaring state of Mrk 421, the Tibet-
Il dataset is divided into 3 terms, as summarized in Table 1.
The excess eventsin TERM 1+2+3 for the whole period are
plotted on the equatorial coordinates as shown in Fig. 4, to
demonstrate that a clear peak is observed in the Mrk 421 di-
rection.

In order to calculate the energy spectrum of gamma rays
from Mrk 421, the detector response of the Tibet-111 array is
simulated by afull Monte Carlo simulation using the Cosmos
uv5.65 (Kasahara., 1995) air-shower generation code and the
Epics uv6.60 (Epics web site., 2001) detector response code.
To estimate the effective area of the detector, we generated
gamma-ray events with a differential spectral index of —2.6,
tracing the orbital motion of Mrk 421 onthe atmosphere. The
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Fig. 3. 7-day moving average of the daily excess event rates around
the Mrk 421 flaring period in the years 2000 and 2001, together with
the RXTE X-ray satellite observation.

core location of an air shower generated by the event is uni-
formly distributed over an area centered at the array 300 m
in radius which include the area where gamma-ray events
are actually triggered in our array. Using the calculated ef-
fective area, the excess event rate, live time, and correlation
between X ppr and primary gammarray energy, the differen-
tial energy spectra corresponding to TERM 1, 2 and 3 are
calculated as shown in Fig. 5. Each energy spectrum ap-
pears consistent within current statistics. Combining the 3
energy spectratogether in Fig. 6, we obtain a differential en-
ergy spectrum with a spectral index of —3.65+)22, which
is consistent with the observation —2.94+0.06 in the year
2000 by HEGRA (Krowczynski et a., 2001). An extensive
of study the systematic errorsis now under way. The feature
for which this flare was conspicuous is that the energy of ob-
served gamma rays is extended to 40 or more TeVs. To un-
derstand the gamma-ray emission mechanism more deeply,
one needs to make a continuous observation of Mrk 421 with
better statistics.

TERM MJD Live Time (days)
1  51551- 51599 405
2 51661- 51705 389
3 51900- 52012 916

Table 1. Definition of Mrk421 flaring termsin this analysis.



Fig. 4. 3D contour map of the weights of excess event densities
around Mrk 421 in the area of 4° x 4° centered at the direction of
Mrk 421. Peak excess with 6.9 o is seen at the center for TERM
1+2+3.

5 Summary

Coincident with the X-ray RXTE satellite observation, the
Tibet-111 array successfully detected the TeV gamma-rays, at
the 6.9 o statistical significance from Mrk 421 which werein
avery active phase during the years 2000 and 2001.
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Fig. 5. Comparison of thedifferential spectrum of gammaraysfrom
Mrk 421 obtained at the TERM 1, 2 and 3. The error bars indicate
the 1 o statistical ones, not the systematic ones, and the upper limits
are given at the 99% confidence level. To avoid the overlapping
among data points, the flux is multiplied by a factor of 2 and 4 for
TERM 2 and 3, respectively.
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Fig. 6. Differential energy spectrum of the observed gamma rays
from Mrk 421 averaged over the the flaring TERM 1+2+3. The
error barsindicate the 1 & statistical ones, not the systematic ones,
and upper limit is given at the 99% confidence level.



