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Recent TeV observations of Mrk 501 with the TACTIC gamma-ray telescope

S. V. GODAMBE, R. C. RANNOT, P. CHANDRA, K. K. YADAV, A. K. TICKOO, K. VENUGOPAL,
N. BHATT, S. BHATTACHARYYA, K. CHANCHALANI, V. K. DHAR, H. C. GOYAL, R. K. KAUL, M.
KOTHARI, S. KOTWAL, M.K. KOUL, R. KOUL, S.SAHAYNATHAN, M. SHARMA, S. THOUDAM

Astrophysical Sciences Division, Bhabha Atomic Research Centre,
Trombay, Mumbai 400085, India

rcrannot@barc.gov.in

Abstract: We have observed the BL Lac object Mrk 501, during the period Feb. - May 2006 for a
total on-source duration of 66.8h using the TACTIC γ-ray telescope at Mt. Abu, India. During these
observations the telescope was used in a continuous tracking mode in order to collect maximum possible
data on the source. Preliminary analysis of 66.8h of data shows the presence of a significant TeV γ-
ray signal from the source at Eγ ≥ 1 TeV with a statistical significance of 7.8σ. The time averaged
differential energy spectrum of the source in the energy range 1-16 TeV is found to match well with the
power law function of the form (dΦ/dE = f0E

−Γ) with f0 = (1.69± 0.20)× 10−11cm−2s−1TeV −1

and Γ = 2.83 ± 0.10 .

Introduction

Markarian 501 (Mrk 501) is a BL Lacertae (BL
Lac) object at z = 0.034 and was discovered as
a γ-ray source at Eγ ≥ 350 GeV by the Whip-
ple collaboration [11] and subsequently confirmed
by the HEGRA collaboration[6]. In March 1997
the source went into a highly variable and strong
emission state with flux doubling times of less than
0.5 day [12]. It showed an integral flux of up to
roughly 10 times that of the Crab Nebula above
1 TeV[10]. All Sky Monitor (ASM) on board
the Rossi X-ray Timing Explorer (RXTE), also re-
ported the high X-ray activity of the source which
started in March 1997 and continued till October
1997 [7]. The EGRET observations did not result
in any detection of the source in high-energy γ-
rays. There was an indication that the average op-
tical U-band flux was higher in the month of peak
γ-ray activity [12]. Observations of Mrk 501 dur-
ing 1998-1999 following the major 1997 outburst
phase, reveal a mean emission level of 1

3
of the

Crab Nebula flux at 1 TeV, a factor of 10 lower than
1997 outburst. The VHE spectrum measured dur-

ing this time is substantially softer (by 0.44 ± 0.1
in spectral index) than 1997 time-averaged spec-
trum [1]. CELESTE group has detected weak γ-
ray signal from Mrk 501 (3.4σ) using their low
threshold system at Themis (France)[13] during
their 2000 observations of the source. In 2003-04
HESS observation of Mrk 501 with a large-zenith
angle range for 1.8h, resulted in a marginal detec-
tion (3.1 σ) of the source[2]. The MAGIC group
has reported detection of two flaring episodes from
the source on Jun. 30 and Jul. 09, 2005 with flux
values of 3.48±0.10 and 3.12±0.12 Crab Units
respectively[3].

Experimental Setup

The TACTIC atmospheric Cherenkov imaging
telescope is located at Mt. Abu (24.6◦ N, 72.7◦

E, 1300 m asl), a hill station in Western India. It
uses a tessellated light-collector of 9.5 m2 area
which is configured as a quasi-parabolic surface,
yielding a measured spot-size of 0.3◦ for on-axis
parallel rays. The PC-controlled 2-axes drive sys-
tem gives a pointing / tracking accuracy of 3 arc-
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mins. The telescope uses a 349-pixel, photomul-
tiplier tube (ETL 9083UVB) based imaging cam-
era with a uniform pixel resolution of ∼ 0.3◦ and
a field of view of ∼ 6◦ × 6◦ to record images of
atmospheric Cherenkov events produced by an in-
coming VHE cosmic-ray particle or a γ-ray pho-
ton. Present observations use 225 pixels (15 ×

15 matrix ) of the camera with event-trigger gen-
eration being based on NNP (Nearest Neighbour
Pair) topological logic. The data acquisition and
control system of the telescope [14] has been de-
signed around a network of PCs running the QNX
(version 4.25) real-time operating system. The
details of the telescope functioning are presented
elsewhere [15]. Operating at a γ-rays threshold en-
ergy of ∼1.2 TeV, the telescope can detect the Crab
Nebula at 5σ significance level in 25h of observa-
tion time [15].

Mrk 501 Observations

TeV γ-ray observations of Mrk 501 presented in
this paper were taken with the TACTIC γ-ray tele-
scope during Feb. 28 to May 07, 2006 for 33
nights, with a total observation time of 66.8h. The
observations were carried out in tracking mode,
where the source is tracked continuously with-
out taking off- source data [11]. This observa-
tion mode gives the opportunity to improve the
chances of recording possible flaring activity from
the source direction. Details of the observations
are given in Table 1. Several standard data qual-
ity checks have been used to evaluate the overall
system behaviour and the general quality of the
recorded data. These include conformity of the
prompt coincidence rates with the expected zenith
angle trend, compatibility of the arrival times of
prompt coincidence events with the Poissonian
statistics and the steady behaviour of the chance
coincidence with time.

Data Analysis and Results

The γ-ray signal extraction, from the recorded data
on a particular TeV γ-ray source using a single
imaging telescope is presented by ploting the fre-
quency distribution of ALPHA parameter (defined
as the angle between the major axis of the image

Table 1: Observation log for Mrk 501

Month (2006) Observation Total Obs.
dates hours

Feb. 28 2.0
Mar. 1-8, 25-29, 30 28.6
Apr. 1-6, 27-30 20.3
May 01-07 15.9

Table 2: Cut Values used for Analysis

Para. Cut Values
Len. 0.11◦≤ L≤ (0.23+0.026*log(size))◦

Wid. 0.065◦≤ W ≤ (0.085+0.012*log(size))◦

Dis. 0.5◦ ≤ D ≤ 1.27◦

Siz. S ≥ 350 d.c; (6.5 d.c≡1.0 pe)
Alp. α ≤ 18◦

and the line between the image centroid and cam-
era center) after applying various image cuts. This
distribution is expected to be flat for the isotropic
background of cosmic ray events. Whereas for
the γ-ray signal like events, the distribution is ex-
pected to show a peak at smaller α values. This
range for the TACTIC telescope is α ≤ 18◦. The
contribution of the background events is estimated
from a resonably flat α region from 27◦ ≤ α ≤

81◦. The number of γ-ray events is then calcu-
lated by subtracting the expected number of back-
ground events, calculated on the basis of the back-
ground region [8], from the γ-ray domain events.
The significance of the excess events has been fi-
nally calculated by using the maximum likelihood
ratio method of Li & Ma [9].

When all the 2006 data is analysed together, the
corresponding results obtained are shown in Fig-
ure 1. Here the frequency distribution of the alpha
parameter is plotted after applying imaging cuts
given in Table 2. It is obvious from Figure 1 that
there is a presence of a γ- ray signal in the data
thereby indicating that the source was in a high
state during the period of our observations. The
number of γ- ray like events in the γ- ray domain
are found to be 517 ± 68 with a statistical signifi-
cane of 7.8σ. Next, we have divided the total data
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Figure 1: On-source alpha plot for Mrk 501 when
all data collected between Feb. 28 to May 07, 2006
for ∼66.8h is analyzed.
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Figure 2: Light curve for Mrk 501 as recorded by
TACTIC imaging telescope during Feb. 28 to May
07, 2006 for a total observation time of ∼66.8h.
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Figure 3: ASM lightcurve of Mrk 501 during the
TACTIC observations.

into three monthly spells I, II and III of Feb. 28 to
Mar. 08, 2006, Mar. 25 to Apr. 07, 2006 and Apr.
27 to May 07, 2006 observations respectively and
applied the same data analysis procedure for each
spell. The number of gamma-ray like events so ob-
tained are 147 ± 39, 261 ± 44 and 108 ± 33 with
statistical significance of 3.7σ, 5.9σ and 3.2σ for
each spell respectively. These results clearly sug-
gest that the source was in a relatively high state
during spell II (Mar. 25 to Apr. 07, 2006) as com-
pared to the rest of the observation period.

Further, 2006 data was also analysed on nightly
basis, to explore the possibility of a very strong
episodic TeV emission. The corresponding light
curve of the source is depicted in Figure 2. This
light curve is characterised with a reduced χ2 value
of 1.63. The corresponding ASM light curve of
the source is shown in Figure 3 [4]. Here, we
would like to mention the results of our observa-
tions during two nights of Mar. 26 and 27, 2006
(MJD 53821 and 53822) when we find hourly γ-
ray rate more than two times of that of the Crab
Nebula. The number of γ-ray like events, on these
two nights, are found to be 41.7 ± 11.7 and 56.0
± 15.5 for 1.7h and 2.8h of observations respec-
tively. These observations possibly suggest that the
source had gone into a highly active state in the
VHE region during these two nights. We are not in
a position to study variability feature of the source
in the TeV domain mainly due to the poor statistics
obtained with the TACTIC telescope.

In the next step, we have used γ-ray like events
obtained to determine the time averaged differen-
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Figure 4: Differential energy spectrum of Mrk 501
obtained during 2006 using the TACTIC telescope.

tial energy spectrum of the source. The details of
the method used to derive differential energy spec-
trum are given in[15]. The time averaged spectrum
obtained after applying the Dynamic Supercuts to
the whole data is shown in Figure 4. A power
law fit to the data (dΦ/dE = f0E

−Γ) in the en-
ergy range 1-16 TeV yields f0 = (1.69 ± 0.20) ×
10−11cm−2s−1TeV −1 and Γ = 2.83± 0.10 with
a χ2/dof = 2.45/5.

Discussion and Conclusion

The obervations of Mrk 501 carried out with the
TACTIC imaging telescope indicate that the source
was in a high state during Mar. 25 to Apr. 07,
2006 as compared to the rest of the observation pe-
riod. The time averaged differential energy spec-
trum of Mrk 501 is compatible with a power law
fit. It is worth mentioning that the energy spectrum
of Mrk 421, as measured by the TACTIC imaging
telescope is also compatible with a power law with
an exponential cut-off energy E0 ∼ 4.7 ± 2.1 TeV
[15], however no such curvature feature is seen in
the energy spectrum of Mrk 501.
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