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Abstract. HAGAR, an array of seven atmospheric Cherenkov telescopes located at Hanle in Himalayas, has
been observing VHE gamma ray sources since September 2008. Taking advantage of the high altitude location,
HAGAR could achieve an energy threshold of about 200 GeV. Several astronomical sources, mostly pulsars
and blazar class active galactic nuclei, have been observed in the last nine years. Pulsations from Crab pulsar
and emission from blazars Mkn 421 and Mkn 501 has been detected successfully. Details of HAGAR telescope
array will be given and some important results will be discussed. Also the future plans will be described briefly.
Keywords. Instrumentation: miscellaneous—(galaxies:) BL Lacertae objects: individual (Mkn 421, Mkn 501,
1ES1011+496)—gamma rays: general—(stars:) pulsars: individual (Crab).

1. Introduction
Ground-based very high energy (VHE) gamma ray
astronomy has emerged as a mature branch of astronomy in the last fifteen years with detection of more than
200 sources of diverse classes by various telescopes.
This is an interesting field with discovery potential
in key areas of astrophysics and fundamental physics.
VHE gamma rays are detected indirectly using groundbased atmospheric Cherenkov technique. We have been
operating the HAGAR telescope array in the Ladakh
region of the Himalayas for the last few years to study
VHE gamma ray emission mainly from pulsars and
blazar class AGNs. We are also carrying out multiwaveband studies for these objects. Details of the HAGAR
telescope array are given followed by highlights of some
important results. Finally future plans with HAGAR as
well as proposed G-APD based imaging camera are discussed.
1.1 Physics motivation
VHE gamma rays provide the best window to study
nonthermal Universe. Cosmic rays form one important
component of the nonthermal Universe, with energies
extending up to 1020 eV following a powerlaw energy
spectrum (for example, see, Swordy 2001). In spite of

their discovery more than 100 years ago, origin and
acceleration of cosmic rays is still an unresolved mystery. Supernova remnants are thought to be the sites
for acceleration of cosmic rays with energies below
the knee (about 1015 eV) of the cosmic ray spectrum
(Ginzburg & Syrovatskii 1964). Whereas higher energy
cosmic rays could be accelerated in active galactic
nuclei (Mannheim & Biermann 1989). When charged
particles are accelerated to such high energies through
various processes, gamma rays are also produced. So
the study of VHE gamma ray emission from various
celestial objects will give us a clue regarding cosmic
ray origin. This study will also give some insight into
the emission regions and the emission processes in these
sources.
Apart from this, there is also a possibility to study
physics beyond the standard model through searches
for dark matter. Annihilation of WIMPs, i.e. weakly
interacting massive particles, is expected to produce a
detectable signal in VHE gamma ray range. Also there
are fundamental physics aspects like tests for Lorentz
invariance violation which can be investigated through
the detection of rapid time variation in VHE gamma
ray emission from distant objects. In addition to this,
there are cosmological aspects like an indirect estimation of extragalactic background light through the study
of VHE gamma ray emission from AGNs.
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VHE gamma ray emission has been detected from
208 sources by various telescopes as of now.1 These
include a variety of galactic objects like pulsar wind
nebulae (34 sources detected so far), supernova remnants (25), binaries (8), pulsars (2) as well as extragalactic sources which are mainly AGNs (70). About
54 VHE gamma ray sources have not been identified
with known sources from other wavebands.
1.2 Detection technique
VHE gamma rays are detected using ground-based
atmospheric Cherenkov technique. Gamma ray interacts at the top of the atmosphere producing electron–
positron pair (see Fig. 1). These electron–positron pair
lose part of their energy by emitting gamma ray photon through bremsstrahlung. Through successive pair
production and bremsstrahlung processes, a shower of
charged particles is generated in terrestrial atmosphere.
These charged particles cause atmosphere to emit bluish
Cherenkov light which comes as a flash lasting for a few
ns. It is spread over a circular region with radius of about
100 m at an observation level. This light is detected by a
telescope consisting of a mirror with PMTs at its focus.
So the incident gamma ray is detected indirectly and
the entire atmosphere acts as a detection medium. One
advantage of this technique is the large detection areas
which are roughly of the size of the Cherenkov pool. The
main disadvantage is a low duty cycle. As Cherenkov
light is very weak, these observations can be carried out
only on nights with clear weather when moon is not
there in the sky and this limits the duty cycle.
There are two variants of this technique, wavefront
sampling and angular imaging. Most of the telescopes
of the present generation are based on the imaging technique. These telescopes consist of a large mirror and a
cluster of PMTs at the focus. In this technique, images
of air showers generated by gamma rays are recorded.
HAGAR on the other hand is based on wavefront sampling technique. In this technique, a distributed array
of small size telescopes is used. This array samples the
Cherenkov light across the pool, records arrival time
of the Cherenkov shower front and Cherenkov photon
density at various locations in the Cherenkov pool. The
arrival time information gives the direction of shower
axis, whereas Cherenkov photon density gives the
estimate of primary energy.
The major atmospheric Cherenkov telescopes
operational now include VERITAS2 in Arizona,

High Altitude GAmma Ray (HAGAR) telescope array
is operational at Hanle in the Ladakh region of the
Himalayas (32◦ 46 46 N, 78◦ 58 35 E), at an altitude
of 4.3 km, for the last few years. The high altitude location was chosen for installation of HAGAR in order to
reduce energy threshold of the experiment. To achieve
science goals such as study of distant Active Galactic Nuclei (AGNs), Gamma Ray Bursts (GRBs) and
pulsed component of pulsars, energy threshold in the
neighbourhood of 100 GeV was desirable. The energy
threshold can be lowered either using large mirrors
or by installing telescopes at high altitude location as
Cherenkov photon density is higher at higher altitude
(see Fig. 1). Collaboration of four institutes (TIFR,
IIA, BARC and SINP) called Himalayan Gamma Ray
Observatory (HiGRO) was formed for setting up these
experiments in the Himalayas. With HAGAR, which is
the first phase of HiGRO, an energy threshold of about
208 GeV could be achieved (Saha et al. 2013). Whereas
the Pachmarhi Array of Cherenkov Telescopes (PACT)
operated by TIFR at Pachmarhi at an altitude of 1 km

1 http://tevcat.uchicago.edu/.

3 https://magic.mpp.mpg.de/.

2 https://veritas.sao.arizona.edu/.

4 https://www.mpi-hd.mpg.de/hfm/HESS/.

Figure 1. Atmospheric Cherenkov technique: Cherenkov
light produced by extensive air showers initiated by gamma
rays is detected using a telescope.

MAGIC3 in Canary Islands and HESS4 in Namibia.
Indian telescopes include BARC-operated TACTIC at
Mt. Abu (Koul et al. 2007) and HAGAR at Hanle in
Ladakh. Another huge telescope called MACE in under
installation at Hanle.
2. HAGAR telescope array
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Figure 2. Top left: Schematic representation of the HAGAR telescope array, top middle: one of the HAGAR telescopes, top
right: closer view of the HAGAR mirror channel with PMT mounted at the focus, bottom: the seven telescope HAGAR array.

had an energy threshold of about 750 GeV (Bose et al.
2007). So almost a factor of four reduction in energy
threshold was achieved by an increase in the altitude.
HAGAR is an array of seven telescopes with six of
them deployed in the form of a hexagon and one at
the centre with spacing of 50 m between the telescopes
(see Fig. 2). Each of these seven telescopes consists
of seven para-axially mounted parabolic mirrors. The
diameter of each mirror is about 0.9 m and there is a
UV sensitive PMT mounted at the focus of each mirror. Pulses from individual PMTS are brought to the
control room through low attenuation coaxial cables.
Tracking system is based on alt-azimuth design (for
further details, see Gothe et al. 2013). Data acquisition system is CAMAC based. Trigger is generated on
coincidence of at least four telescope pulses in a window of 60 ns. The data recorded on trigger includes
absolute arrival time of shower front accurate to micro
second given by real time clock module synchronized
with GPS, Cherenkov photon density or pulse height at
each telescope given by QDC, relative arrival time of
shower front at each mirror accurate to 0.25 ns given by
TDC. We are also recording profiles for telescope pulses
in 1 ns bins using waveform digitizer. See Chitnis et al.
(2011) for details about the HAGAR instrument.

Installation of HAGAR was completed at Hanle during 2005–2008 and regular observational runs began in
September 2008. We have collected more than 5500 h
of observational data in the last nine years of operation.
We have carried out long duration observations for several galactic sources like Crab nebula/pulsar, Geminga
pulsar, some of the pulsars detected by Fermi satellite, gamma ray binary LS I + 61◦ 303 and extragalactic
sources, which are mainly blazar class active galactic
nuclei including Mkn 421, Mkn 501, 1ES 1959+650,
1ES 2344+514, 1ES 1011+496, etc.

3. Results from HAGAR
Sources observed with HAGAR include mainly two categories, pulsars and blazars. The results from HAGAR
observations of some of the sources are described below.

3.1 Pulsars
Pulsars are highly magnetized neutron stars with the
magnetic field axis misaligned with the rotation axis.
Pulsations are detected from more than 200 pulsars at
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Figure 3. Crab pulse profile from HAGAR observations
obtained by folding data with a known period of about 33 ms.
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MeV–GeV energies by Large Area Telescope (LAT)
onboard Fermi satellite. Whereas at VHE energies only
two sources, Crab (Aliu et al. 2008, 2011) and Vela
pulsars (Stegman 2014) have been detected so far. The
main interest in pulsar studies is understanding emission
mechanism and emission region for gamma rays. We
have extensively observed Crab pulsar with HAGAR for
the last several years. Using 300 h of data collected during 2009–2017, the pulsations are detected at a period
of 33 ms. The pulse profile obtained by folding the
light curve with this period is shown in Fig. 3. The
phases where the excess counts are seen are marked and
these are consistent with the results from other experiments including MAGIC. The significance of detection
is 6.3σ and pulsed flux is less than 6% of the steady
signal from Crab nebula (Singh et al. 2018). We have
observed few more pulsars detected by Fermi-LAT,
but we did not get a statistically significant detection
(Singh et al. 2011).
3.2 AGN: Multiwaveband studies
VHE gamma ray emission has been detected mainly
from blazar subclass of AGNs which includes BL Lacs
and FSRQs. So far VHE gamma rays have been detected
from 70 blazars by various experiments. As blazars
have jets directed towards us, emission that is seen is
Doppler-boosted in jets. The blazars are characterized
by variability in all wavebands on various time scales
ranging from minutes to years. Their spectral energy
distributions (SEDs) show two humps and depending
on the location of the first peak, they are classified as
LBL (low frequency-peaked blazars), IBL (intermediate frequency-peaked) or HBL (high frequency-peaked,
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Figure 4. Top panel: Daily average light curve of Mkn
421 in February, March and April 2010 from HAGAR, bottom panel: the corresponding X-ray light curve from ASM
onboard RXTE (Shukla et al. 2012).

Padovani & Giommi 1995). Most of the blazars detected
at VHE energies are HBLs with the first peak in SED at
X-ray energies and the second one at TeV energies. The
first peak is generally attributed to synchrotron emission
from energetic electrons in the jet, whereas the origin of
the second peak is not clear. It could be either leptonic or
hadronic in origin. Synchrotron self-Compton or SSC
model is the most popular leptonic model. According to
this model, electrons gyrating in magnetic field of the jet
emit synchrotron photons giving rise to the first hump
in SED and these photons are Compton upscattered to
gamma ray energies by the same population of electrons
producing the second hump. There is another version
of leptonic models, external Compton model, which
is similar to SSC, but seed photons for Comptonization come from the regions outside the jet. Amongst
hadronic models there are proton synchrotron, proton
induced cascades due to interaction of protons with
ambient matter or photon fields, etc. A comprehensive
review is given by Böttcher (2007).
We have observed the blazar, Mkn 421 extensively
with HAGAR. This is a nearby blazar (z = 0.031)
and has shown frequently flaring activity in all wavebands including TeV. We detected flare from this source
using HAGAR in February 2010. This flare was also
detected by VERITAS, HESS and TACTIC (Singh et al.
2015). The light curve from HAGAR observations is
shown in Fig. 4 along with the X-ray light curve from
ASM onboard RXTE satellite for three observation
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Spectral Energy Distribution (SED) of Mrk421 on 17 Feb. 2010
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Figure 5. Multiwaveband SED of Mkn 421 during a flare
on 17 February 2010, fitted with single zone SSC model
(Shukla et al. 2012).

seasons – February, March and April 2010. These two
light curves show good correlation. Maximum flux was
detected by HAGAR on the night of 17th February of
about 6–7 crab units with a significance level of 12.7σ
above 250 GeV (Shukla et al. 2012).
We studied multiwaveband data during this flare from
radio to VHE gamma rays. These data were obtained
from various ground- as well as space-based telescopes.
We studied multiwaveband light curves as well as multiwaveband SEDs during various stages of the flare. SED
during the peak of the TeV flare on 17th February 2010 is
shown in Fig. 5, along with the fit with a single zone SSC
model. This model seems to fit data quite well and model
parameters include the jet parameters like Doppler factor, magnetic field and the parameters related to particle
distribution like electron density, electron spectrum in
addition to the size of the emission region. This entire
flaring episode is explained in terms of a passing shock
(Shukla et al. 2012).
This work was further extended using the data
collected over 21 observation seasons of HAGAR
spread over seven years. We studied multiwaveband
light curves and SEDs for a seven-year period. Figure 6 shows light curves from radio to VHE gamma
rays. The last panel shows the HAGAR light curve
with each point corresponding to average gamma ray
count rate per season. Several aspects were investigated using these light curves. The main findings from
these studies include detection of increase in variability with the frequency from radio to X-rays and later
from high energy to VHE gamma rays indicating similar origin for X-ray and VHE as well as for UV
and GeV gamma rays. Spectral hardening is seen in
X-rays but not in GeV gamma rays, again indicating

different origin for X-ray and GeV gamma rays. The
time lag between various wavebands was studied using
z-transformed discrete correlation function and radio
flux was found to lag behind the gamma ray flux by
52 days. Distributions of flux measurements in various
wavebands indicated lognormality. Also multiwaveband SEDs were generated for 21 observations seasons
of HAGAR and fitted with one zone SSC model. It
was found that the flux variations are mainly due to
changes in underlying particle distribution rather than
the changes in jet parameters like magnetic field or
Doppler factor. See Sinha et al. (2016) for further
details.
Another blazar observed extensively by HAGAR is
Mkn 501, which is again a nearby blazar at a redshift
of 0.034. It was detected in moderately high state with
a flux level of 1.5 crab units in April–May 2011 at 5σ
significance level. For this source also, multiwaveband
light curve and SEDs were studied. Here single zone
SSC model was found to be inadequate and one more
zone was added to the model. The fit with the two zone
SSC model is shown in Fig. 7. This indicates the presence of multiple components like at least two emission
zones in the jet. The outer zone is responsible for the
quiescent state flux and inner zone for flaring behaviour
(Shukla et al. 2015).
One more blazar that we have studied is
1ES1011+496 at a redshift of 0.212. This source was
observed with HAGAR in February 2014 after the flare
was reported by Fermi-LAT and some VHE experiments. HAGAR observations corresponded to the epoch
when flare had decayed as seen from Fermi-LAT and
there was no statistically significant detection of signal
from HAGAR observations. The multiwaveband SEDs
were studied which were successfully reproduced with
the single zone SSC model. In this case, curvature was
found in the underlying particle or electron distribution. The energy-dependent escape of particles from
emission region could reproduce the observed SED, see
Fig. 8 (Sinha et al. 2017).
There are few more sources we observed with
HAGAR which did not give statistically significant
detection. It should be noted that HAGAR is a small
experiment and its sensitivity is quite inferior to telescopes like MAGIC, HESS and VERITAS. We have
carried out broadband study for another blazar 1ES
1959+650 at a redshift of 0.047 during flare state. We did
not have statistically significant detection from HAGAR
observations. In this case, multiwaveband SED was fitted with a two zone SSC model (Patel et al. 2018).
Another source that we have studied is a gamma ray
binary LS I + 61◦ 303. Here SED is fitted with a
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Figure 6. Multiwavelength light curve of Mkn 421 from 2009–2015 covering radio (first panel), optical (second and third
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2011 fitted with two-zone SSC model (Shukla et al. 2015).

combination of SSC and Comptonization of external
photons from the companion star (Saha et al. 2016).
4. Future plans
4.1 Operations with TACTIC and MACE
Apart from regular observations with HAGAR, we
are planning to have coordinated observations with
TACTIC and MACE. TACTIC is BARC-operated imaging telescope at Mt. Abu with low-energy threshold of
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Figure 8. SED for the state S3 of the source 1ES
1011+496. Curves correspond to energy-independent and
energy-dependent escape of the particles from the emission
region (Sinha et al. 2017).

about 850 GeV. The 21-m diameter imaging telescope
MACE (Major Atmospheric Cherenkov Experiment),
which is the second phase of HiGRO, is being installed
at Hanle under the leadership of BARC (Koul et al.
2011). It is at an advanced stage of commissioning
and the first light is expected towards the end of this
year. MACE will have a threshold of about 40 GeV.
So the energy threshold of HAGAR is between that of
MACE and TACTIC, so coordinated observations will
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provide coverage over a wider energy range in the VHE
gamma ray band. Secondly, considering the proximity
of HAGAR and MACE, we expect some common triggers. MACE will be a single imaging telescope and will
have substantial contribution from muon triggers producing gamma ray-like images. These muon showers
are localized and hence can not be observed by more
than one telescope at a time. So HAGAR may help in
rejecting some of the muon showers seen by MACE and
this will improve the sensitivity of MACE. The possible improvement in sensitivity can be estimated through
simulations.
4.2 G-APD based imaging camera
Another project in which TIFR group is involved is
design and development of Geiger Avalanche Photodiode (G-APD) i.e. silicon photomultiplier based imaging
camera for 4-m class telescope, which will be installed
at Hanle. MACE telescope, which is at an advanced
stage of installation at present, will be operated in discovery mode, most of the time looking at candidate
sources or very faint objects. At the same time, it is necessary to keep track of known bright blazars. A 4-m class
telescope will serve the purpose and whenever it detects
flaring activity from any blazar, it will alert MACE to
carry out deeper observations. The imaging camera that
we are developing will be installed on one of the vertex
elements of TACTIC at Mt. Abu and after successful
completion of tests this telescope will be installed at
Hanle.
G-APDs are chosen rather than PMTs as photo
sensors for this camera because of their superior qualities. The most important ones are higher photon
detection efficiency and lower bias voltage requirement
typically <60 V. Also these devices can be operated in
bright environment safely, permitting the operation during moonlight and twilight thereby increasing the duty
cycle. The feasibility of G-APDs as sensors for atmospheric Cherenkov telescopes has been demonstrated by
successful operation of FACT5 telescope in La Palma
for the last few years (Anderhub et al. 2013).
The design parameters for camera are decided taking into account specifications of the TACTIC vertex
element. This camera will cover a field-of-view of
5◦ × 5◦ with physical size of 36 × 36 cm. The camera consists of 256 pixels each with an angular size of
0.3◦ × 0.3◦ . Each pixel will consist of 12.6 × 12.6 mm
G-APD with light concentrator mounted in front of it
to reduce the dead space between pixels. The design
5 https://www.isdc.unige.ch/fact/.
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criteria for electronics are decided by carrying out simulation studies. These include the dynamic range up to
1000 photoelectrons/pixel, pulse profile storage in 1 ns
bins, and capability to handle trigger rate up to 100 Hz.
The camera will consist of 16 modules of 16 pixels each. The entire electronics will be mounted at the
back of the camera. The front-end electronics will consist of temperature compensated bias supply for G-APD
pixels as the G-APD gain is sensitive to temperature,
pre-amplifier based on trans-impedence design and low
voltage power supply. The back-end electronics will
include trigger module, digitizer and data concentrator.
The trigger logic will be based on criteria like at least N
photoelectrons in M neighbouring pixels, for example,
8 pe in 4 neighbouring pixels. According to simulation studies, the energy threshold of 250–300 GeV is
expected with 8 pe in 4 neighbouring pixels trigger
condition. The pulses will be digitized using DRS-4
digitizer with a sampling rate of 1 GS/s. In addition
to this, there will be other subsystems like LASER or
LED-based in situ calibration setup, temperature and
humidity monitoring.
Figure 9 shows the 16 pixel prototype module with
front-end electronics which is being tested in the laboratory. Work on various back-end modules has been
progressing well. The various parts of the camera are
shown schematically in Fig. 9. The outer dimensions
of camera will be roughly 42 × 42 cm with a length of
about 60 cm. The weight of the camera is expected to
be within 100 kg. The data size will be 30 kbytes/event.
The telescope with G-APD based camera will be a good
instrument for monitoring bright sources.
4.3 Cherenkov Telescope Array
Cherenkov Telescope Array or CTA6 is the next
generation project in the field of VHE gamma ray
astronomy (Acharya et al. 2013). It is an international
collaboration with participation from 32 countries. CTA
will consist of 50–100 telescopes of three different sizes
and there will be two arrays, one in the northern hemisphere and one in the southern hemisphere, to provide
full sky coverage. CTA will have an order of magnitude improvement in sensitivity and other parameters
compared to present generation big telescopes. We have
been contributing for CTA at R&D level at present. We
developed calibration device for LST, i.e. large size
telescope of CTA, in collaboration with SINP. This
device is based on UV laser, filters and diffuser. It will
be mounted at the centre of the reflector and will shine
6 https://www.cta-observatory.org/.
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Figure 9. Left: 16 pixel module with front-end electronics. Right: schematic of the G-APD-based imaging camera.

on the camera at a distance of about 28 m (Palatiello
et al. 2017). We are also contributing towards the software development for CTA and, in future, we plan to
contribute towards G-APD-based camera for SST, i.e.
small size telescope.

5. Conclusion
HAGAR, a seven telescope array based on atmospheric
Cherenkov technique, is being successfully operated at
a high altitude location at Hanle in Ladakh region of the
Himalayas for more than nine years. Because of high
altitude location, HAGAR could achieve energy threshold of about 200 GeV. Several astronomical sources
have been observed in the last nine years and pulsations
from Crab pulsar as well as emission from blazars Mkn
421 and Mkn 501 has been detected. There are plans to
operate HAGAR in coordination with upcoming MACE
telescope at Hanle and TACTIC telescope at Mt. Abu.
Also G-APD based imaging camera is being developed
for a 4-m class telescope which will be dedicated for
the observations of known bright blazars.
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