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TAIGA—An Innovative Hybrid Array for High Energy Gamma Astronomy,
Cosmic Ray Physics and Astroparticle Physics
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Abstract—The physics motivations and advantages of the hybrid detector complex TAIGA are presented.
TAIGA aims to address gamma-ray astronomy at energies from a few TeV to several PeV units, as well
as cosmic-ray physics from 100 TeV to several EeV units and astroparticle physics problems. In 2021
deployment and commissioning of the one square kilometer TAIGA setup in the Tunka valley ~50 km
West from Lake Baikal will be finished. The first experimental results with the TAIGA are presented.
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1. INTRODUCTION

The most effective way to investigate the nature
of galactic and metagalactic high-energy cosmic-ray
sources is studying their gamma-ray fluxes. To date,
the most significant results in high-energy gamma-
ray astronomy have been obtained using HEGRA
[1], H.E.S.S. [2], VERITAS [3], and MAGIC [4]
experiments, which include 2 to 5 Imaging Atmo-
spheric Cherenkov Telescopes (IACT). Using these
facilities more than 200 sources of gamma rays with
energy above 1 TeV were discovered, however, few
photons with energy above 100 TeV were detected
due to insufficient effective area of the installations
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for such energies. The CTA project [5] plan to cover
4.5 km? using 70 Small Size Telescope (SST) to
study gamma-ray sources in energies above 10 TeV.
In addition to Cherenkov telescopes, important infor-
mation about gamma-ray sources has recently been
obtained from high-altitude installations that detect
charged particles of extensive air showers (EAS):
Tibet-I1I [6] and HAWC [7]. In 2021 in Tibet, it is
planned to commission a complex installation called
LHASSO [8].

In the TAIGA (Tunka Advanced Instrument for
Gamma Astronomy and cosmic-ray physics) project
a hybrid approach for studding of high-energy gamma
rays and cosmic rays is in development [9]. Its fu-
ture is the integration of [ACTs of TAIGA-IACT ar-
ray and timing Cherenkov wide-angle array TAIGA-
HiSCORE as well as Tunka-Grande and TAIGA-
Muon scintillation arrays for detection of EAS elec-
trons and muons. This approach makes it possible
to reduce the cost of installations with an area of
10 and more square kilometers for studying fluxes of
ultrahigh-energy gamma rays. The main goals of the
TAIGA experiment: search for PeVatrons—galactic
objects in which protons are accelerated to energies
of 1—100 PeV; search for energy limits of particle ac-
celeration in supernova remnants and pulsar nebulae;
search for an excess of diffuse gamma radiation with
energies above 100 TeV; search for correlations with
neutrino events from the IceCube neutrino observa-
tory; investigation of the shape of the gamma-ray
spectrum with energies above 10 TeV from blazars,
which will also allow obtaining upper bounds on the
density of Extragalactic Background light, EBL [10];
search for photon transitions in axion-like particles,
ALPs [11], which may be associated with a higher
transparency of the Universe than even for the min-
imum EBL [12]; search for violations of Lorentz in-
variance [13] and dark matter; search for astrophysi-
cal optical transients in the nanosecond range, search
for electromagnetic tracking of mergers of black holes
and neutron stars and interaction of star-like ob-
jects from antimatter with the galactic environment;
search for superheavy dark matter in the framework
of the Starobinsky cosmological inflation model. Us-
ing the data obtained with the TAIGA astrophysical
complex, the energy spectrum and mass composition
of cosmic rays in the energy range 0.1 PeV—1 EeV
will be reconstructed in detail. In this energy range,
one expects a change in the main sources of acceler-
ation in the Galaxy and a transition from Galactic to
Metagalactic sources or to Galactic sources of a new
type, capable of accelerating CR to energies of 0.1—
1 EeV. A new method for measuring the parameters
of stars, based on Intensity Interferometry on a large
base with an angular resolution of the order of several
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tenths of a microsecond, will be introduced into the
TAIGA complex.

In 2021 deployment and commissioning of the
TAIGA pilot complex with hybrid detectors system on
one square kilometer area in the Tunka valley ~50 km
West from Lake Baikal will be finished.

2. THE TAIGA PILOT COMPLEX

The TAIGA pilot complex includes 120 wide-
angle (field of view 0.6 sr) optical stations of the tim-
ing Cherenkov array TAIGA-HiSCORE, distributed
with spacing of 106 m over an area of about 1 km? and
three Imaging Atmospheric Cherenkov Telescopes
of the TAIGA-IACT array (Fig. 1), for a detailed
description of the installation, see [14].

Simulation results show that combining of infor-
mation about EAS axis direction, core position and
energy measured with timing TAIGA-HiSCORE
array with shower image parameters reconstructed
using TAIGA-IACT data dramatically suppresses
the cosmic-ray background even for large distances
(300—500 m) between core position and IACT [15].
To test this idea experimentally three telescopes of
TAIGA-IACT are installed at the vertices of a triangle
with sides of 300, 400, and 500 m approximately
between TAIGA-HiSCORE optical stations (Fig. 2).

3. THE TAIGA PILOT COMPLEX
PRELIMINARY RESULTS

The procedure of the EAS parameters reconstruc-
tion from the TAIGA-HiSCORE data is based on
methods and algorithms developed for Tunka-133
data processing [16]. Zenith angle 6 and azimuth
angle ¢ of the shower direction are reconstructed by
fitting the measured delays with the curve shower
front: AT =T; — Ty = R (R + 500)/(cF'), where T}
is the estimated delay for a plane front, R the per-
pendicular distance from the shower axis in meters,
c the speed of light, and F' the third variable pa-
rameter (together with 6 and ¢). The accuracy of
the zenith angle 6 reconstruction is 0.1°—0.4° de-
grees depending on the number of hit optical stations.
The reconstruction of the EAS core position is per-
formed by fitting the measured amplitudes A; with
an amplitude—distance function. The accuracy of
EAS core position determination is about 5—10 m.
The primary particle energy is reconstructed using
the Cherenkov light flux density at a distance of 200 m
from the EAS axis with an accuracy of about 15%.
The energy threshold of the TAIGA-HiSCORE array
for gamma-ray detection is 40—50 TeV, for cosmic-
rays—80—100 TeV.

Figure 3 shows the preliminary results of recon-
structing of the energy spectrum of the cosmic-rays
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Fig. 1. A wide-angle optical station of the timing Cherenkov array TAIGA-HiSCORE
Cherenkov Telescopes of the TAIGA-IACT array (in the background).

i "
20 600 21——22

B B B 25 A

Fig. 2. The scheme of the TAIGA pilot complex detectors location. Squares—optical station of the timing Cherenkov array
TAIGA-HiSCORE, circles—IACT.

using the TAIGA-HiSCORE and the Tunka-133 NUCLEON balloon experiments and the results ob-
[17] data. Our energy spectrum obtained by the
Cherenkov method is in good agreement in the lower

energy range with the results of the ATIC-2 and 100 PeV, our spectrum is consistent with those from
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Fig. 3. Energy spectrum of primary cosmic rays according to the TAIGA-HiSCORE and Tunka-133 data in comparison with
the results of other experiments.
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Fig. 4. (a) Hillas parameters used to select events generated by gamma rays. (6) An example of a joint hybrid “gamma-like”
event. Image Hillas parameters are: Size—709 photoelectrons, Width = 0.13°, ALPHA = 8.9°.

the Telescope Array and the Pierre Auger Observa-  telescope cameras and restoring image parameters
tory. consists of the following steps. 1) Reconstruction
Processing of Cherenkov images of EAS in the of the amplitude matrix Am (X;, Y;) (X;, Y;—pixel
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Fig. 5. The preliminary distribution of the detected EASs depending on the a angle for 80 hours of a source observation in
the Crab nebula. Selection criteria: Size >125 p.e., 0.36° < dist < 1.44°, width <0.0756(logSize) — 0.468°, length <0.312°,

c2 > 0.54.

coordinates) with subtraction of the values of the
pedestal in each pixel; the values of the pedestal are
determined as the average value for every 2 minutes.
2) Reading information from the telescope tracking
files and determining the source position in the cam-
era (On) and the background position point (Off).
3) Excluding pixels with instrumental interference in
the PMT and subsequent electronics, as well as pixels
with traces of stars and background signals from
charged cosmic rays physically passing through the
PMT. 4) Cleaning images from random distortions
(Cleaning procedure): only pixels with an amplitude
greater than N; were selected and yet they had at
least one neighboring pixel larger than Ns, as well
as neighboring pixels. We chose Ny ~ 60, No ~
30;, where o; is the root-mean-square value of the
background (pedestal), usually varying from 1.8 to 3
photoelectrons depending on snow cover and cloud
conditions. The total number of selected pixels, N pix,
and the total number of detected photoelectrons, S
(image size) were measured. 5) Calculation of Hillas
parameters [18]: width, length, size, DIST, ALPHA
(Fig. 4a), and other image parameters. 6) Back-
ground suppression and the detection of gamma-like
showers in the parameters of the images. In particu-
lar, the ALPHA angle should be small (less than 10°)
for gamma events. Figure 46 shows an example of a
“gamma-like” event detected by the first IACT and
the TAIGA-HiSCORE array. The asterisk in this
figure indicates the projection of the position of the

EAS axis on the plane of the telescope camera with
the scaling factor taken into account: Rp/Rec = 1500
(Rp is the distance from the telescope to the EAS
axis locating, Rec is the distance from the center of
the camera to the asterisk), the line in the figure is
a direction of the EAS axis, restored according to the
TAIGA-HiSCORE array data.

In 2019—2020, the telescope monitors the Crab
in the Wobbling Mode [19]: the central axis of the
telescope is directed at a point shifted relative to the
direction of the Crab at +1.2 degrees (changing the
direction every 20 minutes). Figure 5 shows the pre-
liminary distribution of the detected EASs depending
on the ALPHA angle for 8 hours of a source obser-
vation in the Crab nebula in winter 2019—2020. The
distribution is constructed both for events when the
telescope is pointed on the source (ON distribution)
and to the background region without the source
(OFF distribution). The distribution shows an excess
Exc = 213 events for ON distributions at ALPHA <
10°, which indicates the detection of gamma rays
from the Crab nebula by the first TAIGA-IACT.

4. CONCLUSION

The combined operation of the Cherenkov imag-
ing array and the timing array is the most cost-
effective way to create an array, whose effective area
is tens of square kilometers, to explore superhigh-
energy gamma quanta. The expected integral sensi-
tivity of the 1-km? TAIGA setup will be about 2.5 x
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9.

10713 TeV ecm~2 s~! for detection of gamma quanta
at energy 100 TeV during 300 hours source observa-
tion. The TAIGA experiment will be the northernmost
gamma-ray experiment, and its location provides ad-
vantages for observation of the sources with large
declinations.
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