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Abstract—The paper is devoted to the modeling and analysis of data detected by the TAIGA-IACT installa-
tion in the stereo mode. Five Imaging Atmospheric Cherenkov Telescopes (IACT) with a viewing angle of
9.6° are expected to be included in the installation. Today there are three telescopes spaced far apart (from
320 to 500 m) in the installation. The effective area of the installation is as large as 0.6 km?; therefore, it is
possible to conduct statistically significant measurements of weak y-ray sources in the energy range above
10 TeV over a reasonable observation time (300—400 h). The Monte Carlo procedure for simulating the had-
rons and y-rays detected by the telescopes is described as is the procedure for reconstructing the parameters
of extensive air showers, such as the arrival direction of an event, the axis position, the depth of the maximum
of shower development (X,,,,), and the primary-particle energy. In order to solve the problem of y-hadron
separation, the criteria for selecting y-rays detected in the stereo mode have been optimized and the effective
area of the installation has been calculated.
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1. INTRODUCTION extragalactic objects. In particular, y-ray astronomical

observations in the energy range above 10 TeV can

Research in the field of y-ray astronomy is one of  answer the question of the nature of cosmic rays in the
the main channels for obtaining information about knee region (3 x 10 V). Over the past 3 years, Y-rays
high-energy processes occurring in both Galactic and  with energies above 100 TeV have been detected for the
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first time from the Crab Nebula source and other
galactic sources [ 1, 2]. This adds interest to the hadron
mechanisms of generation of high-energy y-rays [3].
Thus, such high-energy y-rays have been detected only
by high-altitude observatories that measure charged
particles of extensive air showers (EAS) [1, 2, 4] gen-
erated by these particles in the Earth’s atmosphere.
In this regard, it seems important to reconstruct the
energy spectrum of y-rays from these sources by mea-
suring EAS, e.g., based on the detection of Cherenkov
radiation of showers.

The Tunka Astrophysical Complex, located in the
Tunka Valley (Republic of Buryatia, Russia), was cre-
ated to study cosmic rays by detecting Cherenkov radi-
ation from EAS. The research was started in 1993. The
first installation included only four optical detectors;
nevertheless, it allowed obtaining a cosmic-ray spec-
trum in the knee region (3 % 10 eV). The complex was
further developed by deploying a number of prototype
installations, on which the technique for reconstruct-
ing EAS parameters was tested [5]. As a result, the
Tunka-133 installation has been constructed [6].

Tunka-133 began data acquisition in 2009. Cur-
rently, the installation includes 175 optical modules
spread over an area of 3 km?. Based on observations
over two seasons (2009—2011), a spectrum has been
obtained in the energy range of 105—10'® eV, and its
complex structure, which had not been observed
before, was subsequently confirmed by measurements
of other observatories [7].

The successes of Tunka-133 led to the construction
of the Tunka-Grande [8] and Tunka-REX [9] installa-
tions on the territory of the observatory with the aim of
detecting cosmic rays with energies above 10 PeV and
finalized in the creation of the TAIGA y-ray observa-
tory (Tunka Advanced Instrument for cosmic ray
physics and 7y-ray Astronomy) on the basis of the
Tunka Astrophysical Complex [10].

The TAIGA 7y-ray observatory is the northernmost
observatory (51.810°, 103.067°) for detecting y-rays in
the region of very high energies (>1 TeV) and is used
for long-term observations of sources with high decli-
nations.

The uniqueness of the observatory lies in the joint
use of Cherenkov detectors of different types. In addi-
tion to the installations listed above, imaging atmo-
spheric Cherenkov telescopes (IACTs) of the TAIGA-
IACT (Imaging Atmospheric Cherenkov Telescope),
as well as a array of wide-angle TAIGA-HiSCORE
(High Sensitivity Cosmic ORigin Explorer) detectors
(Fig. 1), are used to detect EAS induced by primary
high-energy particles [11]. Due to the high density of
the TAIGA-HiSCORE installation, which includes
120 optical modules at a distance of 106 m from each
other, the EAS energy and direction of arrival can be
determined with high accuracy: 0.4°—0.5° for events
with 4—5 triggered stations and ~0.1° for events with
more than ten triggered stations [12, 13]. The IACTs
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are used in the TAIGA complex to select showers
induced by 7y rays. Telescopes form an image of the
angular distribution of EAS light, based on of which
the particle type (hadron/y) can be determined. The
IACTs are capable of detecting EAS from a distance of
up to 600 m, which allows them to be placed at a suffi-
ciently large distance from each other.

Thus, the combined use of a grid of 120 TAIGA-
HiSCORE detectors and five TAIGA-IACT imaging
atmospheric Cherenkov telescopes make it possible to
determine the type of detected particles, their energy,
and the direction of arrival. The energy threshold for
the joint operation of the installations is 40 TeV. At the
same time, the area covered by the installation turns
out to be significantly larger compared to classic IACT
stereo systems, such as HESS [14], MAGIC [15], and
VERITAS [16]. The work is currently underway on
designing the Cherenkov Telescope Array (CTA) y-ray
observatory aimed at research in the range of very high
energies (from 20 GeV to 300 TeV) [17]. It is expected
that an array of more than 100 IACTs of different types
will be used in the CTA observatories located in the
southern and northern hemispheres to collect signifi-
cant statistics in this energy range. This is quite a chal-
lenge, both in terms of setting up the observatory and
maintaining it. It is assumed that, in the final config-
uration, the areas covered by the southern and north-
ern CTA observatories will be approximately 4 and 1
km?, respectively [18].

Although the TAIGA-IACT and TAIGA-HiS-
CORE detectors can be jointly used in the energy
range of >40 TeV, research in the field of lower ener-
gies using TAIGA instruments is also possible and is a
matter of great interest to modern astrophysics. In par-
ticular, there are a number of y-ray sources whose
spectrum has been measured to ~10 TeV and now
requires clarification [19, 20]. The study of the lower-
energy region (>1 TeV) is possible if separate TAIGA-
IACT telescopes are used (the mono mode of observa-
tions). However, the accuracy in reconstructing the
EAS parameters at this approach is not too high.
In particular, the energy resolution of events detected
in the mono mode is 30—40% [21]. In the energy range
above 8 TeV, EAS from primary y-rays can be detected
by several telescopes of the installation simultaneously
(stereo mode), which leads to a significant improve-
ment in the accuracy of reconstructing the parameters
of a primary particle. Thus, the energy resolution of
events recorded in the stereo mode of the TAIGA-
IACT operation is approximately 10%. In this regard,
the main purpose of this work is to investigate the pos-
sibility of detecting 7y-rays by imaging atmospheric
Cherenkov telescopes of the TAIGA-IACT installa-
tion in the stereo mode.

In the following sections, we describe the configu-
ration of the TAIGA-IACT installation composed of
five telescopes, the procedure for modeling hadron
and y-ray events detected by the TAIGA-IACT instal-
Vol. 67
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Fig. 1. Relative position of the detectors of the TAIGA astrophysical complex.

lation, and the procedure for analyzing events
detected by the installation in the stereo mode.

2. TAIGA-TIACT

The imaging atmospheric Cherenkov telescope is
equipped with an alt-azimuth mount, which allows
tracking of y-ray sources. The telescope includes a
4.3-m-diameter reflector consisting of 34 spherical
mirrors with a diameter of 60 cm, and a detecting cam-
era located at the focus. The viewing angle of the tele-
scope is 9.6° (0.36° per pixel) with point spread func-
tion (PSF) of 0.07° [22]. The focal length of the tele-
scopes is 4.75 m. The cameras contain approximately
600 XP1911 photomultiplier tubes (PMTs) with a
15-mm-diameter photocathode. All pixels are grouped
into clusters, each of which is controlled by a board
based on an MAROC3 application-specific integrated
circuit [23]. Each of the 64 MAROC3 channels
includes a preamplifier with adjustable gain, a charge-
sensitive amplifier with a variable integration time, and
a comparator with a configurable threshold. The chip
has an analog multiplexed output that is connected to
a 12-bit ADC [24].

Each PMT is connected to two MAROC3 chan-
nels. The difference in the gain coefficients of the pre-
amplifiers of these channels is 30, which ensures the
linearity of the charge-to-code conversion for up to
3000 photoelectrons with a PMT gain of 10°. A local
cluster trigger is generated if the signals of two adjacent
PMTs (pixels) in a cluster exceed the threshold ampli-
tude within 15 ns.

The detecting camera of the telescope forms an
angular EAS image, the shape of which can be used to
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reconstruct the parameters of the primary particle,
such as the particle type (hadron/y), energy, direction
of arrival, and position of the EAS axis.

According to the observations of the first IACT,
v-ray photons from Markarian 421 blazar were
detected in the mono observation mode. The signifi-
cance of the y-ray excess was 56 [25]. The first two
telescopes detected y-rays from the Crab Nebula in
both mono [21] and stereo modes at a statistical signif-
icance level of 126 and 50, respectively.

3. MONTE CARLO SIMULATION

The EAS simulation was carried out using the
CORSIKA program [26] version 7.35 using the QGS-
JET-1I-04 model [27] for high-energy interactions
and GHEISHA-2002d [28] for low-energy interac-
tions. The positions of five TAIGA-IACT telescopes
were used in the input files. Showers from primary
protons and y-rays were simulated. The energy range
was 40—400 TeV for protons and 20—200 TeV for y-ray
photons with a spectrum slope of —1. The zenith
angles of 30°—40° corresponded to the observation of
the Crab Nebula in the Tunka Valley. Photons from
the CORSIKA output data were tracked in the dedi-
cated TAIGA-optics optical modeling program [29].
This program simulates the optical response of
TAIGA atmospheric Cherenkov telescopes up to PMT
photocathodes.

The data on the number of photoelectrons in cam-
era pixels obtained on the basis of the optical modeling
program were used to simulate the camera response,
which included the procedure for generating the tele-
scope trigger (see Section 2). In this case, the photo-
Vol. 67
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Fig. 2. Example of an event detected by the first two telescopes of the TAIGA-IACT installation. The white dot is the position of
the y-ray source in the field of view of the telescope. The ellipse is an approximation of the EAS image proposed by Hillas [31].

electron amplitudes were randomly selected in accor-
dance with the amplitude distribution measured for
XP1911 PMT in [30], which also took into account the
influence of afterpulses.

As a result of the described procedure, a set of
images generated in the camera of each of the triggered
telescopes was obtained for each simulated EAS. Fig-
ure 2 shows an example of an event detected by the
first and second telescopes of the installation.

Since each pixel of the telescope surveys an indi-
vidual area of the sky, the distances in the images
obtained from the telescope cameras are measured in
degrees. The standard analysis of the detected EAS
assumes the parameterization of images proposed by
Hillas [31]. As a result of the parameterization, each
image can be represented by an ellipse, the center of
which are the first-order moments (Xc, Yc), and the
axes are the second-order moments (width, length) of
the original image in the detecting camera of the tele-
scope. The following parameters are also calculated
for subsequent analysis:

1. size - the total number of photoelectrons in the
event;

2. alpha - the angle between the major axis of the
ellipse and the line connecting the center of gravity
(CoG) of the image and the position of the source in
the field of view of the telescope.

This parameterization allows for an effective anal-
ysis of the detected events, as a result of which the
main EAS parameters can be reconstructed and
Y—hadron separation can be performed.

Since only a part of the installation is often trig-
gered during EAS detection (depending on the energy
of the primary particle and the position of the EAS
axis), all events can be analyzed in different stereo
modes, such as 2, 3, 4, and 5. In other words, the anal-
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ysis can be performed separately for events detected by
only two telescopes, three, etc. In this paper, all calcu-
lations are performed for events detected in the 2+
mode, which means that the analysis includes events
that triggered two or more telescopes.

In addition to the selection by the number of trig-
gered telescopes, the events recorded in stereo mode
were limited by the total number of photoelectrons
(more than 120) and the position of the CoG of the
ellipse in the camera (less than 3.5°) from the center of
the camera. These limitations are related to the fact
that dimmer and cropped by the camera edge images,
as a rule, impair the accuracy in reconstructing the
EAS geometry.

To verify the correspondence between simulation
and experimental data, distributions of the total num-
ber of photoelectrons were constructed on their basis
for events detected by two telescopes (Fig. 3a). The
counting rate of such events was approximately ten
times lower than that of mono events, both in the sim-
ulated samples and in the experiment.

3. 1. Reconstructing the Direction of EAS Arrival

When point y-ray sources are observed, the direc-
tion of arrival of EAS from y-ray photons in the FoV of
the telescope is known. Therefore, reconstructing the
position of the source can be useful for y—hadron sep-
aration. To solve this problem, the direction of particle
arrival was determined as the weighted average posi-
tion of the intersection points of the major axes for all
ellipses (Fig. 4). The axes of the images in the two trig-
gered telescopes intersect at a point

b, — b
a —a

X = and y=ax+b, (1)

Vol. 67 No.1 2024



v-RAY DETECTION WITH THE TAIGA-IACT

Normalized number of events

147

Normalized number of events

-1 r1  —— Experimental data
Pl (b) - Oct. 22, 2020
0.008 + 12+ I_ | ==- Simulation
10+
0.006 -
8+
0.004 6L
4+
0.002
2k
L === 1 1 1 1 1 ] 0 n
0

0 50 100 150 200 250 300 350 40
Size, photoelectrons

0.4°
Width

0.3°

Fig. 3. Comparison of the experimental and Monte Carlo distributions of (a) the size events detected by the TAIGA-IACTOLI tele-
scope and (b) the width events detected by the TAIGA-IACTOI telescope.

where g; and b; are the coefficients in the equations for
the major axes of ellipses of the form y = ax + b. Each
pair of telescopes provides a point that falls into a two-
dimensional histogram with a weight

size, + size,
N

(2)

sin A,

trig

size;
1
where A is the angle between the intersecting lines [10]
and N, is the number of triggered telescopes. The
resulting direction of arrival of the event is determined
as the mean value of the histogram filled with intersec-
tion points

Nbin i
where N,;, is the number of bins of the histogram
along the axis (the same for x and y). Figure 5a shows
the distribution of the error in reconstructing the posi-
tion of the source in the FoV of the telescope (0). The
mean error was 0.14°. The mean error hereafter refers
to the radius of the circle containing 68% of the num-
ber of events included in the analysis.

3.2. Reconstructing the Position of the EAS Axis

The EAS axis is reconstructed following the tech-
nique that is used to reconstruct the position of the
source. In this case, the positions of the triggered tele-
scopes relative to each other, as well as the zenith angle
of observation, are taken into account. Figure 5b
shows the distribution of the error in reconstructing
the position of the EAS axis. The mean error is 24 m.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

3.3. Effective Area

To estimate the effective area of the installation and
optimize the criteria for the selection of y-rays, a set of
events from primary protons of cosmic rays in the
energy range from 40 to 400 TeV was simulated. For all
simulated events, the EAS parameters were recon-
structed, on the basis of which y-ray photons were

Y

2°F

Fig. 4. Determining the position of the source in the FoV
of the telescopes. Ellipses are the approximations of the
EAS image in each telescope, the intersections of the
major axes of which provide the reconstructed position of
the source.

Vol.67 No.1 2024
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Fig. 5. Error in reconstructing (a) the position of the EAS axis and (b) the direction of EAS arrival.

selected. The selection of y-rays was carried out by
applying the selection criteria to the following event
parameters:

1. the square of the angle between the direction of
EAS arrival and the direction towards the source

under study (0?);
2. the normalized width (w).

In the stereoscopic approach, the normalized
width is similar to the width parameter described in
Section 3. It is determined as follows [32]:

w = L % Widthi — Wy (’;’asjzei) (4)
N | 5 WMAD (’;’Sizei)

where N, is the number of triggered telescopes, width;
is the width parameter in this triggered telescope,
w,(¥;, size;) is the median width value characteristic of
events with a given size; and distance to the shower axis
(), wmap(;, Size;) is the median absolute deviation of
the width parameter distribution for events in the same
range of values of r; and size;, and wy,pp and w,, are the
tabular values and are determined from the simula-
tion.

Based on the obtained dependences for wy,p and
w,, on the total number of photoelectrons, a distribu-
tion of normalized widths was obtained in accordance
with Eq. (4) for simulated y-ray photons and hadrons
(Fig. 6).

The optimal criteria for the selection of y-rays were
determined via optimization, in which a limitation was
placed on each of the three parameters described
above, the value of which varied from the minimum to
maximum value of this parameter. During the optimi-
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zation, all possible combinations of selection criteria
were tested. A combination was found in which the
proportion of saved y-ray photons remained at a level
of 50% of the number of events detected in stereo
mode, and the suppression of hadrons turned out to be
maximum. The resulting suppression of hadrons was
on the order of 4.2 x 107,

The effective area of the TAIGA-IACT installation
was constructed based on the obtained event-selection
criteria (Fig. 7). In the energy range above 30 TeV, the
effective area exceeds 0.5 km?. As a result, 1225, 132,
and 48 y-ray photons can be detected over 200-h
observation from the Crab Nebula, the CTA1 pulsar
wind nebula, and the Tycho supernova remnant,
respectively.

3.4. Energy Reconstruction

The energy of detectable EAS initiated by y-rays is
currently reconstructed on the basis of three parame-
ters:

1. size;
2. the distance to the EAS axis;
3. the maximum depth of shower development X,,,,.

3.4.1. Reconstruction of the maximum depth of EAS
development. X, ,, can be reconstructed if the height of
the EAS development maximum is known. For stereo
systems of Cherenkov telescopes, there is a technique
that allows one to determine this parameter.

This technique is based on the fact that the EAS
image in the telescope camera contains information
about the angle between the direction of EAS arrival
and the direction towards the maximum of EAS devel-
Vol. 67
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Fig. 7. Effective area of the TAIGA-IACT installation after modeling the hardware trigger of telescopes and applying optimal cri-

teria for selecting y-like events.

opment. The shower development maximum corre-
sponds to the CoG of the image and, knowing the dis-
tance to the axis, one can calculate the height of the
shower development maximum from the geometry
[33]:

height = "MPact (5)
dist

where impact is the distance between the telescope and
the EAS axis and dist is the angle between the direction

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

towards the source and the center of gravity of the
image. The altitude can be transformed to g/cm? units
using a standard atmosphere model for an altitude of
450 m above sea level and an average temperature of
—17.5°C [34].

The mean value of the X,,,, reconstruction error
calculated according to Eq. (5) changes with an
increase in the distance towards the EAS axis from 90
to —120 g/cm?. This is due to the fact that the CoG
position of the image does not exactly correspond to
Vol. 67

No.1 2024



150 VOLCHUGOV et al.

Number of events

800 |-
6s = 36 g/cm’

700

600

500
400

300
200

100

0—200—150—100—50 0 50 100 150 200

: 2
Reconstruction error X,,,, g/cm

Fig. 8. Error in reconstructing the depth of the maximum
of EAS development.

the EAS development maximum. At small distances to
the axis (up to 400 m), the dist value for determining
the height of the shower development maximum is
underestimated. Above 400 m, the disf value overesti-
mates the evaluated value of the X,,,, position. The
dependence of the average error of the reconstructed
Xmax Values on the distance to the axis can be corrected
by the linear function. In our case:

dy =aXimpact+ b, (6)

where a = —0.14, b = 58.15, and dy I the surplus
factor. The use of this dependence to correct the
reconstructed value of the maximum height of the
EAS development has led to a decrease in the mean
error to 36 g/cm? (Fig. 8).

Number of events
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102
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2X10T 3x1014x10T  6x10! 1x10?
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3.4.2. Energy spectrum and resolution. In order to
reconstruct the energy of individual events, the depen-
dence of the particle energy on the total number of
photoelectrons of the image recorded by the telescope
in the simulation was determined. This dependence
appears to be different for different X,,,, values and
distances to the axis in each individual event.

In this regard, the entire space of possible X, val-
ues and distances to the axis was divided into separate
bins with step of 72 g/cm? and 10 m, respectively. For
events that fell into a certain X,,,,, and disfance bin, lin-
ear dependences of the energy on the size were deter-
mined, on the basis of which the reconstructed energy
could be obtained. The energy resolution was calcu-
lated for each energy bin using the formula

reco sim
o ‘E - E,
res - Z 51m

where N is the number of events in a certain energy

; (7)

bin, E;°* is the reconstructed energy of the event, and

E™ is the simulated energy of the event. This method
was applied to the reconstruction of event energies in
the range of 20—200 TeV, and the energy resolution

was approximately 10% (Fig. 9).

4. CONCLUSIONS

The paper presents the possibilities of determining
the parameters of y-rays with energies of 20—200 TeV
detected by the TAIGA-IACT installation consisting
of five telescopes. The error in determining the posi-
tion of the source was 0.14°, and the position of the
EAS axis is reconstructed with an accuracy of 24 m.
The position of the maximum of the shower develop-
ment can be determined with an accuracy of 36 g/cm?,
which leads to an energy resolution of the recon-
structed +y-ray spectrum at a level of approximately
10%. The suppression of the hadron background is on

Energy resolution, %

(b)
%10+
9%x10° F
8x 100}
%107 3x1014x107  6x107  1x102
Energy, TeV

Fig. 9. (a) Reconstructed and simulated energy spectrum of simulated Y quanta and (b) the energy resolution.

INSTRUMENTS AND EXPERIMENTAL TECHNIQUES

Vol. 67 No.1 2024



v-RAY DETECTION WITH THE TAIGA-IACT

the order of 4.2 x 1073 at an effective installation area
of 0.6 km? in the energy region above 30 TeV. This will
allow acquisition of significant statistics in 200-h
observations of the Crab Nebula, the pulsar wind neb-
ula in CTAI, and the Tycho supernova remnant: 1225,
132, and 48 events, respectively.
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