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ELEMENTARY PARTICLES AND FIELDS
Experiment

Detection of TeV Emission from the Crab Nebula Using the First Two
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Abstract—This paper presents the results of an analysis of observations of the Crab Nebula gamma-ray
source with the first two atmospheric Cherenkov telescopes of the TAIGA (Tunka Advanced Instrument
for cosmic ray physics and Gamma Astronomy) astrophysical complex in the stereo mode of observations.
The article analyzed observational data from 2020 to 2021. Over 36 hours of observations, a signal was
obtained at a statistical significance level of 5o and a spectrum of gamma rays was plotted in the energy
range from 2 to 70 TeV. The paper describes a technique for gamma—hadron separation and reconstruction
of detected gamma-rays energy.
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TAIGA-HiSCORE consists of 120 Cherenkov
detectors in an area of 1 km?. The energy threshold
of the installation is about 40 TeV. TAIGA-IACT
currently includes 3 telescopes ~300 m apart. It is
planned that in the nearest future the installation will
be expanded to 5 telescopes, which will increase the
effective area of the detector. The energy threshold of
each telescope in stand-alone mode is ~2 TeV. The
main idea of TAIGA is the simultaneous operation of
HiSCORE wide-angle detectors, which are capable
of reconstructing the arrival direction of events and
the position of the EAS axis on the ground with
high accuracy [8, 9], and atmospheric Cherenkov
telescopes (IACTs), capable of performing gamma—
hadron separation with high reliability. Such a hybrid
approach makes it possible to detect gamma rays in
the energy region above 100 TeV, the nature of which
is currently a debatable issue, and new observational
data on gamma-ray sources can clarify it. This work
is focused on the study of data from the joint work
of first two IACTs on TAIGA, the energy threshold
of which is 8 TeV and allows the detection of bright
sources of high-energy gamma rays, such as the Crab
Nebula[10].

2. TAIGA-IACT

In the classification of CTA [11], TAIGA-IACTs
are small size telescopes (SST). The dish of each of
them follows the Davis—Cotton design and consists
of 34 spherical mirrors with diameter 60 cm (9.6 m?
total area) and the focal length of the telescopes is
4.75 m. The dish diameter is 4.3 m. The telescope’s
cameras contain ~600 XP1911 PMTs grouped into
clusters controlled by the MAROC3 chip. The tele-
scope trigger is formed when the amplitude exceeds
10 photoelectrons (p.e.) in two neighboring pixels
within 15 ns. The camera’s field of view (FoV) is 9.6
degrees (0.36 degrees per pixel) with a 0.07 degree
point spread function [7]. More technical details can
be found in[12].

Based on the observational data from the first
TAIGA-IACT, a signal with a statistical significance
of 120 was obtained from the gamma-ray sources
Crab Nebula [13, 14] and with 5o from the blazar
MRK421 [13].

3. MONTE CARLO SIMULATION

Simulation of EAS was carried out in CORSIKA
[15] version 7.35 with QGSJET-I1-04 [16] model for
high-energy interactions and GHEISHA-2002d [17]
for low-energy interactions. EAS were modeled in
the range of zenith angles of 30—40 degrees, which
corresponds to the experimental observation angles
of the Crab Nebula in the Tunka Valley. Gamma
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rays were simulated in the range from 20 to 200 TeV
and protons from 40 to 400 TeV in the amount of
2.5 x 10* and 18.6 x 10%, respectively. EAS axes are
randomly generated over an area of 3 km? around the
installation.

The photon bunches at the output of CORSIKA
were traced in a special optical simulation program
[18]. This program models the optical properties of
[IACT up to the PMT photocathodes and outputs
individual photoelectrons to the IACT camera. After
that, each photoelectron is passed through the tele-
scope’s trigger simulation program. The photoelec-
tron amplitudes are chosen randomly, in accordance
with the experimentally measured amplitude distribu-
tion of the XP1911 PMT in [19], where the effect of
afterpulses is also taken into account. As a result, an
EAS image is formed in the camera of each telescope,
the analysis of which makes it possible to estimate the
energy and type of particles (hadron/gamma).

4. MONTE CARLO CALCULATIONS
OF THE TELESCOPE RESPONSE AND
THEIR EXPERIMENTAL CALIBRATION

For a correct reconstruction of the parameters of
primary particles, it is necessary to know the ratio be-
tween the total number of photoelectrons recorded by
telescopes (size) and the flux of Cherenkov photons
generated in EAS reaching [ACT (Q). To calculate
the coupling coefficient R = size/Q, events detected
by the TAIGA-IACTO! and the TAIGA-HiSCORE
installation were selected. For these events, accord-
ing to the data of the HISCORE detectors, lateral dis-
tribution functions (LDFs) were constructed, on the
basis of which the flux of Cherenkov photons at the
telescope location was determined. The distribution
of Reyp is shown in Fig. 1. The average value of this
is0.56 +0.03 £ 0.07s;. A similar coefficient included
in the simulation is Rgj, = 0.63 &= 0.03, which, within
the limits of the error, agrees with the experimentally
measured value.

5. RECONSTRUCTION
OF EAS PARAMETERS

Events with the following parameters were se-
lected for reconstruction:

e atotal number of p.e. above 120;

e dist0!3) <3.5 degrees;

"dist0 is the angle between the direction of the maximum
shower development (the image CoG) and the direction of
the telescope.
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Fig. 1. (a) An example of the EAS spatial distribution function; (b) experimental distribution of the coefficient R.

e events detected by the both telescopes.

For these events parameters such as the EAS
arrival direction in the FoV of the telescope camera,
the position of the shower axis on the ground (impact
parameter), and the shower development maximum
(Xmax ) were reconstructed.

The particle arrival direction was determined as
the weighted average position of the intersection
points of the main axes of the EAS images in each
[ACT camera. This procedure has been described
in detail in [10]. The accuracy of arrival direction
reconstruction for the first two [ACTs is 0.25 degrees.
Here and below, the reconstruction accuracy means
the size of the region within which 68% of the events
from the number of events included in the analysis are
contained.

For reconstruction of an EAS core position, a
similar technique is used. In this case, the positions
of the telescopes relative to each other, as well as the
zenith angle of observation, are taken into account.
In addition, since the position of the observed source
in camera is known, lines connecting the CoGs of the
event with this position are used instead of crossing
the main image axes. The accuracy of axis location
determination for the first two IACTs was found to be
equal to 18 meters.

The Xuax parameter can be reconstructed if
the height of the shower development maximum is
known. The shower development maximum corre-
sponds to the image Co(@, and at a known distance to
the EAS axis, the height of the shower development
maximum can be calculated from geometric consid-
erations [20]:

impact parameter

height = dist1 ’

(1)
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where distl is the angle between the EAS arrival di-
rection and the image CoG. Altitude can be converted
to g/em? using the Standard Atmosphere Model for
an altitude of 450 m above sea level and an average
temperature of —17.5°C [21].

6. GAMMA—-HADRON SEPARATION

The main parameters of events for gamma-—
hadron separation are normalized width and 62.
is the angle between the direction to the EAS source
and the reconstructed shower arrival direction. The
normalized width is the sum of the widths of the
EAS images in each triggered IACT, normalized to
the distance to the EAS axis and the number of
triggered telescopes. A detailed description of the
normalized width can be found in [10, 22].

The criteria for gamma selection were found
through optimization, in which a cut was applied
to each of these two parameters, the value of which
varied from the minimum possible value of this
parameter to the maximum. Such a combination of
selection criteria was found, in which the fraction of
stored gamma rays remains at the level of 50% of the
number of events recorded in the stereo mode, and
the hadron suppression is maximum. The resulting
hadron suppression was ~3.8 x 107°. The effective
area for gamma rays was obtained as 0.2 km? in the
energy region above 60 TeV (Fig. 2).

7. DETECTION OF THE GAMMA RAYS
FROM THE CRAB NEBULA

The analysis of observations of the gamma ray
source Crab Nebula included 37 hours of observation
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Fig. 2. Effective area TAIGA-IACT in stereo mode with first two telescopes.

from October 2020 to February 2021. The experiment
uses the wobble observation technique [23]: the tele-
scope is directed in such a way that the source is at a
distance of 1.2 degrees from the center of the camera
every 20 minutes. This approach makes it possible
to eliminate the influence of the features of individual
camera pixels on the resulting excess of gamma rays.
To increase the statistical significance of the gamma-
ray excess, the background was estimated from 7
background regions in the camera’s FoV, 1.2 degrees
away from the camera center.

As a result of applying the optimal selection crite-
ria obtained in the simulation to the events detected
in the experiment, an excess of 37 gamma-like events
from the region containing the source in relation to 7
background regions was obtained. The significance
of the excess was calculated based on the Li—Ma
equation [24] and amounted to 5o (Fig. 3).

8. ENERGY RECONSTRUCTION

For energy reconstruction of gamma rays, the de-
pendence of the energy on size in the image detected
by the telescope in the simulation was determined
for different values of X« and impact parameters.
In this regard, the entire space of possible X and
impact parameters was divided into separate bins
with a step of 70 g/cm? and 10 m, respectively. For
events that fell into a certain bin by X,,,x and impact
parameters, linear dependences of energy on size
were determined, on the basis of which the recon-
structed energy can be obtained. For this method
the energy resolution is 10% for a range from 20 to
200 TeV.

The energy of 37 gamma-like events selected in
the experiment was determined using this method, as

a result of which the spectrum of gamma rays was
plotted in the energy region above 5 TeV. The spec-
trum is in good agreement with the measurements
of other gamma-ray observatories (Fig. 4). The last
bin of the spectrum in the range from 34 to 69 TeV
contains 6 gamma-like events.

9. CONCLUSIONS

This paper presents a method for reconstructing
EAS parameters from primary gamma rays recorded
by the first two atmospheric Cherenkov telescopes
of the TAIGA astrophysical complex in stereo mode.
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Fig. 3. 6 distribution for gamma-like events.
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Fig. 4. Energy spectrum of gamma rays from the Crab Nebula measured by the first two IACTs in TAIGA in stereo mode. The
last bin of the spectrum in the range from 34 to 69 TeV contains 6 gamma-like events.

Based on these parameters, gamma—hadron sepa-
ration and reconstruction of the energy spectrum of
selected gamma rays from the Crab Nebula was car-
ried out. The obtained spectrum from 5 to 69 TeV
is in good agreement with the observations of other
observatories. With the TAIGA-IACTO03, we expect
to detect 30—40 gamma rays from the Crab Nebula
in 300 hours with energies above 100 TeV, which will
be an important result for Cherenkov measurements,
since at present gamma rays with similar energies are
detected only by high-mountain installations detect-
ing charged EAS particles.
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