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Abstract—Work is currently under way in the Tunka Valley, 50 km from Lake Baikal, to create the TAIGA
gamma observatory for studying gamma radiation and cosmic ray fluxes in the 10'*°—10'8 ¢V range of energies.
To detect gamma rays with energies above tens of TeV, a hybrid method of detecting showers is implemented.
It is based on data obtained by the TAIGA Imaging Atmospheric Cherenkov Telescope (IACT) and the wide-
angle TAIGA-HiSCORE array. The preliminary results from processing the telescope’s data for the low-energy
region (>2—3 TeV) are presented. Joint events with energy more than 50 TeV are analyzed and compared to
Monte Carlo calculations.

DOI: 10.3103/S1062873819080379

INTRODUCTION cosmic ray fluxes in the energy range of 103—10'8 eV.

The TAIGA gamma observatory [1—6] (Tunka The structure of the observatory includes the TAIGA-
Advanced Instrument for cosmic ray physics and HiSCORE array (which as of August 2018 consisted of
Gamma-ray Astronomy) is now operating in the 43 stations covering an area of 0.4 km?) [7]. A hybrid
Tunka Valley, 50 km from Lake Baikal. The observa- method of detecting gamma quanta was proposed and
tory is designed to study gamma radiation and charged validated in the TAIGA experiment [3], in which
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TAIGA-HiSCORE was supplemented with several
imaging atmospheric Cherenkov telescopes (IACTs)
located fairly wide distances (up to 600 m) from one
another [3]. The first IACT, positioned approximately
in the center of the TAIGA-HiSCORE array, was
commissioned in 2017 and is now fully operationional.

TAIGA-IACT ARRAY

The TAIGA-IACT telescope is equipped with a
composite Davies—Cotton mirror consisting of 29 seg-
ments with a total area of 8.5 m? and a focal length of
4.75 m. A sensitive camera with 560 PMTs, each of
which has a photocathode diameter of around 19 mm,
is installed at the focus of the mirrors. The diameter of
the camera is approximately 110 cm. The camera’s
viewing angle is 9.6°, and the viewing angle of each
pixel is 0.36°. The camera was assembled from similar
clusters, generally with 28 PMTs each (the number of
PMTs in the clusters at the edge of the camera is fewer
than 28). The readout system and the trigger system
were described in [1, 11].

The calibration of the camera, i.e. the determina-
tion of the relative sensitivity of PMTs and the coeffi-
cients for recalculating from the ADC codes to the
number of photoelectrons (PE), was done according
to the calibration files obtained when the camera
responded to a pulsed light source [8].

RECONSTRUCTING THE EVENTS
AND STATISTICS OF THE 2017—-2018 SEASON

The observations with the telescope were made
from October to March (118 days), with the time
divided between the two main test sources: the nearest
blazar Mkr421 (90 h from January to March) and the
Crab Nebula (176 h from October to February). For a
number of reasons, however, only around 25 h of obser-
vations were used in processing. The total trigger
count rate depended on the weather and snow cover
and averaged at approximately 1 KHz; the count rate
of the events in which the EAS signal was recorded was
approximately 16 Hz; and the count rate of joint events
(with EAS signals recorded simultaneously by the tele-
scope and TAIGA-HiSCORE array) was approxi-
mately 0.3 Hz. The procedure for reconstructing
events consisted of several steps:

(a) From the events accumulated every 2 min of the
camera’s operation, the average pedestal values and stan-
dard deviation o, are reconstructed for all channels of the
camera. These pedestal values are used to form ampli-
tude matrix Am (X;, Y;) (where X; and Y, are the pixel
coordinates) for the events recorded over those 2 min.

(b) Using the values of anode currents measured
every 30 s, the background light is monitored and the
quality of events is analyzed; unstable pixels and pixels
with light from the stars are excluded. Corrections are

BULLETIN OF THE RUSSIAN ACADEMY OF SCIENCES: PHYSICS

963

introduced for the source position deviating from the
center of the camera in a given night.

(c) The image is cleaned of noise (cleaning proce-
dure) from the pixels in which the signal amplitude
comes from fluctuations in the light background. A
pixel is included in the EAS image and selected if the
amplitude exceeds specified value N, PE, and is
greater than N, PE in at least one neighboring pixel
(N, = 1/2 N)). The choice of N, depends on the run
(measuring cycle) and is chosen as (3—5) X ©;, where
o; is the standard deviation of the pedestal for a given
pixel. In this approach, values N, and N, differ for dif-
ferent pixels. Total number N, of pixels included in
the image, and total number .S (size) of photoelectrons
in the image are also determined.

(d) The Hillas parameters [ 10] are determined from
matrix Am (X;, Y;): R, is the distance from the center of
the image to the center of the camera (dist); W is
width, L is length, Con is concentration, and o is the
angle between the major axis of the Hillas ellipse and
the vector oriented from the center of gravity of the
image to the center of the camera. Images are selec-
tively visualized to verify the quality of events.

(e) A search is performed for time-coincident (time
window, 1.5 us) events from the banks of those
detected by the IACT and TAIGA-HiSCORE array.
The selected joint events are assigned energy F, azi-
muth and zenith angles 6 and ¢, distance R, to the
shower axis from the telescope, and angle ® between
the direction of the shower and the direction to the
source. These parameters are obtained from the
TAIGA-HiSCORE array data using the approach
described in [2, 4, 5].

Study of the amplitude spectra of individual pixels
shows that the value of N, in cleaned events can be
chosen as 36; (~6—8 PE).

During observations of the Crab Nebula (CN),
1.8 million events were recorded in an effective time of
25 h. For the observations of source Mkr421 in
March 2018, the effective time was 20 h.

The search for joint events was conducted only
during observations of the CN. So far, only events
recorded by the first cluster of the TAIGA-HiSCORE
array have been analyzed.

MONTE CARLO SIMULATIONS
AND COMPARISON TO THE EXPERIMENT

Simulations using the Monte Carlo (MC)
approach were performed using the CORSIKA 7.3500
software (IACT option). The configuration of the
detectors corresponded to the array of 2017 (i.e., one
telescope and 30 stations of the first cluster). Cheren-
kov photons were passed through the telescope’s opti-
cal system (mirrors and a PMT matrix with Winston
cones) using the Optics program developed for the
TAIGA experiment by A.N. Grinyuk (Joint Institute
Vol. 83
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Fig. 1. Integral spectrum of size of the images (5, in pho-
toelectrons) recorded by the IACT over three days, and to
joint showers also recorded by the TAIGA-HiSCORE
array. Symbols represent the experimental values; the
lines, the MC calculations for the corresponding condi-
tions.

for Nuclear Research, Dubna [11]). The simulation
allowed for the cluster structure of the telescope cam-
era and the conditions for triggering. Several dozen
samples of events corresponding to different tasks were
processed. Approximately 30000 events (protons and
nuclei), along with 30000 events for primary gamma
quanta (£y > 40 TeV), occurred in the energy domain of
the hybrid detection of cosmic-ray EASes above 100 TeV.

Figures 1 and 2 show the integral size spectra (N, > 4)
for the events during the standalone IACT operation and
for the events also detected by the TAIGA-HiSCORE

array.

The MC calculations of such a spectrum depend
on the chosen primary spectrum. We used the data
from the latest experiments (direct and EAS) in the
energy range of 100—1000 TeV. The spectrum of all
particles was approximated using the function F(E) =
13000 - (E/10* )~2% m2 57! sr ! GeV!; of protons and
helium, F(E) = 7600 - (E/10Y 28 m2s 1 sr ' GeV . In
simulations, we used a sample of 3—1000 TeV events with
a spectral index of —2.65; for joint events, the sample was
the same but with a threshold of 100 TeV. Comparison of
the M-C simulation and the experimental data shows
that the energy threshold for detecting proton- and
nuclei-initiated EASes during the standalone opera-
tion of the telescope is approximately 3 TeV, while the
energy threshold for joint events is ~100 TeV. On aver-
age, EAS energies of approximately 1000 TeV corre-
spond to event sizes of ~2000 PE. These are rough
estimates, since the size of an event depends strongly
on the distance to the EAS axis.

The average lateral distribution functions (LDFs)
of the Cherenkov light recorded by the telescope at
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Fig. 2. Average image size S (in photoelectrons) at different

distances from the shower axis (R,), obtained from joint

events for three energy intervals: 80, 160, and 500 TeV. The
two lower curves are extrapolations to proton energies of 4
and 2 TeV, shown for the estimate of the region of thresh-
old detection.

different distances S(R,, E) from the shower axis were
constructed to obtain a more accurate estimate of the
threshold region. The LDFs were determined from
joint events with known energy and distance to the
shower axis for three energy intervals: 80, 160, and
500 TeV. The LDFs were then extrapolated to the
regions of 4 and 2 TeV (the two lower curves in Figs. 3
and 4). In the first approximation, the LDF of protons
and helium nuclei with a certain energy is close to that
of a gamma ray—initiated shower with half the energy.
In other words, we can detect gamma showers with
energies of 1—2 TeV in the region up to R, = 100 m.
The threshold is higher for more distant showers.

In [11], a variety of image parameters were com-
pared to MC calculations. The results from our IACT
search for showers of gamma rays from the Crab Neb-
ula and blazar Mkr421 in the low-energy region will be
published later, when these sources have been
observed for at least 50 h.

SEARCH FOR GAMMA-LIKE SHOWERS
FROM THE CRAB NEBULA IN THE REGION
ABOVE 40 TeV

From October to March, the CN can be observed in
the array’s aperture for up to 3.5 h per night. In the win-
ter of 2017—2018, only 14 days of joint observations of
the CN with the telescope and the TAIGA-HiSCORE
array were used for analyzing events; the effective time
was ~25 h. Seventeen thousand events were selected
(based on MC simulations, the expected number was
15 000); for 255 of these, the measured angle between
the direction of the shower and the one to the source
was © < 1°.
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Fig. 3. Image of a gamma-like shower in the IACT camera
(which has a structure of 22 clusters). The asterisk and line
are projections of the shower axis and the point of intersec-
tion with the ground on the plane of the telescope camera
upon the introduction of scaling factor R, (cm)/R; (cm);
the second line is the major axis of the image, determined
using the Hillas algorithm.

The reconstruction of joint events requires the use
of parameters determined from the HiSCORE: E, 6,
¢, R,; angle O between the direction of the shower and
the one to the source. We also use a number of param-
eters of the IACT image: S, R,, W, L, Con, and o (see
Event Reconstruction). For gamma-like events, o
does not exceed 10°—20° and W < 0.15°, as indicated
by MC calculations.

Figure 3 shows an example of a joint gamma-like event
recorded by the telescope and the TAIGA-HiSCORE
array: § = 709 PE, N;, = 23, W= 0.13°, L = 8.9°,
and o = 8.9°. The asterisk in Fig. 3 denotes the pro-
jection of the shower axis’s position on the plane of
the telescope camera upon introducing scaling fac-
tor R, (cm)/R, (cm) = 1500, obtained from the MC
calculations for gamma rays. The second line is the
major axis of the Hillas ellipse. For events coming
from the source to which the telescope is directed, the
line connecting the projection of the EAS axis and the
center of gravity of the image should cross the center of
the camera. The same event was detected by six sta-
tions of the TAIGA-HiSCORE array, and the follow-
ing parameters were determined: £ = 110 TeV, 6 =
32.9°, ¢ = 33.6°, R, = 231 m. The angle between the
direction of the shower, reconstructed using data from
the wide-angle array, and the direction to the source
was © = 0.33°. For a rough estimate of the possibility
of suppressing the background, Fig. 4 shows the width
distributions for joint events with .S = 1000—3000 PE,
in which showers were selected by the first 30 stations
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Fig. 4. Width distributions of joint events with .§ = 1000—
3000 photoelectrons and MC calculations for a similar
sample of events. The solid line shows the calculated width
for gamma rays in this sample of sizes.

of the HiISCORE array. This corresponded to short dis-
tances to the shower axis and high energies (£ > 100 TeV).
The line represents the MC simulations for a similar
sample of events that describes the experiment quite
well. Figure 4 also shows the width calculated for
gamma rays in such a sample of sizes. In the first
approximation, this ratio of width distributions corre-
sponds to the possibility of suppressing the back-
ground by 30 times in only one parameter of width.

From 255 showers with ® < 1°, we selected several
gamma-like events that, according to image parame-
ters, could be identified as gamma rays: W < 0.16°,
a < 18°, and R, < 3.2°. One such event is shown in the
figure. The energy of the events was 50—60 TeV, the
distance from the axis to the telescope was between
50 and 290 m, and © = 0.33°-0.7°. The expected
number of events from the CN in the energy region
above 50 TeV over an area of 0.25 km?, assuming the
gamma-ray spectrum measured in the HEGRA
experiment, was 5—10 events in 25 h, which is consis-
tent with our results.

CONCLUSIONS

Analysis of the operation of the first IACT as part of
the TAIGA array in the tracking mode for the CN and
blazar Mkr421 showed that events were detected in the
direction of a source of high-energy gamma rays with
energies above 40 TeV for the first time, using a hybrid
approach that combined data from the TAIGA-HiS-
CORE wide-angle array (with nanosecond measure-
ments of time) and one IACT with image analysis.
Approximately 17000 hybrid showers were recorded,
and ways of analyzing them were developed.
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The parameters obtained experimentally from both
arrays were brought to agree with ones obtained in the
Monte Carlo simulations.

The threshold energies of gamma rays were esti-
mated for the standalone operation of the telescope
(~1-2 TeV) and for the joint events recorded by
TAIGA-HiSCORE as well (~40—50 TeV).

Due to a number of technical problems in using the
telescope, the time of monitoring the test sources (CN
and Mkr421) was ~30 h (instead of the expected 100—
120 h). The search results for gamma rays from the two
sources in the energy range of 2—10 TeV will be presented
later, after at least 50 h of observation. In the range of
energies above 50 TeV, approximately 3—7 gamma-like
candidates were found using the hybrid approach.
Their statistical significance will be determined later.

The area of the TAIGA-HiSCORE observatory

will be expanded to 1 km? in the 2018—2019 season,
and two new telescopes will be added.
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