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Abstract—In this work, the ability of rare VHE gamma ray selection with neural network methods is
investigated in the case when cosmic radiation flux strongly prevails (ratio up to 10* over the gamma
radiation flux from a point source). This ratio is valid for the Crab Nebula in the TeV energy range,
since the Crab is a well-studied source for calibration and test of various methods and installations in
gamma astronomy. The part of TAIGA experiment which includes three Imaging Atmospheric Cherenkov
Telescopes observes this gamma-source too. Cherenkov telescopes obtain images of Extensive Air
Showers. Hillas parameters can be used to analyse images in standard processing method, or images can
be processed with convolutional neural networks. In this work we would like to describe the main steps and
results obtained in the gamma/hadron separation task from the Crab Nebula with neural network methods.
The results obtained are compared with standard processing method applied in the TAIGA collaboration
and using Hillas parameter cuts. It is demonstrated that a signal was received at the level of higher than
5.50 in 21 h of Crab Nebula observations after processing the experimental data with the neural network

method.
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1. INTRODUCTION

Gamma-ray astronomy is a rapidly developing
field of observational astrophysics. Gamma particles
are unique because of the absence of charge, so they
are not deflected by galactic magnetic fields. Due to
this fact the presence (or lack) of gamma radiation
while studying the sky can tell about the processes
occurring in this region of the sky and indicate the
presence of a possible gamma-ray source. The
separation of the gamma-ray particle flux from the
isotropic background cosmic radiation and recon-
struction of it is spectrum allows astrophysicists to
study the processes happening in supernova explo-
sions or in the ultrarelativistic particles movement in
the accretion disk of a black hole. There are different
mechanisms for generating gamma photons, which
also affect the quantity and energy of gamma radi-
ation emitted. The flux of ultrahigh energy gamma
photons (UHE gamma-quanta, energy range 10—
100 TeV) becomes so small that in that energy range
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itis possible to study the sky in gamma rays only from
ground-based installations [1].

To detect and measure the parameters of gamma
rays coming from space scientists are developing new
methods, creating various installations and conduct-
ing different experiments. In gamma-astronomy and
astrophysics detection of UHE gamma-ray photons
along with cosmic radiation occurs only from the
surface of the Earth, using indirect method of ex-
tensive air showers [2]. As a result of interaction
gamma photon with energies more than 1 GeV (high
and UHE) and atmosphere, gamma photon decay
into an electron-positron pair which generates a large
number of electrons of lower energies when passing
through the atmosphere and interacting with sur-
rounding atoms. This electromagnetic cascade pro-
cess is called an extensive air shower (EAS). During
the cascade process thousands of relativistic particles
are produced, making indirect observations possible.
[t is worth noting that cosmic radiation also create
EASs, however, due to the fact that the cosmic ra-
diation consists of atomic nuclei (mainly protons),
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a cascading nuclear process will be observed along
with electromagnetic processes. And since in both
cases the secondary particles of EAS are relativis-
tic, Cherenkov radiation appears in the atmosphere
during the shower development, which can also be
recorded along with other components of shower. The
spatial distribution of Cherenkov radiation strongly
depends on the initial (primary) particle. In the pro-
cess of EAS from cosmic rays many subshowers arise
due to the large number of rapidly decaying 7°, =¥,
m~ -mesons, leading to significantly larger size of the
shower from a charged particle than from gamma
photon. Classification of events depending on the
type of primary particle is possible based on this fact.

There are several methods to detect Cherenkov
light from showers and gamma photons specifically,
but in this work all attention will be drawn to Imag-
ing Atmospheric Cherenkov Telescopes (IACTs).
Cherenkov telescopes in many experiments have a
common design: a spherical mirror and a camera
made of photomultipliers (PMTs) at the focus of
the mirror. The duration of a Cherenkov flash light
is on the order of several nanoseconds, but this is
sufficient to obtain a “photo” of the EAS as data for
further analysis. The installations that include IACTs
are the MAGIC [3], H.E.S.S. [4], VERITAS [5]
experiments and the developing CTA [6] and TAIGA-
[ACT experiments.

The gamma observatory TAIGA, located in the
Republic of Buryatia near Lake Baikal, Russia, is
a unique facility that register several components of
extensive air showers including Cherenkov radiation
using IACTs. TAIGA-IACTs have a spherical mirror
with a diameter of about 4 m with focal length 4.75 m,
as well as a camera with a matrix consisting of 560—
600 PMTs with field of view 9.7°. At this moment
three telescopes are in operation. A more detailed
description of the TAIGA and TAIGA-IACT exper-
iments can be found in [7].

The main task of TAIGA-IACT is to separate
the flux of UHE gamma photons from the hadron
background of cosmic radiation and reconstruct the
energy spectrum of gamma radiation from the source
observed. To do this, Hillas parameter method [8, 9]
are used, where the first and second central moments
(Size, Length, Width, etc., so called Hillas parame-
ters) are calculated from the EAS “photo,” and after
that events are divided according to these parame-
ters. TAIGA-IACTs detect gamma photons in the
energy range of several tens and hundreds TeV where
a strong imbalance of gamma and cosmic radiation
fluxes occurs. The ratio of the gamma flux to hadron
flux is approximately 1:10* for the Crab Nebula
which is used to calibrate and verify different instal-
lations in gamma astronomy. In the current situation
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standard processing methods do not allow us to com-
pletely separate events caused by gamma photons
from hadron events. At the same time bounds and
cuts used are not standardized and different combi-
nations of Hillas parameters and conditions on them
lead to different results in the standard method. Along
with all of the above the Hilas parameter method is
the only method of data processing and analysis in
TAIGA-TACT, which makes it essential to explore
other ways of data analysis that could solve the ex-
isting disadvantages of the standard method.

Deep learning methods are considered as an alter-
native processing method. We would like to notice
that the application of deep learning methods in the
TAIGA-TACT experiment has already been consid-
ered [10—12], when the signal stands out well with
an imbalance of flows 1:1000. In this work, this
classification method has been developed and sup-
plemented, which makes it possible to achieve good
signal separation accuracy even with a greater im-
balance of gamma photon flux. This method has also
been tested on experimental data from TAIGA-TACT.

2. DEEP LEARNING METHOD
FOR TAIGA-IACT DATA CLASSIFICATION

Deep learning is a machine learning method that is
based on the use of multilayer representations (artifi-
cial neural networks, or ANNs) trained by a computer
on large amount of input data. The basis for this
method was the Universal Approximation Theorem
and the Perceptron Convergence Theorem, proven
at the end of the 20th century, which initiated the
development of deep learning methods [13, 14].

One of the first stages in the development of a
deep learning method for TAIGA-IACT was the re-
quirement to determine the type and structure of a
neural network. Since the input data are images
a convolutional neural network (CNN) (Fig. 1) was
considered, consisting of a block of convolutional
layers that analyze image and extract structural or
statistical features in images for each class and a
block with fully connected layers classifying IACT
images. By the class in the input data we mean the
type of the primary particle that produced air shower:
0 is a hadron, / is a gamma photon.

Python was used as a tool for creating CNN using
Tensorflow and Keras libraries. ReLLU (rectified linear
unit) activation function was applied between hidden
layers in CNN, however, the sigmoid activation func-
tion is used at the output. As loss function binary
cross-entropy was used in CNN training. Taking into
account all the above this determines the classifica-
tion problem that CNN should solve. The output data
are values in the range [0; 1], which are interpreted
as measure of the probability that the image under

Suppl. 2 2024



5624

Images 41x41

|

Convolutional layer 3x3x96

Convolutional layer 3x3x96

MaxPooling layer 2x2, s=2
Conv. 1. 4x4x128
Conv. 1. 4x4x128

MaxPool. 1. 2x2, s=2
Conv. . 4x4x196
Conv. 1. 4x4x196

MaxPool. 1. 2x2, s=2
Conv. . 5x5x384
Conv. 1. 5x5x384

MaxPool. 1. 2x2, s=2
¥

| 512 neurons ]

20x20x96

10x10x128

5x5x196

2x2x384

| 256 neurons |

| 128 neurons |

\_1:1._[

Gamma score

Fig. 1. Architecture of convolutional neural network con-
sidered in this work.

consideration by CNN is generated by gamma photon
(the so-called gamma score of the image).

2.1. Training Data Set

An equally important aspect in the neural net-
work method is the data on which the training takes
place. It is due to the fact that the neural network
learns to approximate on the training samples, there-
fore the training data must be large and represen-
tative, i.e., contain all the expected phenomena in
the experiment. Thus, the training dataset included
Monte Carlo (MC) simulated gamma events [15], the
spectrum of which had a spectral index —2.6 in the
energy range from 1 to 200 TeV (set was compiled
to approximately correspond to the spectrum of the
Crab Nebula in this energy range). Gamma images
were generated using CORSIKA software [16] and
specialized software for simulation of the TAIGA-
[ACT response [17].

The simulation was applied only to create a data of
the class /. Experimental data (hadrons) were taken
for the class 0. The decision to use experimental
data instead of MC protons is due to the fact that the
correct spectrum and nuclear composition of cosmic
radiation are already taken into account in the experi-
ment naturally. In the experimental data there are also
possible noise effects related with the operation of the
telescope that can be hardly predicted in simulation.

GRES et al.

Before training all images were preprocessed as
follows: cleaning, image modification according
Wobble pointing mode, image transformation to a
square shape and logarithmic scaling of image pixels.
The cleaning step involves removing islands of noise
pixels created by background illumination (the low
cleaning threshold was 7 phe, the high threshold
was 14 phe). Image modification according Wobble
pointing mode [18] considers because in TAIGA
simulations all events are generated with the source
of gamma photons in the center of the camera, which
is not true in the experiment. Due to the Wobble the
gamma-ray source is located at a certain distance
from the center of the camera, which, as shown by the
experiment in [12], can be a critical in image recogni-
tion and classification by neural networks in TAIGA-
[ACT. Also Wobble helps to estimate the number
of false-positive events. Image transformation to a
square shape is necessary because the original image
structure is hexagonal, and CNN can not process
such images. To bypass this restriction of CNNs, the
image transformation algorithm was performed using
the axial method [19]. The logarithmic scaling of pixel
amplitudes which converts amplitudes into the range
of values [0;1] allows us to improve the quality of CNN
training.

In previous works [10—12] it was established that
despite the studied neural network structures the
achievable limit of hadron background suppression
B, defined as the ratio of the numbers of hadrons
before and after classification, is no more than 1000.
In order to increase B to the desired value of 10000,
it was decided to sort the data by some substantial
feature, which distribution shape would be very
different from the type of the primary particle. The
Hillas parameter, the angle «, was considered as
such substantial feature. This angle determines
the orientation of major axis of the ellipse, which
describes the spot of EAS on the camera, relatively
the gamma source. Figure 2 shows the distributions
of the angle a depending on the type of primary
particle. This effect is related to the physics of the
process, since cosmic radiation flux is isotropic (this
statement is true for particle energies up to 1018 eV).
Gamma photons being neutral particles come almost
directly to Earth from a gamma-ray source, creating
a pronounced peak in the orientation of the ellipses on
the telescope camera. Together with the angle «, total
pixel brightness (Size) was also considered to reject
events with Size less than 120 phe. The rejection of
such events is necessary to avoid strongly distorted
with cleaning or too dim images.

Taking into account all the above, MC anal-
ysis showed that after Size > 120 phe and «a <
20° approximately 90% gamma photons and 20%
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Fig. 2. Angle « distribution for gamma-events (leit) and hadrons (right).

hadrons remain (next will be referring as soft selec-
tion conditions). After Size > 120 phe and « < 6°
there remain 50% gamma photons and less than
10% hadrons (strict selection conditions). Conse-
quently, the hadron background is suppressed already
10 times with this approach with minimal loss of
gamma events, so CNN was trained on a training
dataset with soft selection conditions.  Training
set consisted of 38400 MC gamma events and
40000 experimental hadron events. To enlarge the
number of training samples artificial expansion was
applied using image rotations every 60° because
of the symmetry of the hexagonal structure of the
camera matrix. Therefore the number of training
samples was equal to 470400. The training lasted
for 25 epochs to avoid CNN overfitting.

2.2 Validation

Validation helps to estimate the quality of the clas-
sifier’s training. The validation set with soft selection
conditions consisted of 9500 MC gamma events with
the same energy characteristics as the gamma events
in the training set and 9600 experimental hadrons.
All events have been preprocessed in the same way
as the training samples. The distribution of gamma
score for gamma and hadron events of validation set
after training are demonstrated in Fig. 3. Since as an
output gamma score lies in range [0; 1], it’s necessary
to determine only two classes—gamma photon (1) or
handron (0). To make this, class threshold needs to be
defined. In gamma astronomy separation threshold
usually are taken at 50% gamma photon loss from
the primary set (in this case validation set). Conse-
quently, that leads to the value of class threshold of
0.9965, when 4771 gamma photons and 3 hadrons
remain. In this case the accuracy of the classifier
is 99.93% and the hadron suppression B is approx-
imately 3000. Taking into account the soft selec-
tion conditions, the classification quality estimation
shows that the coefficient B reaches the desired value
of 10000 with a loss of approximately 50% gamma
events.
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3. TEST VERIFICATION ON EXPERIMENTAL
DATA AND COMPARISON WITH STANDARD
PROCESSING METHOD

Since the desired quality of hadron suppression
was achieved on the validation set, the next step
was to apply the neural network method to the test
set of experimental data. For this purpose, 6 nights
were selected in November—December 2019, when
the Crab Nebula was observed. The Crab nebula
is a well-studied source in many spectral ranges,
including the gamma ray with energies of the order
of 10 TeV, therefore this source is used in calibrations
and testing of new observation methods in gamma
astronomy. Before classification events were taken in
clear nights, when the weather index, based on the
estimation of the upper limit of magnitude with CCD
camera, was greater than 9, and the count rate of
cleared events was greater than 8 Hz.

The LiMa significance ([20], Eq. 17) calculation
was used to estimate the level of extracted signal.
To assess the number of the hadron background on
the camera, according to the Wobble pointing mode,
10 OFF-points were taken with one ON point, where
the Crab Nebula was located when pointing.

4L P
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hadrons = 59
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Fig. 3. Distribution of CNN classifier output for vali-

dation data, consisting of 9500 MC gamma events and
9600 experimental hadrons.
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Fig. 5. Distributions and interdependence of Hillas parameters for events selected at ON point by standard and CNN with
strict selection conditions during observation of the Crab Nebula for 21 hours.

Alongside with the deep learning method experi-  the ellipse respectively, Size is the total brightness
mental data were also processed using the Hillas pa-  of the image, Distance and angle o or 62 define the
rameter method. It was mentioned that the standard  distance and orientation between the center of gravity
method is based on the calculation of the first and of the ellipse and the center of the camera matrix (after
second moments from images, which, from a purely  taking into account Wobble pointing method).
geometric point of view, parameterize the spot on the For the TAIGA-IACT experiment, the following
PMT matrix with an ellipse. Parameters such as restrictions (cuts) on the Hillas parameters were de-
Length and Width are the major and minor axes of  rived, which successfully allowed us to isolate the
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Table 1. Classification results and assessment of signal significance with standard and deep learning methods on Crab

Nebula data obtained at November—December 2019 year

Processing method Observation time, h < Noff > Non FExcess SLiMa
Hillas parameters cuts 94 160 66 5.84
CNN with Size > 120 phe and « < 20° 21 161.8 253 91.2 6.26
CNN with Size > 120 phe and « < 6° 79.3 148 68.7 6.48

signal from the Crab Nebula at the level of 120 using
LiMa estimation of signal significance for 150 obser-
vation hours [21]:

Size > 120 phe; 0.36° < Distance < 1.44°;
0.024° < Width < (0.068°1g(Size) — 0.047°) ;
Length < (0.145°1g(Size)) ; 62 < 0.05°. (1)

With further explanations in this work Hillas param-
eters cuts refer to the set of bounds and dependencies
specified in Eq. (1).

Figure 4 demonstrated the average hadron back-
ground < Nopp > calculated from 10 OFF points,
excess over background in ON point where source is
located, and LiMa criterion calculated for each data
analysis method on each night. We would like to
note that in the first 4 nights under consideration
the observations were quite long (3—4 h), unlike on
December 2 and 5 (1—2 h). This affects the total
number of events at both the OFFs and ON points
when counting events. Also it is easy to see from
the diagram that strict selection conditions in CNN
method allows us to achieve the same level of the av-
erage background as in the Hillas parameter method
with low losses in the excess. That is why two
selection conditions, soft and strict, were considered
for separating events before giving them to CNN.
However, the complete separation was not reachable
with CNN method despite two selection conditions.
It can also be seen that the excess and Sp;m, are
significantly different for one night (November 29,
2019). Since the data was already selected by weather
conditions, it is not entirely clear why there is such a
strong difference in classification on one night while
on other days everything is approximately the same.

Table 1 shows the assessment for all nights in
total. It is demonstrated that the quality of CNN
classification, regardless of the selection conditions,
is on the same level than the standard method. In the
meantime, 46 events were selected simultaneously by
the standard method and CNN (soft selection condi-
tions) in ON point. However if we exclude Novem-
ber 29 from consideration, we get that the signal from
the Crab Nebula is allocated at the level 0of 6.3, 5.10,
and 5.5¢ by the Hillas parameters and CNN methods
with soft and strict selection conditions, respectively.
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In this case, the standard method gives a higher sig-
nificance level than the CNN method, so fine-tuning
and adjustment of the model used in this work is
still required to improve the efficiency of CNN in the
experiment.

Since neural network is essentially a black box,
it is difficult to track the dependence of millions of
parameters with complex nonlinear connections be-
tween layers. Therefore, it was also necessary to
compare the selected events using those geometric
parameters (the same Hillas parameters), the distri-
butions of which a person is able to investigate and
understand. The distributions and dependencies of
Hills parameters for events selected by both methods
(standard method and CNN classifier with strict se-
lection conditions) of analysis at the ON point of ob-
servation are demonstrated in Fig. 5. For CNN with
soft selection conditions the shape of the distributions
are similar to the ones showed. [t can be seen from the
graphs that the distributions of parameters such as
Size, Distance, and Length are in good agreement
with each other and the same boundaries under study
(see Eq. (1)). Width distributions are an exceptions.
Neural network method, along with narrow ellipsoid
events, selected events with large values of minor axes
Width, making almost half of the events be above the
linear dependence of Width(Size). Since CNN is
an approximator with complex nonlinear connections
within itself, it may happen that distributions under
consideration are not precisely coincided.

4. CONCLUSIONS

The gamma observatory TAIGA is a unique in-
stallation with many detectors and tools for searching
for answers in many areas of theoretical physics. In
gamma ray astronomy, one of the main observation
instruments which uses various methods to separate
gamma photons from cosmic ray radiation and to re-
construct their primary characteristics is the Imaging
Atmospheric Cherenkov Telescope.

In the course of this work the method of convolu-
tional neural networks to solve problems in process-
ing and analyzing data from TAIGA-IACTs was con-
sidered. Despite the fact that the complete separation
of gamma photons and hadrons in the experiment
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was not achieved, it was shown that deep learning
methods give the result comparable to the standard
method of data processing and analysis. When study-
ing the quality of classification and comparison with
standard processing method, it can be concluded that
CNN can be an effective and independent selection
approach at this stage of the work. In particular, the
signal from Crab Nebula were obtained on 6.5¢ level
of significance for 21 h of observation time. 68 gamma
events were obtained during this period of time.

In the future, it is planned to further develop and
improve neural network methods for processing and
analyzing experimental TAIGA-IACT data. The next
stages of the work are to consider a larger amount of
data to gather more statistics and, along with this,
to study other gamma sources observed by TAIGA-
[ACT using this method. Since signal extraction is
the first step in analyzing experimental data in gamma
ray astronomy, in perspectives it is also planned to
develop deep learning methods to reconstruct the en-
ergy spectrum from experimental data.
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