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Abstract—A brief overview of the history of atmospheric Cherenkov gamma-ray telescopes is given. Topical
problems of modern astrophysics and fundamental physics to be solved with these instruments are listed. The
ALEGRO project of a low-threshold gamma-ray observatory is characterized in detail. The aim of this proj-
ect is to examine cosmic gamma-ray sources (especially the rapidly variable gamma-ray sources, gamma-ray

transients) with high statistics of detected photons in the energy range of 5—50 GeV.
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INTRODUCTION

Sharing its place with radio, infrared, optical, and
X-ray astronomy, gamma-ray astronomy is one of the
major fields of observational astrophysics. Modern
methods for observing cosmic gamma quanta cover in
the range of 0.1 MeV to several tens of teraelectronvolts
[1]. Gamma astronomy provides an opportunity to
study the most energetic events in the Galaxy and out-
side of it. The events in question are associated with
stellar explosions at late stages of evolution (see, e.g.,
[2, 3]), stellar merger, the propagation of shock waves,
and intense high-velocity outflows formed in the
vicinity of supermassive black holes in active galactic
nuclei (see, e.g., [4]). The study of processes in these
physical systems is crucial for constructing a coherent
theory of evolution of the universe and validating the-
oretical models of particle physics at energies in excess
of 100 TeV, which remain out of the reach of Earth-
based accelerators. In addition, modern gamma-ray
astronomy is engaged in experimental verification of
various hypotheses in fundamental physics (e.g.,
hypotheses on the nature of dark matter [5], quantum
gravity (specifically, Lorentz invariance violation [6]),
etc.). These unsolved issues make gamma astronomy
one of the most active fields of modern astrophysics and
turn gamma-ray observations of cosmic sources into a
unique source of data on the nature of these objects.

Both space-based (e.g., INTEGRAL, AGILE,
Fermi, etc.) and terrestrial (e.g., H.E.S.S., VERITAS,

MAGIC, ARGO-YBJ, TAIGA-HiSCORE, etc.)
instruments may now perform observations in the
gamma range. Cherenkov gamma-ray telescopes offer
the highest sensitivity in the range of 0.1—100 TeV.
Such telescopes do not detect cosmic gamma quanta
directly; instead, they measure the fluxes of Cheren-
kov photons. These photons are secondary particles
coming from extensive air showers (EASs) initiated by
primary cosmic particles (gamma quanta and cosmic-
ray (CR) particles with an energy of several gigaelec-
tronvolts or more) that interact with the atmosphere of
the Earth. This makes these instruments efficient in
detecting gamma radiation of cosmic sources and,
along with their relatively low (compared to satellites)
cost, contributes to their scientific appeal.

In the present study, a brief overview of the history
of Cherenkov gamma-ray telescopes is given, and top-
ical problems of modern astrophysics and fundamen-
tal physics to be solved with these instruments are
listed. The project of a low-threshold Cherenkov
gamma-ray observatory (conception of which was
proposed by F. A. Aharonian in [7]) is also character-
ized in detail.

1. BRIEF OVERVIEW OF THE HISTORY
OF CHERENKOV GAMMA-RAY TELESCOPES

A brief overview of the history of Cherenkov
gamma-ray telescopes is given below. A more detailed
technical review may be found in [8]. Several stages of
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development of Cherenkov gamma-ray astronomy
may be distinguished. The first experiments confirm-
ing the possibility of observing EAS Cherenkov radia-
tion from high-energy cosmic-ray particles were per-
formed in the 1950s by Galbraith and Jelley in Great
Britain [9] and A. E. Chudakov and N. M. Nesterova
in the Soviet Union [10]. The success of these experi-
ments and the idea that both high-energy gamma
quanta and CR should initiate atmospheric EASs have
encouraged scientists to attempt detecting cosmic
gamma radiation using the Cherenkov technique in
the 1960s. The first Cherenkov gamma-ray telescopes,
which were used in such studies, were installed at the
Crimean Observation Station (Lebedev Physical
Institute, Soviet Union) [11], Atomic Energy
Research Establishment (AERE, Great Britain) [12],
and Mount Hopkins Observatory (United States) [13].
However, these instruments did not yield reliable
detection of gamma quanta from point sources.

The first observations to reveal high-energy gamma
radiation from specific cosmic sources were performed
in the late 1960s and the early 1970s. A gamma-ray sig-
nal from the Crab nebula was detected by telescopes
(two 90-cm reflectors) near Dublin in 1966—1967
[14], although the statistical significance was below
36. The Crab nebula was also examined with the first
gamma-ray telescope of the Mount Hopkins Observa-
tory [13] and (later) with the Dublin setup (four 90-cm
reflectors) modified by A.E.R.E. and University Col-
lege Dublin working in collaboration [15]. The same
instruments were used to observe other potential
gamma-ray sources (pulsars CP 1133, HP 1506, and
CP 0950; galaxy MS87; etc.). Positive excess were
detected in some cases (e.g., the gamma flux from HP
1506 was detected with a significance of 2.6G [15]);
however, even the most successful of these observa-
tions were performed at the limit of sensitivity and
could not provide reliable results with significance
well above 36. In the Soviet Union, observations of
several cosmic gamma-ray sources have been per-
formed since 1969 with the RChV-1 telescope (four
reflectors with a diameter of 1.5 m at the Crimean
Astrophysical Observatory (CAQO)). Some of these
sources (e.g., Cas y-1, which was later identified as
pulsar 4U 0115 + 63, and Cas y-2 [16]) were detected
at the limit of sensitivity.

All the above instruments (including the first set-
ups constructed by Chudakov et al. [11] and Jelley and
Porter [12]) did only note a Cherenkov flash event and
examine the source as it traversed their field of view
owing to the rotation of the Earth. The gamma flux
from the source was determined as the count rate
excess over the background value in the process of
source transit within the field of view of a telescope.
These instruments belong to the first generation of
Cherenkov gamma-ray telescopes. The most compre-
hensive and adequate version of the technique for
analysis of signals from these instruments is found in
[17]. The results presented in this paper are used
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widely in the process of analysis of observational data
from modern Cherenkov telescopes. It should be
noted that the statistical significance of 3¢ does not
guarantee the detection of a gamma-ray source with
the observation and analysis techniques used prior to
the publication of [17]. For example, considerable
negative signal excesses over the background (as large
as —2.70; see [13, 15, 16]) were observed in certain
cases. This resulted from inaccuracies of the methods
for observational data analysis and complications
introduced by various contributing factors, e.g.,
weather conditions. Thus, although Cherenkov tele-
scopes of the first generation did not manage to detect
reliably any source of cosmic gamma radiation, they
first established upper limits on gamma-ray flux
intensities, which allowed theorists to exclude some
models of producing gamma radiation in the studied
sources, ¢.g., [18], and limits on the magnetic field of
pulsars, e.g. [19] and, second, provided an opportu-
nity to form a list of potential cosmic gamma-ray
sources to be examined with more advanced tele-
scopes.

Relatively complex and efficient Cherenkov
gamma-ray telescopes of the second generation were
constructed in parallel with observations at telescopes
of the first generation. The 10-m Whipple reflector
(commissioned in 1968; see, e.g., [20]) at the Mount
Hopkins Observatory (now Fred Lawrence Whipple
Observatory) and the GT-48 telescope at CAO (this
project was conceived in 1973, and the first observa-
tions were performed in 1989; see, e.g., [21]) belong to
the second generation. These instruments differed
from the first-generation ones in that they first
allowed one to track the source of gamma radiation
continuously and, second, imaging Cherenkov
flashes, i.e., bright EAS areas. However, it should be
noted that the detector used at Whipple prior to 1978
did not have the capacity to image Cherenkov flashes;
just like first-generation telescopes, it only detected
the occurrence of these flashes. After 1978, a 19-pixel
camera was in use at Whipple, and a 37-pixel camera
[22] assembled from separate vacuum photomultiplier
tubes (PMTs) was installed in 1983. A new efficient
method for observational data analysis (determination
of morphological features of imaged Cherenkov
flashes with the use of Hillas parameters [23]) pro-
vided an opportunity to distinguish events initiated by
gamma quanta and CR particles, i.e., separate useful
signals from background. The introduction of this
method led to a radical increase in the quality of
obtained data and a considerable relaxation in the
requirements imposed on exposure.

The following additional factors contributed to the
increase in efficiency of telescopes of the second gen-
eration: a significant increase in the mirror size and
application of the stereoscopic method, i.e., Cheren-
kov flash observations performed by two or more
instruments simultaneously at different angles. The
introduction of this method resulted in a considerable
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increase in the efficiency of analysis of morphological
features of images, better separation of signals from
the background, and an increase in the overall angular
resolution. The HEGRA project [24], which was a
collaboration of German, Armenian, and Spanish sci-
entists, was among the most successful projects adopt-
ing the stereoscopic approach. In 1984, a research
group from the Yerevan Physics Institute designed a
system of five relatively small (~3 m in diameter) tele-
scopes to be installed near the Byurakan Observatory.
The decision was later reconsidered, and the tele-
scopes were eventually installed in the Canaries (at
2200 m above sea level at the Roque de los Muchachos
Observatory on the island of La Palma) and formed
the basis of the HEGRA system. These five telescopes
had the same technical parameters: a mirror area of
8.5 m?, a field of view of ~4.5°, and 271-pixel (PMT)
cameras. Four telescopes formed a square with a side
of 100 m, and the fifth telescope was mounted at the
center of this square. These parameters allowed
HEGRA to detect gamma radiation in the range of
primary particle energies above 1 TeV and provided an
angular resolution of approximately 0.1° and an energy
resolution of ~15%. Several valuable results were
obtained at HEGRA. Specifically, the spectrum of
gamma emission of the Crab nebula was measured for
the first time at a high significance level in the range of
0.5—80 TeV [25]. Teraelectronvolt gamma radiation
from several extragalactic objects was also detected
reliably [26]. These results were a convincing proof of
efficiency of the stereoscopic approach in gamma-ray
astronomy. At the same time, the isolated Whipple
telescope had the largest mirror (10 m) of all Cheren-
kov telescopes of the second generation, while stereo-
scopic observatories had telescopes with smaller mir-
rors. Therefore, the overall positive effect of the
above two additional factors was not as significant as
it could be.

In addition to the Cherenkov telescopes mentioned
above, several other similar projects were carried out
in the 1980s: CAT (France [27]); CANGAROO
(Japan, Australia [28]); its considerably more efficient
modification CANGAROO 1II (see, e.g., [29]);
TACTIC (India [30]); telescopes Mark 1—6 (Great
Britain) located in the United States, Australia, and in
the Canaries (see, e.g., [31, 32] and references
therein); ShALON (Russia [33]); etc. All of these
instruments are also regarded as second-generation
Cherenkov telescopes and operated in the teraelec-
tronvolt range of primary particle energies.

It is commonly accepted that second-generation
instruments allowed specialists to detect teraelectron-
volt gamma radiation from cosmic sources reliably. In
1989, the Whipple telescope detected a signal from the
Crab nebula with a significance of 9c [34]. Another
prominent result of observations performed using
these telescopes is the detection of teraclectronvolt
radiation of extragalactic sources (blazars) [26, 35—37].
However, second-generation Cherenkov gamma-ray
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telescopes managed to discover only about ten
gamma-ray sources in their operational lifetime
(through to the middle of 1990s). Some of these
sources were detected at the limit of sensitivity. It
became apparent that more advanced and sensitive
detectors need to be designed, and projects focused on
constructing Cherenkov gamma-ray telescopes of the
third generation were initiated.

2. CURRENT STATE
OF CHERENKOV GAMMA-RAY ASTRONOMY

The first Cherenkov gamma-ray telescopes of the
third generation (H.E.S.S. [38, 39], MAGIC [40, 41],
and VERITAS [42, 43]) were commissioned in 2002—
2007. H.E.S.S. and VERITAS are complex stereo-
scopic systems with larger apertures and high level of
image detail. Each system initially contained four tele-
scopes 10—12 m in diameter with cameras that have
102—103 PMT pixels. MAGIC was an isolated gamma-
ray telescope with a mirror diameter of 17 m. At the
time of their commissioning, these instruments
detected gamma radiation in the range of 0.1—30 TeV.
The MAGIC (Roque de los Muchachos Observatory,
La Palma, the Canaries) and VERITAS (Fred Law-
rence Whipple Observatory, Arizona) observe primar-
ily the northern celestial hemisphere, while H.E.S.S.
(Khomas Highland, Namibia) is focused on the
Southern Hemisphere. The commissioning of third-
generation telescopes was a significant advancement
for Cherenkov gamma astronomy: more than 175 cos-
mic sources of teraelectronvolt radiation have already
been discovered.

The projects of third-generation gamma-ray tele-
scopes provided considerable opportunities for
enhancement and modification, e.g., H.E.S.S. and
VERITAS were expected to include 16 and 7 tele-
scopes, respectively [44]. In recent years, these oppor-
tunities are being gradually translated into reality. The
MAGIC II telescope [45, 46], which has the same
17-m mirror and a more advanced camera, was com-
missioned in 2009. This marked the start of stereo-
scopic observations at the MAGIC observatory. The
MAGIC I camera was upgraded in 2012, and the tele-
scopes became technologically identical [47]. This
resulted in a considerable increase in sensitivity and a
reduction in the threshold observation energy, which
is now just 50 GeV [48]. The H.E.S.S. II telescope with
an effective mirror diameter of 28 m was commissioned
in 2012. As a result, the threshold energy of detection of
gamma events was reduced to 20—30 GeV [49].

3. BASIC OBJECTS OF CHERENKOV
GAMMA-RAY ASTRONOMY

The following astrophysical objects and phenom-
ena are examined using Cherenkov gamma-ray tele-
scopes.
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3.1. Supernova Remnants and Supervoids

Supernova outbursts are associated with the end
stages of the evolution of massive stars and the evolu-
tion of degenerate dwarf stars in binary stellar systems.
The study of supernovae is of fundamental importance
for astrophysics, since immense releases of energy,
momentum, and synthesized chemical elements have
a great effect on stellar formation processes and the
evolution of galaxies. The results of observations of
type-Ia supernovae have established the accelerated
expansion of the universe as fact and contributed to
the introduction of hypothetical dark energy into the
theory. Supernovae emit electromagnetic radiation in
all spectral ranges; the interaction of matter ejected
during a supernova outburst with the surrounding
interstellar medium may be observed for thousands of
years in the form of supernova remnants (SNRs),
which are regarded as the most probable sources of
galactic cosmic rays. The detection of SNR gamma
emission in the megaelectronvolt range by the INTE-
GRAL space observatory provided an opportunity to
estimate the concentration of unstable isotopes (*Ti,
%6Co, etc.) in ejected matter. These results were com-
pared to the predictions of current supernova explo-
sion models (see, e.g., [50—52]). The detection of
SNR emission with energies in excess of 0.1 GeV by
orbital gamma-ray telescopes and with energies higher
than 50 GeV by Cherenkov gamma-ray telescopes
demonstrated that mechanisms of particle accelera-
tion to energies higher than 10 TeV with an efficiency
of conversion of the kinetic ejection energy into CR of
~10% (or higher) are in operation in shell-like SNRs
(Tycho’s SNR, Cas A, Kepler, etc.). SNRs interacting
with molecular clouds (IC 443, W 44, etc.) exhibit
high gamma flux densities. In contrast to shell-like
SNRs, they are bright in the gigaelectronvolt range,
but generally have softer gamma emission spectra. The
analysis of emission spectra of these remnants, which
were examined at energies lower than 1 GeV by the
Fermi and AGILE space telescopes, provided the first
conclusive estimate of the role of nucleon gamma
emission processes in SNRs. Gamma radiation of the
RX J1713-3946 remnant, which was measured by the
H.E.S.S. Cherenkov telescope [53] at energies
through to 50 TeV, has a spectrum with a photon index
of approximately 2. The image of this remnant and its
considerably hard index suggest that lepton gamma
emission processes (inverse Compton scattering of
microwave photons by electrons and positrons, which
were accelerated to energies on the order of 100 TeV in
the SNR) may play a part here. In order to character-
ize the contribution of nucleon and lepton SNR emis-
sion mechanisms in greater detail, one must accumu-
late large statistics of detected photons and data
regarding the parameters of interstellar medium in the
vicinity of the SNR. These data will also provide an
opportunity to determine the nature and efficiency of
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the processes of CR acceleration by shock waves in
SNRs (see, e.g., [54—56]).

It was determined in observations that massive pro-
genitors of core-collapse supernovae form in clusters
with different stellar densities. Spatial correlation of
supernovae is of considerable importance for the evo-
lution of interstellar medium. Supervoids formed by
multiple supernova outbursts may serve as sources of
relativistic particles and gamma radiation [57—59].
Compact massive stellar clusters, which may turn out
to be efficient sources of both gamma radiation and
high-energy neutrinos [60, 61], were recently discov-
ered. Observations of these sources with high photon
statistics should allow one to determine the nature of
nonthermal components in supervoids and compact
clusters of young massive stars.

3.2. Gamma-Ray Pulsars

Pulsars are rapidly rotating magnetized neutron
stars (compact stellar remnants formed in the process
of core collapse of massive stars). Pulsar radiation with
its highly stable period originates in the magneto-
sphere and is observed in all ranges of the electromag-
netic spectrum (from radio waves to gamma rays).
Even after decades of extensive research, the electro-
dynamics of pulsar magnetospheres still remains a
challenging unsolved problem. This is attributed to the
complexity of processes of formation and dynamics of
relativistic electron-positron plasma in strong mag-
netic fields with rapid rotation of a compact star
(oblique magnetic rotator) and the effects of general
relativity taken into account. The observed pulse shape
varies from one energy range to another and may have
several peaks. Models of rotation energy conversion
and the processes of dissipation of magnetic fields out-
side the light cylinder, which are associated with effec-
tive particle acceleration, may be tested by performing
detailed observations of gamma radiation with high
photon statistics.

Fermi/LAT observations of gamma radiation of the
Crab nebula pulsar in the range of 0.1-20 GeV [62]
revealed that the phase-averaged spectrum of this
source may be characterized by the following depen-
dence:

Z_g = Fy(E/1 GeV) " exp(-E/E.), (1)

where F, = (2.36 = 0.06 = 0.15) X 1077 cm—2s~' GeV~},
spectral index I' = 1.97 + 0.02 + 0.06, and cutoff
energy £, = 5.8 £ 0.5 =+ 1.2 GeV. It was found that a
large fraction of energy of the detected pulsar gamma
radiation is contained in pulse peaks, the overall dura-
tion of which may be as large as 20% of the complete
pulsar phase.

Cherenkov telescopes may be used to observe these
pulsations in the harder part of the gamma-ray spec-
trum (above 30—50 GeV) [63—68]. Specifically, it fol-
lows from the joint analysis of MAGIC [63] and
Vol. 62 No. 6
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Fermi/LAT [62] data that the averaged aggregate
spectrum of pulses P1 and P2 of the Crab nebula pul-
sar in the range of 5—100 GeV (in the indicated range,
these pulses are found in phase intervals [—0.06; 0.04]
and [0.32; 0.43], respectively, where 0 corresponds to
the maximum of pulse P1 at the frequency of 1.4 GHz)
may be characterized by the following power depen-
dence:

dF -Tr
— = F,(E/10 GeV) ", 2
1E o(E/ ) (2)

where F, = (3.0 + 0.2) x 1071 cm~2 s~! GeV~, and
spectral index I' = 3.0 = 0.1. In the range of 0.15—
1.5 TeV, the spectrum of pulse P2 of the Crab nebula
pulsar may also be characterized by a power depen-
dence:

dF -r
— = F,(E/150 GeV) , 3
iE o(E/ ) (3)

where F, = (2.0 = 0.3) x 107 cm™? s7! GeV~!, and
spectral index I' = 2.9 & 0.2. The intensity of emission
in pulse P2 at 150 GeV is approximately two times
higher than that in the primary pulse P1 [67].

3.3. Pulsar Wind Nebulae (Plerions)

Processes that occur in the vicinity of the light cyl-
inder of a rapidly rotating pulsar may result in the
acceleration of relativistic wind, which carries away a
considerable fraction of the braking energy of a mag-
netic dipole. Pulsar wind is an anisotropic flux of cold
ultrarelativistic particles with Lorentz factors as high
as ~10%—10°. This flux carries magnetic fields with an
energy density exceeding the rest energy density of
wind particles. A region of wind dissipation where
ultrarelativistic particles undergo acceleration forms in
the process of interaction of magnetized pulsar wind
with the surrounding medium. The synchrotron radi-
ation of accelerated relativistic electrons and positrons
may be detected in a wide range spanning from radio
to gamma photons. Inverse Compton scattering of rel-
ativistic electrons by various photonic fields (specifi-
cally, by the field of microwave and infrared back-
ground photons) produces a flux of gamma quanta
with energies exceeding 1 GeV. The Crab nebula is the
best-known object of this type. At energies below
300 GeV, its emission may be detected both by terres-
trial Cherenkov telescopes with a large effective area
and by orbital telescopes AGILE and Fermi/LAT. In
the range of 0.1—100 GeV, the spectrum of emission of
the Crab nebula is characterized well by a combination
of two power laws that correspond to the above radia-
tion production mechanisms [62]. Since the Crab
nebula is a bright and relatively stable source emitting
throughout the entire electromagnetic spectrum, it
was used to calibrate the detectors of numerous tele-
scopes. This makes the recent discovery (made by
AGILE and Fermi/LAT) of immense gamma-ray
flares in the Crab nebula at energies ranging from
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100 MeV to several gigaelectronvolts all the more
important [69]. No matching variations of the Crab
nebula radiation flux in the other spectral ranges have
been found yet. This imposes stringent constraints on
the models of gamma-ray flares in the Crab nebula
and the theories of formation of its emission spectrum.
Gamma-ray flares in the Crab nebula may be inter-
preted as synchrotron radiation of shock-accelerated
electrons in strongly fluctuating magnetic fields (see
the model proposed by Bykov et al. in [70]).

The systematic search for pulsars and pulsar wind
nebulae conducted with terrestrial gamma-ray tele-
scopes has resulted (as of June 2016) in the detection
of more than 30 plerions. This is one of the largest
populations of observable teraelectronvolt sources in
the Galaxy. Modern Cherenkov telescopes are involved
in observations of objects of this type at energies higher
than several tens of gigaelectronvolts [71—74].

Specifically, H.E.S.S. observations of the Vela X
region with the Vela pulsar wind nebula revealed the
presence of an extended (more than a degree in size)
gamma-ray source, which has a hard spectrum with a
photon index of approximately 1.3 at energies below
10 TeV. This spectrum does not get softer toward the
source edges [73]. The gamma-ray source is several
times larger than the X-ray nebula and resembles
much more closely (in its positioning and size) the
larger-scale radio nebula around the Vela pulsar. The
existing models of emission of this object do not
reproduce correctly the spectral and morphological
parameters of the Vela X gamma-ray source. New-
generation Cherenkov telescopes with increased sensi-
tivity and resolution will provide more accurate data
on the observable parameters of teraelectronvolt radi-
ation of pulsar wind nebulae (specifically, it will allow
observers to measure spatially resolved gamma-ray
spectra, which will be used to refine the models of the
production and propagation of accelerated particles
within these objects). An increase in sensitivity should
also result in the detection of gamma emission of extra-
galactic pulsar wind nebulae. Only one object of this
kind has been discovered to date, i.e., energetic gamma
nebula N157B in the Large Magellanic Cloud [74].

3.4. Galactic Microguasars

Microquasars are binary systems with a compact
object (black hole or neutron star) accreting matter
from its stellar companion. This accretion produces
high-velocity outflows (jets). The study of these
objects is crucial for understanding the physics of
accretion and relativistic outflows. In addition, micro-
quasars may feature prominently in the process of
reionization of the universe (ionization of interstellar
gas in the epochs that correspond to cosmological red-
shift 6 < z < 30). Gigaelectronvolt and teraelectronvolt
radiation of several microquasars has already been
detected [75—78].
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3.5. Active Galactic Nuclei

Active galactic nuclei (AGN) are systems associ-
ated with supermassive black holes at the centers of
galaxies. Enormous energy releases are typical of these
objects (see, e.g., [79]). It is assumed that their emis-
sion is produced by the accretion of matter to super-
massive black holes. Detailed measurements of AGN
spectra in the gamma range are needed in order to
construct quantitative models of physical processes
that occur within these sources. Cherenkov gamma-
ray telescopes are actively involved in AGN observa-
tions (see, e.g., [80, 81]). Although these observations
often provide only the upper limits on radiation fluxes
in the range above 0.1 TeV [82], this result is signifi-
cant in itself, since these limits allow theorists to place
constraints on the models of particle acceleration and
AGN gamma emission. For example, H.E.S.S. obser-
vations demonstrated that the central engine of our
Galaxy (supermassive black hole Sagittarius A*) may
accelerate particles to energies on the order of
1000 TeV [83]. The origin of these particles, which are
observed in the terrestrial atmosphere as galactic CR,
is one of the unsolved current problems of high-energy
astrophysics.

3.6. Gamma-Ray Bursts

Gamma-ray bursts are gamma-ray flares that are
apparently associated with massive supernova explo-
sions or mergers of degenerate stars. Gamma-ray
bursts rank among the brightest events in the universe.
Their duration varies from 10 ms to several minutes
[84]. The initial burst of gamma rays is normally fol-
lowed by more extended emission at lower frequen-
cies. Although the studies into gamma-ray bursts per-
formed over the last years have advanced considerably
our understanding of these objects [85], their nature
still remains uncertain. Gamma-ray bursts and their
afterglow are observed at all wavelengths from radio
waves to the gamma range. However, satellite observa-
tions of the hardest part of the spectrum (above 1 GeV)
are scarce due to the fact that orbital telescopes do not
have the needed sensitivity (the effective area of
Fermi/LAT in this range is smaller than 1 m? [86]).
Modern terrestrial Cherenkov telescopes do not detect
gamma-ray bursts, since the observation time is lim-
ited to several tens of seconds, and the emission of
these events fades considerably at energies higher than
several tens of gigaelectronvolts. However, several
attempts at detecting gamma-ray bursts (with orbital
X-ray and gamma-ray telescopes used as triggers) with
Cherenkov telescopes have been made over the last
decade. As a result, upper limits on gamma radiation
fluxes associated with these bursts were set in the range
above several hundred gigaelectronvolts [87—89]. For
example, an upper limit (at the 95% confidence level)
of 4.2 x 10~'2 photons cm~2 s~! for the total flux at
energies exceeding 380 GeV was obtained in [87] for an
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exceptionally X-ray-bright gamma-ray burst GRB
100621A. These measurements provided an opportu-
nity to constrain (at the same confidence level) the
ratio of GRB 100621A luminosities in the X-ray and
gamma ranges: Ly/Lyyg > 0.4, where Ly is the overall
luminosity at 0.3—10 keV, and Ly is an overall lumi-
nosity in the 0.38—100 TeV range. This ratio is crucial
for modeling the afterglow of gamma-ray bursts and
may constrain models that rely on the assumption that
leptons, which produce X-ray emission of a burst, may
also be involved in the generation of superhigh-energy
gamma radiation. Physical models of gamma-ray
bursts are based on the idea of the efficient conversion
of power of relativistic flows of magnetized plasma,
which is produced in the process of stellar collapse to
a rotating black hole, into electromagnetic radiation
[90]. It should be noted that observations of the most
energetic radiation of gamma-ray bursts are excep-
tionally important, since they probe directly into the
processes of energy conversion in the central engine of
a burst and, thus, help define the nature of these
sources.

3.7. Search for Dark Matter

The clarification of the nature of dark matter is set
to be one of the most important advances in modern
physics and astrophysics. Several hypotheses regard-
ing the nature of dark matter may be tested using ter-
restrial gamma-ray telescopes. For example, these
telescopes may detect gamma radiation, which
accompanies the decay of hypothetical exotic dark
matter particles that were produced in the early uni-
verse [91]. Gamma radiation may also be produced in
the process of annihilation of weakly interacting mas-
sive particles (WIMPs) in the Galaxy halo. Evidence
that indicates a connection between diffuse gamma
emission in a narrow line toward the center of the gal-
axy or the Coma cluster and annihilation of light
supersymmetric WIMPs was discussed in several
papers (see, e.g., [92, 93]). Cherenkov gamma-ray
telescopes are now actively searching for gamma radi-
ation from the hypothetical process of the annihilation of
dark matter particles in dwarf galaxy haloes [94—96].
These observations were used to set the upper limit on
the cross section of this process. For example,
H.E.S.S. observations of a number of dwarf galaxies
[94] resulted in the determination of the following
maximum possible annihilation rate of WIMPs with
masses in the range of 1—2 TeV: 3.9 x 107> cm?®s~! (at
the 95% confidence level). The upper limits on anni-
hilation rates of WIMPs with masses in the range of 10
GeV to 100 TeV were set for various channels of these
reactions after the joint analysis of observational data
on 15 dwarf galaxies (examined by Fermi/LAT) and
galaxy Segue 1, which was observed by the MAGIC
Cherenkov gamma-ray observatory [95]. The typical
upper limits (95% confidence) obtained vary from 10-20—
10-% cm® s~! (depending on the channel) for WIMPs
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with a mass of 10 GeV to 10~22—10-2! cm?s~! (depend-
ing on the channel) for WIMPs with a mass of
~100 TeV. In addition to dark matter research, obser-
vations of gamma radiation of galaxy clusters and
upper limits on fluxes of such radiation prove useful in
determining the role of nonthermal components in the
evolution of these objects [97].

3.8. Determination of Parameters of Extragalactic
Infrared Background and the Search
Jfor Axion-Like Particles

Gamma radiation from distant sources is absorbed
strongly as it propagates through extragalactic back-
ground radiation [98]. Infrared background photons
are the primary target for gamma photons. Their inter-
action results in the production of electron—positron
pairs, and the energy of gamma radiation decreases,
thus falling out of the range of sensitivity of terrestrial
Cherenkov telescopes. The systematic contribution of
zodiacal light and the emission of our Galaxy makes it
rather hard to estimate diffuse extragalactic infrared
background directly from observational data. There-
fore, the observations of high-energy photons of the
teraelectronvolt range from distance sources were used
to obtain rough upper estimates for the extragalactic
infrared background (see, e.g., [99]). These estimates
are inherently based on certain assumptions regarding
the nature of radiation in the source; thus, they may be
regarded as qualitative estimates, but not as accurate
quantitative estimates. It was found that these upper
estimates for the diffuse infrared background are
almost the same as (or even lower than; see, e.g.,
[100]) the lower estimates derived from calculations of
the radiation density from visible galaxies. This dis-
crepancy between the absorption of gamma radiation
and theoretical models of the infrared background ini-
tiated the reexamination of theoretical lower limits
and was termed the infrared-TeV crisis [101]. How-
ever, it follows from an analysis of an ensemble of dis-
tant sources [102, 103] that even the minimal models
yield nonphysical distance-dependent effects in
reconstructed (with absorption factored in) spectra of
sources. This suggests that the universe is anomalously
transparent to high-energy gamma radiation. Several
scenarios [104—106] were proposed in order to explain
this effect. In these scenarios, photons mix with axion-
like particles, which are hypothetical pseudoscalar
particles that interact with photons in the same man-
ner as axions do (see for example, [107]). Further
observations of gamma-bright galactic nuclei
(blazars), including the most distant sources, in the
range of 10—100 GeV [108] are required in order to val-
idate these scenarios and choose the most relevant
one. These observations are within the capacity of
low-threshold Cherenkov gamma-ray telescopes.
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3.9. Galactic Center

Having processed H.E.S.S. observations, the
authors of [83] concluded that particles may be accel-
erated to energies on the order of 10 eV in the vicinity
ofthe Galactic center (central supermassive black hole
Sagittarius A*). This is evidenced by the nature of the
gamma radiation spectrum, which does not drop
through to 100 TeV. The search for galactic sources of
CR particles with energies near and above 10 eV,
which are observed in the CR spectrum, is one of
the current unsolved problems of high-energy astro-
physics.

The TeVCat catalogue [109] is the most compre-
hensive database of galactic and extragalactic sources
detected by Cherenkov gamma-ray telescopes at ener-
gies above 0.1 TeV. As of June 2016, it contained 176
such sources. In addition to the above-mentioned
direct observations of cosmic gamma-ray sources and
independent determination of extragalactic back-
ground radiation (see, e.g., [110]), Cherenkov
gamma-ray telescopes may perform tasks such as
determining the intensity of the high-energy electron
and CR ion background (see, e.g., [111]), validating
quantum gravity models (see, e.g., [66, 112, 113]), etc.

4. PROSPECTS FOR THE FURTHER
DEVELOPMENT OF CHERENKOV
GAMMA ASTRONOMY

Although gamma-ray astronomy has enjoyed rapid
progress in the last decades, certain relevant problems,
which seem to be theoretically solvable by observations
with Cherenkov gamma-ray telescopes, still remain
unsettled. Even the most advanced third-generation
systems, such as H.E.S.S. II and MAGIC II, do not
have the capacity to solve these problems. Specifically,
only the upper limits on gamma radiation fluxes are
known for many cosmic sources, while the very pres-
ence of a considerable gamma flux coming from them
is almost beyond doubt [82, 87—89]. This suggests the
need to construct more powerful fourth-generation
Cherenkov gamma-ray telescopes.

The insufficient sensitivity of telescopes is the most
important problem of Cherenkov gamma astronomy.
The international Cherenkov Telescope Array (CTA)
project with 32 participating countries [114] is aimed
at solving this problem. The current version of this
project [114, 115] implies the construction of two
gamma-ray observatories, i.e., a southern one in the
Atacama desert of Chile and a northern one in La
Palma in the Canary Islands, Spain. Three types of
telescopes should be designed for CTA, i.e., large
(with a mirror diameter of 23 m, a sensitivity range of
20—200 GeV, and a field of view of approximately
4.5°), medium (12 m, 0.1—-10 TeV, and ~7°), and small
(4 m, 3—300 TeV, and ~10°). The southern observatory
will have four large, 24—40 medium, and 72 small tele-
scopes distributed over an area of 4 km?2. The northern
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observatory will have four large and 15 medium tele-
scopes covering an area of 0.4 km?. This arrangement
of a large number of telescopes distributed over a con-
siderable area will grant record-high values of the
effective detection area and sensitivity at primary
gamma quanta energies that exceed 100 GeV.

The insufficiently low detection energy threshold is
another problem of Cherenkov gamma astronomy. In
the ideal case, this energy should be as low as 2—3 GeV,
which is the theoretical threshold of Cherenkov tele-
scopes. No instruments for proper observations of cos-
mic gamma-ray sources in the range of 5—30 GeV are
currently available: the apertures of orbital gamma-ray
telescopes are too small (~1 m?), and the existing
ground-based telescopes do not have the sensitivity
required to detect weak Cherenkov flashes produced
by primary quanta with the indicated energy. Thus,
the observation ranges of orbital and terrestrial instru-
ments do not overlap securely even in the case of rela-
tively long-term observations of steady sources of cos-
mic gamma radiation. At the same time, the measure-
ment of spectra of cosmic gamma-ray sources in a
wide energy range (0.1—1000 GeV) is crucially import-
ant for the reasons stated below.

Certain types of cosmic gamma-ray sources
demonstrate considerable variability of spectral prop-
erties in the range of 1-30 GeV. Specifically, the
results of observations of pulsars suggest that their
radiation flux decays exponentially in the range of 1—
10 GeV (see, e.g., [62]). This decay may be character-
ized by formula (1) and agrees with the predictions of
models of inner (see, e.g., [116]) and outer (see, e.g.,
[117]) gaps as the regions of particle acceleration and
gamma radiation production in the magnetosphere of
the pulsar in the Crab nebula. At the same time, the
modeling of data from [62] with a superexponential
spectrum [~exp{—(E/E_)"}, b > 1] yielded b = 0.89 +
0.12 £ 0.28 and excluded the value of b = 2 with a sta-
tistical significance of 4.9¢, which practically con-
firms the inapplicability of a superexponentially
decaying function proposed in [118] to the observed
spectrum.

It seemed that the authors of [62] had resolved the
issue of the shape of the spectrum f the pulsar in the
Crab nebula. However, recent observations of this pul-
sar with the MAGIC Cherenkov gamma-ray telescope
[63] suggest the presence of a considerable radiation
flux at energies in the range of 25 GeV to ~1.5 TeV
[67]. This was not predicted by any model available at
the time and baffled theorists. As a result, standard
pulsar emission models were modified [63]. It should
be noted that Fermi/LAT and MAGIC observations
of even a bright object like the Crab nebula pulsar con-
tain relatively large experimental errors in the range of
10—30 GeV, which is attributed to the reduction in
sensitivity of both instruments in this range. For exam-
ple, these errors manifest in the fact that the spectral
index (I';s = 3.4 £ 0.5 £ 0.3) of the overall spectrum
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(P1 + P2) determined by MAGIC in the range of 25—
100 GeV differs somewhat from spectral index I'}, =
3.0 + 0.1, which was determined by the joint analysis
of Fermi/LAT and MAGIC data and was used in for-
mula (2).

It was demonstrated in [62, 63] that detailed and
accurate measurements of pulsar spectra in the range
of 5—30 GeV are critical for choosing the right model
of particle acceleration and pulsar emission genera-
tion. These measurements require expanding the tech-
nical capabilities of gamma astronomy in the indicated
range (specifically, commissioning new terrestrial
Cherenkov gamma-ray observatories with low obser-
vation energy thresholds).

Other issues related to pulsars may also be resolved
using Cherenkov gamma-ray observatories with low
observation energy thresholds. It is expected that pul-
sar radiation beams in the gamma range are consider-
ably wider than those in the radio range, and these
beams do not necessarily overlap [119]. Therefore, the
chances of detection of rapidly rotating neutron stars
in the gamma range are higher. This may also explain
the presence of unidentified gamma-ray sources in the
EGRET and Fermi catalogues; it is assumed that a
considerable fraction of these sources are radio-quiet
neutron stars (see, e.g., [120]). The observation of
pulsed emission of these objects at energies above
5 GeV by Cherenkov telescopes with their increased
detection area will be a direct and indisputable proof
of the validity of this hypothesis [121]. It should be
noted that the model of polar caps and the outer gap
model predict substantially different fractions of
radio-quiet neutron stars [122]. Thus, if Cherenkov
gamma-ray observatories with low observation energy
thresholds could conduct a sufficiently accurate mea-
surement of the fraction of these objects in the entire
sample of observed pulsars, the result would be an
additional argument in choosing the right model of
generation of radiation by rapidly rotating neutron
stars [121].

Further complications arise in observations of rap-
idly variable and burst gamma-ray sources, e.g.,
gamma-ray bursts [§7—89]. The time of observation of
these sources is limited not only by the technical capa-
bilities of a gamma-ray observatory, but also by the
specifics of emission mechanisms. The gamma radia-
tion fluxes from such sources decrease considerably as
the detected photon energy increases; therefore, it is
reasonable to examine them in the range of 5—30 GeV,
where the expected gamma radiation fluxes are much
higher than those in the range of 30—50 GeV, which is
accessible for current Cherenkov telescopes.

Gamma radiation from several microquasars has
been detected both in gigaelectronvolt and teraelec-
tronvolt ranges [123]. However, since the intermediate
range of 10—100 GeV has not been examined, the
mechanism of generation of this radiation remains
unclear.
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Cherenkov telescope systems with large mirrors
(25—30 m in diameter) located at a considerable alti-
tude above the sea level (at least 4 km) are needed in
order to detect the above-mentioned sources effi-
ciently in the range of 5—30 GeV (see, e.g., [7]). The
detectors of these telescopes should have a higher pho-
ton detection efficiency than the detectors of current
telescopes, which use traditional vacuum PMTs. This
enhancement of parameters of Cherenkov telescopes
will be aimed not so much at raising their sensitivity in
the range of 0.1—100 TeV, which is the typical range for
high-energy gamma astronomy, as at reducing the
threshold observation energy to 3—5 GeV.

The MACE project, which consists of constructing
a telescope with a 21-m mirror at an altitude of 4200 m
[124—126] at the Indian Astronomical Observatory
site at Hanle (Ladakh, India), is one of the projects
aimed at reducing the threshold observation energy.
The telescope has been operational since 2016. At the
second stage of this project, another telescope with
similar characteristics will be installed (presumably in
2018) at the same site. However, even if this stereo-
scopic gamma-ray observatory will indeed become
operational, its threshold energy will be no lower than
20 GeV. Therefore, MACE will not reach energies
close to the theoretical limit of 2—3 GeV.

It should be noted that attempts to construct a low-
threshold (~10 GeV) Cherenkov telescope have
already been made by the Solar One Gamma Ray
Observatory project team [127]. This project was
renamed CACTUS and carried out later at the Solar
Two power plant site, but the threshold energy was
reduced to just ~50 GeV [128].

5. ALEGRO GAMMA-RAY OBSERVATORY
PROJECT

The ALEGRO (Atmospheric Low Energy
Gamma-Ray Observatory) project developed at the
loffe Institute is aimed at examining the important
and insufficiently studied gamma range of 5—30 GeV.
The energy threshold of this instrument (~5 GeV) will
be much lower than that of the existing Cherenkov
telescopes. This should help reveal several significant
spectral features of stationary gamma-ray sources
(specifically, the exponential drop in pulsar spectra in
the range of 1—10 GeV) and investigate rapidly vari-
able gamma radiation of GRB sources and active
galactic nuclei with a sensitivity and time resolution
that considerably exceed the parameters of existing
gamma-ray observatories. The following approaches
are planned for achieving these goals.

1. The ALEGRO observatory will be located at an
altitude of 4—5 km above sea level. Two potential sites
are now under consideration. The first site (Fig. 1a) is
in the Atacama desert (Chile, Argentina) at an altitude
of 4.7—5.3 km. This region has a unique astronomical
climate. Due to the recent construction of the
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Fig. 1. Maps of potential sites for the ALEGRO Cherenkov
gamma-ray observatory: (a) site in the Atacama desert
(Argentina) and (b) site in the vicinity of Mt. Elbrus.

LLAMA radio telescope, it also offers well-developed
infrastructure, which provides an opportunity to save
funds. The second scenario (Elbrus Gamma-ray
Observatory, EGO), which was developed in collabo-
ration with the Institute for Nuclear Research,
involves constructing telescopes at an altitude of
3.7 km in the vicinity of Mt. Elbrus (10 km away from
Terskol; see Fig. 1b). The most important thing is that
the surface density of Cherenkov photons (SDCP) at
such altitudes is approximately two times higher than
the corresponding density at an altitude of ~2 km (Fig. 2)
where H.E.S.S. and MAGIC telescopes are located.
Under otherwise equal conditions, this alone makes
the detection of EASs at an altitude of approximately
5 km significantly more efficient.
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Fig. 2. Dependences of the average surface density of Che-
renkov photons (SDCP) on the distance to the axis of an
extensive air shower (EAS) for different energies of pri-
mary gamma quanta (indicated next to the curves) and
observation altitudes.

2. Multipixel Geiger-mode avalanche photodiodes
(MGAPDSs), which are also known as silicon photo-
multipliers (see, e.g., [129]), will be used in the ALE-
GRO telescopes instead of traditional high-voltage
PMTs. Internal noise-free signal amplification by sev-
eral orders of magnitude, which is induced by an elec-
tron-hole avalanche initiated by an optical photon
entering a detector, makes MGAPDs capable of effi-
cient detection of individual Cherenkov photons. A
multipixel detector is basically a large set of microcells
connected in parallel; if several photons hit the detec-
tor simultaneously, each photon produces an ava-
lanche in just a single cell, and the electric signal at the
output is proportional to the number of triggered cells.
Numerical modeling allows one to estimate the SDCP
at a primary gamma quanta energy of approximately
5 GeV (see, e.g., [7, 130]). The obtained estimate
demonstrates that MGAPDs used as Cherenkov radi-
ation detectors may indeed guarantee efficient opera-
tion of terrestrial gamma-ray telescopes at the indi-
cated low energies of primary particles. The major
advantage of MGAPDs over traditional vacuum PMTs
is their capacity to perform observations during moon-
lit nights, which translates into an increase in the
exposure time, and high quantum efficiency (30—40%
instead of 10—20%; see, e.g., [131, 132]). In addition,
MGAPDs are easier to use and require much lower
electric voltage and power. This translates into a con-
siderable reduction in the detector weight and relaxes
the requirements imposed on mechanical systems that
secure the detector in the mirror focus and rotate the
entire structure (detector and mirror). The only signif-
icant drawback of silicon photomultipliers is the tem-
perature sensitivity of operating voltage, which neces-
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sitates the use of a feedback system with thermal sen-
sors. It should be noted that this feedback technology
has been tested already at the prototype Cherenkov
FACT telescope [133] and was proven efficient.

3. In order to detect as many Cherenkov photons as
possible, mirrors of the 30-m class made from separate
segments will be used in the ALEGRO telescopes (see,
e.g., [7]). Although this complex will have a consider-
able size, the time needed to point it at the studied
region of the sky will remain in the range of 20—40 s.
The majority of existing Cherenkov telescopes are fit-
ted with 12—17-m mirrors, which detect three to six
times fewer photons.

4. Four ALEGRO telescopes will be set up on rail-
road mounts (in much the same fashion as the VLA
telescopes [134]). If it is found that local topography
makes it impossible to construct railroad tracks, all (or
several) telescopes may be mounted on automobile
chassis; BELAZ series 7530—7560 with a payload
capacity of 220—360 t is a candidate drive truck in this
case. A major advantage of the simultaneous use of
several telescopes is the capacity to observe the same
atmospheric avalanche from several directions. This
allows one to reconstruct accurately the avalanche
geometry and distinguish atmospheric showers caused
by gamma quanta from background events induced by
cosmic rays. The sensitivity of an array of Cherenkov
telescopes is an order of magnitude higher than that of
a single telescope; in addition, an array features a
lower energy threshold and better angular and energy
resolutions. The H.E.S.S. and VERITAS gamma-ray
telescopes have a similar array structure, but fixed
observation positions. Railroad or automobile chassis
will grant the ALEGRO observatory the possibility to
alter is spatial configuration and adapt to specific
tasks. The accuracy of mutual positioning will be guar-
anteed by local distance sensors. Proprietary software
will be developed for processing and analyzing the
ALEGRO observational data. In the process of devel-
opment, special attention will be paid to the accuracy
and efficiency of analyzing algorithms in the range of
primary particle energies of 5—50 GeV.

It should be noted that the estimated cost of the
ALEGRO project in the above configuration is more
than an order of magnitude lower than the cost of
the Fermi orbital gamma-ray telescope (approxi-
mately 700 million in 2008 dollars; see, e.g., [135]).

6. MODELING THE PARAMETERS
OF THE ALEGRO GAMMA-RAY OBSERVATORY

Cherenkov flashes in extensive air showers induced
by cosmic gamma quanta are being modeled at the
loffe Institute since 2012. Flash images produced by
telescopes are modeled, algorithms for fast image pro-
cessing are developed, and accompanying atmo-
spheric events influencing the process of observations
are studied. A specialized software package
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Fig. 3. Distribution of the surface density (integrated over
the spectrum) of photons of a Cherenkov flash, which was
induced by a gamma quantum with an energy of 5 GeV, at
an observation altitude of 5 km. Color scale represents
SDCP values expressed in photons/m~.

(ALEGRO Soft) to analyze the observational data of
the future observatory is under development. The fol-
lowing results have already been obtained.

1. A proprietary code for EAS modeling was devel-
oped using the GEANT library package for simulating
elementary nuclear-physical processes [136]. It should
be noted that this new software package has several
advantages over the CORSIKA code [137], which is
the one used most often to model EASs. For example,
ALEGRO Soft allows a user without detailed knowl-
edge of the code to modify calculations and set differ-
ent atmospheric parameters (temperature, density,
ozone and pollutant concentrations, magnitude and
direction of the magnetic field of the Earth, etc.), is
based on state-of-the-art models of nuclear interac-
tions (as a part of the GEANT project, they are
updated regularly), etc. One of the most significant
differences between ALEGRO Soft and CORSIKA
consists of the fact that photons with close wave vec-
tors are not grouped into bunches for joint processing
in ALEGRO Soft: trajectories are calculated individu-
ally for each photon. This is important, since photon
bunching results in a considerable distortion of images
of the modeled Cherenkov flashes at primary particle
energies below 30 GeV. The indicated advantages
make it possible to use ALEGRO Soft calculations to
justify the relevance and feasibility of a fourth-genera-
tion terrestrial gamma-ray observatory and outline a
plan for it. Since CORSIKA is the code used most
often to model EASs and the results of CORSIKA cal-
culations are recognized by the scientific community
and used to analyze observational data provided by
terrestrial gamma-ray telescopes of the second and
third generations, the results of modeling a set of test
problems with ALEGRO Soft were compared to those
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Fig. 4. Model spectrum of Cherenkov radiation of an
extensive air shower (normalized to 100% at the maximum
at a wavelength of 320 nm), which was induced by a
gamma-ray event in the atmosphere of the Earth, at an alti-
tude of 5 km above sea level (curve 3); background night sky
spectrum normalized to 100% at a wavelength of 700 nm
(curve 4; calculations are based on the data from [ 138, 139]);
sensitivity curves of MGAPDs produced by Hamamatsu
(curve 2, [140]) and the loffe Institute (curve 7).

obtained with CORSIKA. It was found that the maxi-
mum difference between the obtained average SDCP
values does not exceed 0.5 standard deviations. In view
of the difference in the used numerical methods, this
provides evidence of a fine agreement between ALE-
GRO Soft and CORSIKA applied to test problems at
energies above 30—50 GeV.

The results of applying ALEGRO Soft are pre-
sented in Fig. 3, where the surface density of Cheren-
kov photons from an EAS, which was induced by a
vertically incident gamma quantum with an energy of
5 GeV, is shown as a function of coordinates at an
observation altitude of 5 km. The model spectrum of a
Cherenkov flash is shown in Fig. 4 alongside the back-
ground spectrum of night sky and the sensitivity curves
of MGAPDs produced by Hamamatsu and the loffe
Institute.

2. A proprietary code for modeling the optical sys-
tem of the ALEGRO telescope (with the specifics of
telescope positioning at the site taken into account)
was developed. This code allows one to alter the tele-
scope parameters (mirror diameter, focal distance,
etc.).

3. An algorithm and a numerical code for removing
optical photons of the night sky background from the
images formed at the focal planes of the ALEGRO
telescopes were developed. Figure 5 presents the
results of modeling and processing model observa-
tional data. For illustrative purposes, the focal-plane
image of the initial Cherenkov flash from Fig. 3 with-
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Fig. 5. Images at focal planes of telescopes (for convenience, the focal planes of all telescopes are shown in one image): (a) Che-

renkov flash produced in the interaction of a 5-GeV gamma quantum with the atmosphere; (b) optical night sky background;

s

(c) images (a) and (b) combined; (d) image (c) after filtering. Maximum intensities are (a) 30 photons/pixel, (b) 18 photons/pixel,
(c) 35 photons/pixel, and (d) 5 units/pixel. Color scale to the right of image (b) is valid for all images.

out any optical background is shown in Fig. 5a.
Figure 5b presents the optical night sky background
imaged with an exposure of 10 ns for a flux of 4.6 x
10" photons m—2 s~! ster~! [138]. The combined image,
i.e., a model of an actual optical signal arriving at the
photodetector unit, is shown in Fig. 5c. Figure 5d
presents the end result of processing simulated noisy
data. The modeled detecting system was formed by
four identical telescopes with parabolic mirrors with a
diameter of 30 m, a focal distance of 46.9 m, and a
field of view of 2.9°. These telescopes were assumed to
be located at points with coordinates (100 m, 0 m);
(0 m, 100 m); (—100 m, 0 m); (0 m, —100 m) at an alti-
tude of 5 km above sea level. The surface of the optical
detector unit was modeled as a circular region 1.2 m in
diameter that is broken down into 11 310 pixels (a sin-
gle pixel is a square with a side of 1 cm).

The pixel illumination intensity, which defines the
brightness of pixels in Figs. 5a—5c, is the positive
whole number of photons striking a pixel within a time

interval with a typical duration of 10 ns. The photon
detection efficiency was modeled as a random variable
with a normal distribution with its parameters being
0.30 = 0.07 electrons/photon. The difference in
dimension and magnitude of values in Figs. 5c and 5d
is attributed to the inclusion of photon detection effi-
ciency and the specifics of mathematical signal pro-
cessing in accordance with the developed algorithm.
Thus, Fig. 5 illustrates the feasibility of reliable detec-
tion of gamma quanta with an energy of ~5 GeV by ter-
restrial Cherenkov gamma-ray observatories. The
expected angular resolution at 5 GeV is 0.3°—0.4°
(depending on the event selection criteria; see Fig. 6).
This value is sufficient to resolve variable gamma-ray
sources in the range of ~5 GeV. The measurement of
light curves of variable gamma-ray sources in this
range is one of the major goals of ALEGRO.

4. An original code for determining the Hillas
parameters of a Cherenkov flash was developed. It
allows one to determine the direction of arrival of the
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primary particle in each specific case and estimate the
parameters of the gamma-ray observatory (angular
and energy resolution) by conducting a series of
numerical experiments on reconstructing the charac-
teristics of primary particles.

The developed modules of the ALEGRO Soft
package for EAS modeling and observational data
processing were used to clarify several issues that have
arisen in the design of the new-generation terrestrial
gamma-ray observatory with a 5-GeV threshold; the
presence of a heavy tail in the SDCP distribution, i.c.,
the lack of a finite SDCP mean-square deviation in
the region of the EAS axis, at low energies of primary
gamma quanta [130] was demonstrated; the effect of
the optical night sky background on the capacity of a
fourth-generation Cherenkov telescope to detect cos-
mic gamma quanta with energies below 10 GeV and
observed gamma-ray flares [141] was estimated; and
the feasibility of this detection was demonstrated.

The efficiency of the developed technique for
determining the characteristics of primary particles
(and the ALEGRO Soft package based on this tech-
nique) was estimated by numerical modeling of the
extensive air showers produced by particles with set
parameters. This modeling was performed using the
simulating part of the package, and the characteristics
of primary particles (particle type, energy, and direc-
tion of arrival) were the reconstructed using the ana-
lytical part. More than 70 000 numerical experiments
were conducted in the range of 5—100 GeV. The
obtained results demonstrate that the developed tech-
nique and the code package on its basis should be an
efficient instrument for processing the observational
data of terrestrial Cherenkov gamma-ray observatories
and be on par with (or, at low energies in the range of
5—30 GeV, even better than) other known methods
and codes designed for processing these data. An
example that illustrates observational data processing
with ALEGRO Soft is presented in Fig. 7. The
obtained results suggest that an angular resolution of
approximately 0.16° may be achieved in observations
of fairly bright cosmic gamma-ray sources at energies
near 20 GeV (if the design of the terrestrial Cherenkov
gamma-ray telescope itself is adequate). This resolu-
tion is approximately 1.5 times better than the values
determined by modeling in other planned projects.
For example, the expected resolution of CTA is worse
than 0.25° at energies below 25 GeV [114], and the res-
olution of 5@5 is approximately 0.24° at an energy of
20 GeV [7]. The indicated ALEGRO resolution may
be achieved if fairly stringent image selection criteria
are set: in the case under consideration, only about 8%
of images were selected for analysis. Although the
majority of images are then disregarded in the process
of mapping the studied celestial sphere region and
determining the angular coordinates of the source, the
absolute number of processed events from gamma
quanta with an energy of 20 GeV will be greater than,
e.g., the overall number of events from gamma quanta
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Fig. 6. Model angular resolution of the ALEGRO, CTA,
and 5@5 observatories. Curve 2 corresponds to the ALE-
GRO resolution in observations of weak sources (calcula-
tions were performed with the parameters used in [7] for
5@5), while curve I represents the resolution in observa-
tions of relatively bright sources, which may be isolated by
applying stringent event selection criteria (rejection of up
to 85% of events with an energy of 10 GeV).

with an energy of 100 GeV. This suggests that a consid-
erable statistical significance may be achieved within a
reasonable observation time even when stringent
selection criteria (with more than 90% of images
rejected) are used. It should be noted that different
selection criteria may be set for measuring other
parameters (specifically spectral ones) of the gamma-
ray source. As a result, the fraction of images used in
analysis may be increased (even to 100%). Model
curves of the angular resolution of the ALEGRO
observatory for different observation conditions are
shown in Fig. 6. The CTA angular resolution curve
[114] corresponding to observations of weak sources
(i.e., the case of sensitivity optimization) is shown in
the same figure for comparison.

The results of numerical calculations (specifically,
the data from [130]) provide an opportunity to esti-
mate the energy resolution of ALEGRO in the general
case (i.e., after averaging over the impact parameter
values of incident gamma quanta): AE/E ~ 0.8 at an
energy of 5 GeVand AE/E ~ 0.2 at an energy of 100 GeV.
These values are on par with the expected energy res-
olution of CTA North [114]. Figure 8 shows the model
curve representing the upper (conservative) limit of
energy resolution of ALEGRO, which corresponds to
observations of gamma quanta with impact parameter
r = 0 m with respect to the center of the observatory.
The curve of CTA energy resolution in the general case
(averaged over the impact parameter) [114] is shown in
the same figure for comparison. It should be noted
that these parameters of the ALEGRO observatory
may be enhanced by developing more advanced data
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Fig. 7. (a) Focal-plane images of a Cherenkov flash produced in the interaction between a vertically incident gamma quantum
with an energy of 20 GeV and the atmosphere (obtained by EAS modeling with the simulating part of ALEGRO Soft). For illus-
trative purposes, the images at focal planes of all telescopes are shown in the same figure. (b) Image formed by the optical night
sky background at the focal plane in 10 ns (obtained using the optical night sky background simulator from ALEGRO Soft).
(c) Combined images of a Cherenkov flash and optical background (model of actual signal detected by the gamma-ray observa-
tory). (d) Image obtained after processing (denoising and analyzing the Hillas parameters for to determine direction ofarrival of
primary particle) with analytical part of ALEGRO Soft. Major axes of fitting Hillas ellipses (straight lines) indicate direction of
EAS development in atmosphere. Point at center of the image denotes the reconstructed arrival direction of the primary gamma
quantum, which was calculated as the averaged value of line intersection coordinates. The cross at the center denotes the coordi-
nates of the real arrival direction of the primary gamma quantum. The ellipse at the center is the confidence contour (1) of deter-
mining the direction of the arrival of the primary particle. This contour defines the angular resolution of the telescope with the
given processing algorithm. Length of the major axis of the ellipse at the center corresponds to approximately 0.16°. Complete
field of view of ALEGRO telescopes (2.9°) corresponds to 120 pixels.

processing methods based on both massive modeling 7. ENGINEERING DEVELOPMENT
and analysis of real observational data in the process of OF THE ALEGRO PROJECT
operation.

A series of exploratory and design studies have
The ALEGRO sensitivity to fluxes from point already been conducted as a part of the ALEGRO

gamma-ray sources is estimated at 10-'—10-2TeVem=2  project.

s~!in the primary range of 5—50 GeV (Fig. 9). At short A prototype Cherenkov detector subunit contain-
exposures, the ALEGRO sensitivity will be higher jng 64 pixels based on Hamamatsu Photonics s10362-33
than (in the range of 20—50 GeV) or be comparable to  avalanche photodiodes has been constructed at the
(at 5—20 and 80—100 GeV) the sensitivity of Joffe Institute and St. Petersburg Polytechnic Univer-
Fermi/LAT and CTA. sity. It can be expected that the detector of a single

TECHNICAL PHYSICS  Vol. 62 No.6 2017
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Fig. 8. Model energy resolution of ALEGRO and CTA.

telescope from the ALEGRO array will have approxi-
mately 10 000 pixels (photodiodes) produced by Ham-
amatsu Photonics, SensL, and/or loffe Institute. The
optical detector subunit is designed for use in Cheren-
kov gamma-ray telescopes and is a complete func-
tional assembly for a multielement optical detector.
The data acquisition and recording system was
designed for processing the data from the subunit (the
number of incident photons and the coordinates
(addresses) of triggered cells). This system detects sig-
nals from avalanche photodiodes, amplifies and pre-
processes them, and retrieves and transmits data for
subsequent software processing in real time.

Avalanche photodiodes of an original design,
which are tailored for Cherenkov gamma astronomy,
are being constructed [142, 143] at the loffe Institute.
These photodiodes provide an opportunity to deter-
mine the primary particle type by observing the UV
component of Cherenkov radiation (see, e.g., [144])
and extend the capabilities of an observatory (e.g.,
perform observations on moonlit nights [145]). A
detection efficiency of ~2% in the far UV range has
already been demonstrated [142]. The work on
increasing this efficiency and extending the sensitivity
range to the visible part of the spectrum is in progress.

CONCLUSIONS

Cherenkov gamma-ray astronomy provides valu-
able data on the emission of extreme cosmic objects
that are needed to solve certain relevant problems of
modern astrophysics and fundamental physics. The
sensitivity of the planned ALEGRO gamma-ray
observatory of the fourth generation will extend to the
important and insufficiently studied energy range of
5—50 GeV.

The following results, which define the basic
parameters of the future observatory, have already
been obtained.
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Fig. 9. Sensitivity of existing and future instruments to
gamma radiation fluxes from point cosmic sources.
ALEGRO exposures are longer than those of other Che-
renkov gamma-ray telescopes due to the fact that this
observatory is planned to be operated on moonlit nights.

1. Cosmic gamma quanta with energies of 5 GeV
can be detected using a system of optical telescopes
with 30-m mirrors located at an altitude of 4—5 km
above sea level. Under otherwise equal conditions, the
threshold observation energy of a gamma-ray observa-
tory at an altitude of 5 km is at least 1.5 times lower
than that of an observatory at an altitude of 2 km.

2. The influence of the optical night sky back-
ground is significant for detection of cosmic gamma
quanta in the range of 1—10 GeV, but is not an insur-
mountable natural obstacle to observations of cosmic
gamma-ray sources. Specifically, the probability of
detection of a gamma quantum with an energy of
3 GeV (without preserving the data on the energy and
arrival direction, which is sufficient for measurements
of light curves of gamma-ray bursts) is approximately
50% at small zenith angles of observation (<10°) and
small impact parameters (<100 m with respect to the
geometric center of the observatory in the square con-
figuration with a side of 140 m (see also [141])).

3. The expected energy resolution of ALEGRO is
AE/E ~ 0.8 at 5 GeV (see also [130]) and AE/E ~
0.2 100 GeV.

4. An angular resolution of 0.16° at 20 GeV may be
achieved at small zenith angles of observation by set-
ting specific selection criteria for images to be ana-
lyzed.

5. The sensitivity of ALEGRO in the range of 5—
100 GeV may be as high as 1071—10"2 TeV cm—2 s~ L.
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Thus, the results of modeling and hardware devel-

opment demonstrate that the ALEGRO observatory
will be an efficient instrument for observing cosmic
gamma-ray sources in the energy range of 5—50 GeV.
This observatory will allow specialists to resolve a
number of important problems of experimental
gamma-ray astronomy and high-energy astrophysics.
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