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ABSTRACT

The High Altitude Detection of Astronomical Radiation (HADAR) experi-
ment is a refracting terrestrial telescope array based on the atmospheric

Cherenkov imaging technique. It focuses the Cherenkov light emitted by T MAGICJ%?;{)MM

extensive air showers through a large aperture water-lens system for ‘ Geininga )

observing very-high-energy y-rays and cosmic rays. With the advantages of e /
-5.0 25 00 25 50 75 100 125 150

a large field-of-view (FOV) and low energy threshold, the HADAR experi-
ment operates in a large-scale sky scanning mode to observe galactic
sources. This study presents the prospects of using the HADAR experiment for the sky survey of TeV y-ray sources from
TeVCat and provids a one-year survey of statistical significance. Results from the simulation show that a total of 23 galactic
point sources, including five supernova remnant sources and superbubbles, four pulsar wind nebula sources, and 14
unidentified sources, were detected in the HADAR FOV with a significance greater than 5 standard deviations (¢). The
statistical significance for the Crab Nebula during one year of operation reached 346.0 o and the one-year integral sensitivity
of HADAR above 1 TeV was ~1.3%-2.4% of the flux from the Crab Nebula.
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1 Introduction (PWNe), supernova remnants (SNRs), binaries, and

small quasars. Outside our galaxy, VHE ~-rays, mostly

Very high energy (VHE; > 10 GeV) y-rays provide a
fascinating insight
processes
universe. Within our Galaxy, such high-energy emissions

into cosmic particle acceleration
in the extreme environments of the local

mainly originate from pulsars, pulsar wind nebulae
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come from quasars and blazars, including BL Lac
objects and flat-spectrum radio quasars. They are
observed in extreme relativistic jets as particles escape
from supermassive black holes. VHE gamma radiation is
thought to primarily originate from the interactions of
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relativistic particles. Relativistic electrons produce
~v-rays through non-thermal bremsstrahlung or inverse
Compton scattering, whereas protons and atomic nuclei
generate v-rays through the decay of neutral #° mesons
produced through hadronic interactions with ambient
material. Therefore, VHE ~-ray astronomy provides the
most direct means for exploring non-thermal astrophysical
processes in the universe.

At TeV energies, supernovae and SNRs are generally
considered the main sources of VHE ~-rays in the galaxy
(E > 10" eV). SNRs are assumed to be major cosmic-
ray acceleration regions for the following two principal
reasons: (i) According to the well-established theory of
diffusive shock wave acceleration [1, 2], projectiles
resulting from supernova explosions may diffuse into the
surrounding medium to form shock waves. The particles
are accelerated at SNR shock wave fronts and the power
index of the accelerated particle spectrum is estimated
to be 2 [3, 4]. This result is consistent with the v-ray
spectrum from supernova remnants, which is observed in
the radio waveband. (ii) About 10°°-10°! rgs of energy is
released into cosmic space each time a supernovae
explodes, which is the same as the rate of cosmic ray
energy loss in the galaxy. Therefore, galactic supernovae
and the resulting SNRs are the only potential sources
that can provide the amount of energy required to
produce the measured local cosmic-ray energy density
[5, 6]. Other potential sources of VHE 4-rays include
pulsars and PWNs. Pulsars, which are produced by the
explosion of Type Ib/Ic and II supernovae, are rapidly
rotating magnetized neutron stars and act like unipolar
inductors accelerating particles. They emit pulsar winds
made up of electron-positron pairs, and the ultra-rela-
tivistic pulsar wind interacts with ambient supernova
projectiles to create termination shocks. Here, electrons
are accelerated, emitting TeV ~-rays via inverse Compton
scattering. Thus, the radiative constituents of such celestial
bodies tend to exhibit a pulsed radiation component
from the immediate vicinity of the pulsar and an
unpulsed component from the shock region and beyond.
Therefore, a survey of the inner part of the galaxy
provides an efficient approach to search for yet unknown
types of galactic VHE ~-ray emitters and understand
the origin and acceleration mechanism acting on them.

Over 200 known VHE ~5-ray sources’ have been
discovered in our galaxy [7]. A large fraction of these
sources were first discovered by the current generation
of Imaging Atmospheric Cherenkov Telescopes (IACTSs),
namely H.E.S.S. [8], MAGIC [9], and VERITAS [10].
IACTs are designed to detect the faint Cherenkov
flashes originating from particle showers that form when
energetic photons impacts the Earth’s atmosphere. For
all three of the telescope systems mentioned above, the
Cherenkov light is focused into meter-size cameras
through large reflective mirrors and then digitized
through photomultiplier tubes (PMT). The typical
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signature of a y-ray induced shower in the camera is an
elliptic image over a duration of a few nanoseconds. In
contrast, a proton-induced shower produces an irregular
image, by which the ~-ray is distinguished from the
dominating background. The next generation Cherenkov
telescope array (CTA)f [11] aims to observe ~-ray
astronomy in the ~20 GeV-300 TeV energy range.
Possessing significantly superior sensitivity and angular
resolution, it is the latest breakthrough in VHE q-ray
astronomy [12]. However, due to the influence of sky
brightness and weather conditions, the duty cycle of
current IACTs is below 10% and the field-of-view (FOV)
is small (~3.5°-5°). Therefore, ICATs are more suitable
for point source observation rather than all-sky scanning
with a large FOV. On the contrary, for the extensive air
shower (EAS) ground-based observatory array, the
observation is not limited by the environment or
weather conditions, although the sensitivity is relatively
low. With a large FOV (~1 sr), EAS ground-based
experiments observe the VHE ~-ray sources continuously,
especially in the TeV energy range. So far, HAWC [13]
has operated large-scale sky surveys of the Crab Nebula
flux in the northern sky with a 1 yr survey sensitivity of
~5%-10% [14]. Milagro [15] and ARGO-YBJ [16] have
also performed similar surveys. The new complex EAS
array LHAASO [17] has detected photons with energies
exceeding 1 PeV, including one photon at 1.4 PeV [18].
Besides, the Tibet ASy [19] and HAWC [20] experiments
have detected ~-rays beyond 100 TeV from several
sources, which are very good candidates for PeVatrons.
The new TAIGA-HiSCORE [21] non-imaging Cherenkov
array experiment will have an exploration of ~y-rays
above 30 TeV and cosmic rays above 100 TeV. These
observations enhance the knowledge of the origins and
acceleration mechanism of VHE y-ray emission.
However, for violent explosions in the universe such as
~v-ray bursts and supernova explosions, the duration of
the transient sources is short. Although ITACTs have
adequate sensitivity and angular resolution, these transient
sources cannot be captured immediately due to the
limited FOV. As for EAS facilities, the energy threshold
is relatively high (hundreds of GeV) and it has a large
effective area and high duty cycle. However, it is limited
to detecting only low-energy gamma emission. Based on
this, the High Altitude Detection of Astronomical Radi-
ation (HADAR), a ground-based experimental array
with a low energy threshold (~10 GeV) and a large FOV,
was proposed and constructed. HADAR is a ground-
based telescope array based on the atmospheric
Cherenkov imaging technique, which detects the
Cherenkov light through a large aperture wide-angle
water-lens (lens and purified water) system for observing
VHE cosmic rays and v-rays. One of the scientific goals
of HADAR is to accurately observe ~-ray sources (point
sources and transient sources) from 10 GeV to tens
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of TeV.

In 2016, a 0.9 meter diameter water-lens telescope
prototype was successfully operated at the YangBalJing
Cosmic Ray Observatory (4300 m a.s.l., 90.522° E,
30.102° N, 606 g/cm?) in Tibet, China. It successfully
detected a coincident cosmic ray event for the first time
through the joint operation of adjacent scintillation
detector array [22]. For a detailed description of the
prototype performance, refer to [23]. These results
confirmed that this new detection technique was capable
of imaging atmospheric Cherenkov light. Subsequently,
the second step of the experimental design was imple-
mented, where two or three 1 m diameter hemispheres
were used as the lens body. To date, two lenses have
been produced, the relevant upgraded electronics and
data acquisition systems are being prepared, and instal-
lation and operation are scheduled for later this year.
The plan for the third phase is to construct a HADAR
telescope array with four 5 m diameter hemispherical
lenses, to detect high-energy ~-ray emissions more effec-
tively.

In this study, we present the prospects for a sky scanning
survey of TeV y-ray sources in the galaxy with HADAR.
The paper is organized as follows: the HADAR experiment
and its performance are introduced in Section 2, while
Section 3 describes the simulation and analysis method
for the observation of sources. In Section 4, we report on
the prospective observation results of different types of ~-
ray sources, while Section 5 presents a summary and
discussion of this study.

2 HADAR experiment

The HADAR experiment is a hybrid array consisting of
four water-lens telescopes and a surrounding scintillation
detector array for observing Cherenkov light induced by
10 GeV-tens of TeV cosmic rays and ~-rays in the
atmosphere. The schematic diagram of HADAR is
shown in Fig. 1(a). The water-lens telescope array and
the surrounding plastic scintillation array, i.e., the
YangBaJing Hybrid Array [24], were combined for
observation. The four water-lenses were arranged in a
square of 100 m spacing, considering that the radius of
the Cherenkov light pool produced by a ~-ray shower
with a primary energy of 1 TeV was about 125 m [25].
Figure 1(b) presents the detailed design of the water-
lens telescope, which mainly consists of a hemispherical
lens with a diameter of 5 m acting as a Cherenkov light
collector, a cylindrical metal tank with a 4 m radius and
7 m height, and an imaging system at the bottom of the
tank. The tank was filled with high-purity water to
improve the transmissivity of ultraviolet photons. The
inside of the tank was lined with an absorption layer,
while an insulation layer was attached to the outside.
The imaging system consisted of 18961 2-inch PMTs

(b)

Insulation layer

Steel tanl§

Absorption layerg Focal plane
= Ca
Sl of PMTs

Stainless steel shélves

“ 1117 m

Fig. 1 Schematic of HADAR: (a) Layout of the HADAR
experiment; (b) Detailed design of a water-lens telescope [26].

arranged on the focal plane of the lens for image digiti-
zation. It was designed as a curved surface supported by
a stainless-steel bracket for imaging the photons with
large incident angles, and the focal length was 6.8 m.
According to Fig. 1(b), green parallel light with an incident
angle of 30° was focused on the edge of the imaging
system, allowing the FOV to reach 60°. As a novel
experiment, we adopted cheap acrylic and high purity
water as the raw materials for the water-lens telescope,
to keep the costs relatively low.

Figure 2 displays the angular resolution (point-spread
function, PSF; 68% containment radius) of HADAR for
incident y-ray events at different zenith angles. The inci-
dent zenith angles were 10°, 20° and 30°, respectively,
and the energy ranged from 10 GeV to 10 TeV. The
angular resolution was about a subdegree and was
approximately 0.4° at ~300 GeV. Figure 3 illustrates the
effective areas of HADAR as well as a comparison with
other TACT experiments. The effective area increased
from about 10 m? to 4 x 10° m? as the energy increased,
as indicated by Fig. 3(a). Also, the effective area was
approximately 1 x 10° m? at ~300 GeV for HADAR,
which was comparative to the values generated by
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Fig. 2 Performance of HADAR angular resolution. The
incident zenith angles were 10°, 20° and 30° [26].
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Fig. 3 Performance of HADAR effective area: (a) Effective
areas for incident y-ray events at different zenith angles [26]
and comparison with other IACT and EAS experiments;
(b) Acceptance for HADAR and other experiments.

H.E.S.S. [27], MAGIC [28] and LHAASO [17], and much
larger than HAWC [29]. The effective area of HADAR
was inferior to that of TACTSs in the low energy range
(< 300 GeV) because the diameter of the HADAR telescope
was only 5 m and the number of Cherenkov lights
collected was relatively small. Regarding the incident

events of different zenith angles, there was little difference
in effective area. Figure 3(b) provides a comparison of
the acceptance (the acceptance is defined here as the
integral of the effective area over the FOV) in different
experiments. The region covered by HADAR was much
larger than other TACTs (even the CTA), and comparable
to LHAASO. The key performance parameters of
HADAR are shown in Table 1. Owing to its merits,
HADAR is suitable for searching for ~-ray point and
extended sources in the northern sky. Additionally,
HADAR also has the advantage of observing high-
energy ~-ray bursts, and the reference [26] shows expec-
tations for the observations.

3 Expectations on observations of -ray
sources using HADAR

Cosmic ray events account for the vast majority of
detected events when tracing and counting the number
of events collected from a point source direction. There-
fore, the significance of observing galactic TeVCat
sources is to accurately estimate the number of cosmic
ray background events and the n-ray events from each
source. For this, we performed a fast simulation to
generate y-ray and cosmic ray events and adopted a sky
scanning analysis method based on the equi-zenith angle
[30] to calculate the significance. Based on the measured
energy spectrum data of TeVCat sources provided by
previous experiments, we estimated the detection capa-
bility of HADAR for these sources and calculated the
expected statistical significance of a 1 yr sky survey. The
energy for the simulation ranged from 30 GeV to
10 TeV, with a zenith angle of less than 30°.

3.1  Simulation method for observing y-ray sources

Considering the zenith angle range and the location of
the HADAR experiment in the horizontal coordinate
system (observer’s coordinates), the sky map in the
equatorial coordinate was divided into 0.1° x 0.1° bin
pixels, from 0° to 360° in right ascension and from 0.102°

Table 1 Performance of the HADAR experiment. The
spatial coverage, energy range, effective area, angular resolu-
tion, energy resolution, and point-source sensitivity are given.

For a detailed description of the flux sensitivity, see
Section 4.
Performance Values
Field of view (sr) 0.84

Sky coverage (dec.) 0.102°-60.102°

Energy 30 GeV-10 TeV
Effective area (100 GeV) 2.4 x 10° m?
Angular resolution (100 GeV) 0.44°
Energy resolution (100 GeV) 30%
Sensitivity (Crab) ~1.3%2.4%
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to 60.102° in declination. Each pixel was denoted as (i, j)
and the center of a pixel represented the location of the
point source. Assuming a local sidereal time bin (t), the
FOV of HADAR in the horizontal coordinates was
divided into windows according to the following criteria:
the zenith angle § was divided into 0.08° bins from 0° to
30°, and the azimuth ¢ was divided into % bins from 0°
to 360°, for which the width depended on the zenith
angle. Thus, the solid angle for each azimuth window
was approximately equal, Q=1.95x107% and each
window was numbered (t,6, ¢).

In the horizontal coordinate system, the depths for
cosmic rays with different zenith angles traveling
through the atmosphere vary. As a result, the detection
efficiency decreases with an increase in zenith angle,
while the atmospheric depths at different azimuths
under the same zenith angle remain the same. Therefore,
it is more reasonable to estimate the cosmic ray background
for a point source using collected shower events in the
same zenith angle belt and different azimuth angles from
the signal window. For a zenith angle belt, the window
pointing to the source is known as the “on-source
window ”, while the sideband windows on the same belt
are called “off-source windows”. Thus, the background
events for the “on-source window” can be estimated as
the average value of all events in the “off-source
windows”. Due to the rotation of the Earth, the ~-ray
source signals detected by HADAR form a trajectory
within windows (6, ¢) in the horizontal coordinates. Each
window in one time bin (¢,6,¢) is always mapped to a
unique pixel (7,5) in the equatorial coordinates, that is,
(t,0,¢) — (i,7). The event numbers collected in each
window are denoted as N(t,8,¢), thus the event number
in pixel (i, j) in the equatorial coordinates is a summation
of the number of events counted in the horizontal coor-
dinate, i.e., N(i,5) = Y. Nas(t,0,¢). The relative intensity
of the signals in the “on-source window” is defined as
I(i,j), which is the ratio of the number of events
observed in the “on-source window” to the number of
background events, i.e., No(¢,0,8)/Nog(t,0,¢). Therefore,
the number of normalized events relative to I(i,j) in the
“on-source window ” is Nu(t,0,¢)/I(i,5). Similarly, the
“off-source window” with the same zenith angle (9) is
expressed as (t,0,¢), with corresponding coordinates
(i',7) in the equatorial coordinates. The number of
events observed in the “off-source window” is Nyy(t, 0, ¢'),
the relative intensity is I(i’, ), the number of normalized
events is Nws(t,0,¢)/I(i',j'), and the average number of
normalized events in all “off-source windows” is

L , Nu(t0.0)  where g is the number of azimuth
ng—1 [ I(¢',5)
windows in one zenith angle (9) belt.

For the time bin, a sidereal day is divided into 3600
time bins, i.e., the time interval is 24 seconds. For
HADAR, Cherenkov light can only be detected on
moonless nights. Therefore, the effects of sunlight and

moonlight are excluded when calculating the effective

observation time. When the zenith angle of the sun and
the moon in the horizontal coordinates is greater than
90°, it is considered a moonless night for simulations.
Besides, other environmental factors like thunderstorms
affect observations, but we ignored these variables in the
simulation. Due to the movement of sun, the moon, and
the Earth, the value of (9, ¢) in the horizontal coordinate
varies every day for each ~-ray source. Therefore, the
effective observation time over 1 yr of operation is the
sum of the observation times for each day.

3.2  Significance analysis method

According to the location, direction, and energy spectrum
information of the source, we simulated the observed
events generated from each source. The y-ray excess
events at each pixel (i,5) were calculated in combination
with the estimated cosmic ray background events for the
source region. Thus, we obtained the statistical significance
of the source. The predicted number of cosmic rays in a
window (¢,0, ¢) is determined as follows:

NCR(t797¢) = nCR/EJCR(E)ACR(Q,E>QdE6t
(1)

Besides, the predicted number of y-ray events from the
point source in a window (¢, 0, ¢) is calculated as follows:

No(t.0.0) =, [ LE)A, 0. EWEs, (@), (2)
where Acgr(9,F) and A,(0,E) represent the effective
areas of HADAR for the cosmic rays and ~-rays, respec-
tively. Also, Jogr(F) signifies the cosmic ray energy spec-
trum (31], J,(E) is the y-ray energy spectrum for each
source, () denotes the solid angle corresponding to the
HADAR angular resolution, ¢,(Q) is 68% and represents
the containment percentage of y-ray events in the solid
angle O, ncr and n, signify the efficiencies of simulated
cosmic rays and y-rays according to the ~/Proton sepa-
ration, and 6t is the time bin, which is 24 seconds. The
differential flux energy spectrum of the v-ray source is
described by a power law with an exponential cut-off,
ie.,

dN ENTT _ s
_J()( ) c Ecut7

dFE Ey 3)
where J; represents the normalizaiton flux in units of
cm 2s 1 TeV'! at energy E,, T is the energy spectrum
index, and E.,; denotes the cut-off energy for the source.
For the specific information source concerning the
energy spectrum, see Tables 2, 3 and 4.

Statistically, the number of normalized events in the
“on-source window” is equal to the average number of

normalized events in the “off-source windows”, i.e.,

Nobs (£.0.8) _ ( Nops(£.0.6) ile +2 i i i
Fi = IGaea ), while x? is determined according
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Table 2 Expected significance of SNRs, superbubbles, and binaries with HADAR between 30 GeV and 10 TeV using a
1 yr observation time. Columns from left to right are as follows: source name, R.A., Dec., normalization flux, E,, spectral
index, extended degree (“-” represents an extension of 0), effective livetime, expected significance by HADAR, and the references

of the measurements.

Source R.A. (°) Dec. (°) Jy (TeV'iem?2s?') Ey(TeV) T Extension (°)  Livetime (hrs) S(o) Ref.

W 49B 287.78 9.16 3.15 x 10713 1 3.14 - 195.0 8.6 (7]
HESS J1912+101 288.20 10.15 3.66 x 10714 7 2.64 0.7 203.3 20.6 [14]
W 51 290.73 14.19 2.61 x 1014 7 2.51 0.9 230.4 8.2 (14]
ARGO J2031+4157 307.80 42.50 3.50 x 109 0.1 2.16 2.0 277.7 23.6 (32]
Cassiopeia A 350.81 58.81 1.10 x 10~ 11 0.433 2.40 - 98.7 5.7 [33]

Table 3 FExpected significance of PWNs with HADAR between 30 GeV and 10 TeV using a 1 yr observation time.
Columns from left to right are as follows: source name, R.A., Dec., normalization flux, Ey, spectral index, extended degree

(“~” represents an extension of 0), effective livetime, expected significance by HADAR, and the references of the measure-
ments.
Source R.A. (°) Dec. (°) Jy (TeViem2s') Ey(TeV) T Extension (°)  Livetime (hrs) S(o)  Ref.
Crab 83.63 22.01 1.85 x 10~13 7 2.58 - 241.8 346.0 [14]
Geminga 98.12 17.37 4.87 x 10714 7 2.23 2.0 230.2 13.7 [14]
TeV J1930+4188 292.63 18.87 1.96 x 10~14 7 2.18 - 255.0 10.5 [34]
2HWC J19534-294 298.26 29.48 8.30 x 10~1° 7 2.78 - 288.6 31.4 [14]

Table 4 Expected significance of unidentified sources with HADAR between 30 GeV and 10 TeV using a 1 yr observation
time. Columns from left to right are as follows: source name, R.A., Dec., normalization flux, Ey, spectral index, extended

degree (“—” represents an extension of 0), effective livetime, expected significance by HADAR, and the references of the
measurements.

Source R.A. (°) Dec. (°) Jy (TeV'em?s1) Ey(TeV) I"  Extension (°) Livetime (hrs) S(o) Ref.
MAGIC J0223+403 35.80 43.01 1.70 x 10~11 0.3 3.10 - 252.5 13.5 [35]
2HWC J1829+4070 277.34 7.03 8.10 x 10715 7 2.69 - 173.8 14.4 [14]
2HWC J1852+4-013* 283.01 1.38 1.82 x 10~ 14 7 2.90 - 73.6 36.9 [14]
MAGIC J1857.6+0297 284.40 2.97 6.10 x 10712 1 2.39 0.1 112.2 25.5 [36]
2HWC J1902+048* 285.51 4.86 8.30 x 1015 7 3.22 - 145.7 82.1 [14]
2HWC J1907+084* 286.79 8.50 7.30 x 1071° 7 3.25 - 189.4 102.5  [14]
MGRO J1908+4-06 286.98 6.27 8.51 x 1014 7 2.33 0.8 164.6 124 [14]
2HWC J1914+117* 288.68 11.72 8.50 x 1012 7 2.83 - 215.3 29.1 [14]
QHWC J1921+131 290.30  13.13 7.90 x 10-15 7 2.75 - 223.8 215 [14]
2HWC J1928+177 292.15 17.78 1.07 x 10714 7 2.60 - 249.9 19.8 [37]
2HWC J1938+238 294.74 23.81 7.40 x 10712 7 2.96 - 274.7 51.9 [14]
2HWC J1955+4-285 298.83 28.59 5.70 x 10715 7 2.40 - 286.7 7.3 [14]
2HWC J2006+341 301.55 34.18 9.60 x 10~15 7 2.64 - 292.0 42.7 [14]
VER J2019+407 305.02 40.76 1.50 x 10~12 1 2.37 0.23 284.3 14.9 [38]

to the least square principle: N,(i,§) = (i, 5) _ HN(Z’])? (5)

, 1(i,7)
X2 _ Z Nobs(ta 9, ¢) _ 1 Z Nobs(ta 97 ¢ )
AR TR P (G AN j) = MEDNG.5). ©
1(i, 7)
XJ;(}@ Considering the angular resolution of HADAR, signals

By minimizing x?, the relative intensity I(i,j) and the
corresponding statistical error AI(i, ;) are obtained. Thus,
the excess events Ny(i,j) and the uncertainty AN;(i, ;) in
pixel (i,7) in equatorial coordinates can be expressed as

from the point source may be reconstructed and subse-
quently deviate from the source direction in the recon-
struction. To maximize the significance of the calcula-
tion, the smoothed N, and AN, values are used to
approximately estimate the significance. The smoothed
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significance is calculated as the average significance of
the region with HADAR angular resolution as the angular
radius around the source center, thus s = AN]\S,S.

Except for point sources, some sources have a certain
extended morphology. Usually, a two-dimensional Gaus-
sian model is convolved with the experimental point-
spread function (PSF) to fit the excess map of the
source [36]. Therefore, we use a two-dimensional Gaussian
function:

) = o {5 [0 4 )
)

This function simulates the y-ray source extended emission
positions in the sky map. The distribution of the
extended emission is assumed to be rotationally symmet-
rical, i.e., o, = 0, = 0, where z, and y, represent the ~-
ray source positions in the equatorial coordinates.
Details of the extended emissions for each source are
listed in Tables 2, 3 and 4.

4 Expected significance results of y-ray
sources

Figure 4 displays the simulated observation sensitivity
in equatorial coordinates for a one-year HADAR sky
survey. It shows that the effective observation time of
each point source varied with the declination. In the
simulation, the flux from the Crab Nebula was used as
the standard and the spectral index was 2.51. In the
HADAR FOV, the flux integral sensitivity above 1 TeV
was between 1.3% and 2.4% of the flux from the Crab
Nebula, and the most sensitive observation position was
at 30.1° declination, which corresponded to the latitude
of HADAR.

The expected results of sky survey observations from

< 107

5

N 2% Crab
>

=

A 1% Crab
%

=

=

1073 . . - : :
0 10 20 30 40 50 60

Dec. (°)

Fig. 4 Sensitivity in equatorial coordinates for a one-year
sky survey using HADAR in units of the flux from the Crab
Nebula (~2.26 x 10" cm 25!, E> 1 TeV) [39] and assuming
a power-law spectrum with photon index I' = 2.51. The sensi-
tivity used here is defined as the minimum flux of a point
source that would be detectable at the 5 o significance level
in the HADAR FOV.

TeVCat sources in the galaxy by HADAR are shown in
Tables 2, 3 and 4, which display the details of each
source (source name, location, normalization flux at
energy Ej, spectral index, extended degree, effective live-
time, and expected significance). A total of 23 galactic
sources with significance greater than 5 standard
deviations were observed in the HADAR FOV, including
five SNRs and superbubbles, four PWNs, and 14 uniden-
tified sources. Also, a two-dimensional skymap is
presented in Fig. 5. Although the significance of many
sources is greater than 15, the visualization range is
confined between —5 to 15. We list and briefly discuss
the observations and studies of some sources by previous
experiments in Section 4.1-Section 4.4, including their
associated counterparts, flux, spectral information, and
so on. We also analyzed the potential of HADAR for sky
surveys in the GeV energy band (Section 4.5) and
discussed the advantage of observing the extended
sources using HADAR (Section 4.6).

4.1  Expected observations of SNRs and superbubbles

i) The expected significance of W49B (HESS J1911+090)
observed by HADAR was 8.6 0. The SNR W49B is a
mixed-morphology remnant originating from a core-
collapse supernova that occurred between one and four
thousand years ago. It is associated with SNR G43.3-0.2
and is believed to result from interaction with molecular
clouds, exhibiting a soft energy spectrum. The H.E.S.S.
collaboration reported that the integral flux above
1 TeV is (1.47 £ 0.384 £ 0.2955) x 1072 cm *s'! with a
spectral index of 3.14 [7]. H.E.S.S. alos showed two
significant spectral breaks at 304 MeV and 8.4 GeV by
combining the source spectrum from Fermi-LAT, which
was believed to be indicative of ~-ray emission produced
through neutral-pion decay.

ii) The expected significance of HESS J1912+101
observed by HADAR was 20.6 . HESS J1912+101
(2HWC J1902+099) is associated with the high spin-
down luminosity pulsar PSR J1913+1011 (E = 2.9x
10%%erg-s1,d = 4.6 kpc, 7 = 169 kyr) [40]. H.E.S.S. reported
the integral flux above 1 TeV was (2.49 £+ 0.35) X
102 em 251 (11% Crab flux) with spectral index 2.56 +
0.09. ARGO-YBJ also detected emission from this

i e
i Geminga;

-25 0.0 2.5 5.0 7.5
Significance

100 125 150

Fig. 5 Expected significance of all TeV sources in the
equatorial coordinates (J2000 epoch) in the HADAR FOV.
The visualization range is limited between —5 and 15.
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region [16], but the flux above 1 TeV was much higher
than the corresponding result of H.E.S.S. This discrepancy
was also present for other ARGO-YBJ sources and the
reasons had been explained [41]. HAWC also reported
this source [14], the photon index was —2.64 and the
differential  energy  spectrum 3.66 x 1074
TeV!tecm 25t at 7 TeV, which was used in this simula-
tion.

iii) The expected significance of W51C was 8.2 o.
W51C (2HWC J1922+4140, HESS J1923+141) is a radio-
bright SNR located at a distance of ~5.4 kpc [42] and is
a middle-aged remnant (~3 x 10% yr) [43]. W51C is
known to interact with the molecular clouds in the star
forming region W51B. The ~-ray emission from this
region was discovered by Fermi-LAT (200 MeV-50 GeV)
[44], HE.S.S. (> 1 TeV) [45], MAGIC (~50 GeV—several
TeV) [46], and HAWC (~TeV) [14]. The y-rays spectral
energy distribution presented by Fermi can be explained
reasonably by the hadronic emission mechanism [44].
The MAGIC collaboration reported the integrated flux
above 1 TeV is equivalent to ~3% of the flux of the
Crab Nebula [46], which agrees with the flux measurement
by H.E.S.S., and the photon index is 2.58 + 0.07y, =+
0.225,5. Above 1 TeV, MAGIC shows the W51C region is
composed of two components: one is coincident with the
interaction region between W51C and W51B, while the
other is coincident with the PWN CXO J192318.5+
140305 [46]. HAWC observation result under the point
source search agrees with the MAGIC and Fermi-LAT
results, whereas the extension is large [14], and the
extension with a radius of 0.9° from HAWC is adopted
in this simulation.

iv) The expected significance of ARGO J2031+4157
was 23.6 0. ARGO J2031+44157 is associated with TeV
J2032+4130, a PWN first discovered as an unidentified
source in TeV by HEGRA experiment [47] in the
Cygnus region, with no obvious counterpart at other
wavelengths. In subsequent, Wipple [48], MAGIC [49]
and VERITAS [50] also reported this source, and the
extended emission was about 0.2° from the pulsar posi-
tion, the integral flux above 1 TeV was ~3%-6% of the
Crab Nebula flux. TeV J2032+44130 is associated with
the PWN of PSR J2032+4127 [51]. The Cygnus Cocoon
is the GeV diffuse emission region, with a 2D Gaussian
width of 2.0 4 0.2°, first reported by the Fermi Collabo-
ration [52], and originates from a superbubble of freshly
accelerated cosmic rays. The extended source ARGO
J2031+4157 [53], MGRO J2031+41 [54], VER J2031+
415 [50], 2HWC J2031+415 [14], and LHAASO J2032+
4102 [18] were reported compatible with the Cygnus
Cocoon, and they were consistent in flux relatively. A
source extension of 2° was used in our simulation
concerning the results of previous measurements. In
HADAR FOV, the effective observation time for Cygnus
Cocoon is 277.7 hrs in 1 yr operation time with zenith
angle between 12.4° and 30°.

was

v) The expected significance of Cassiopeia A was 5.7 o.
Cassiopeia A is the youngest (~350 yrs [55]) SNR of the
historical galactic SNRs, located at a distance of 3.4 kpc
[56]. It is bright in radio and X-rays and has been
detected as a bright point source in MeV—-GeV y-rays by
Fermi-LAT and in VHE ~-rays by HEGRA, MAGIC
and VERITAS. The observations of Fermi-LAT [57] and
VERITAS on Cassiopeia A in MeV to GeV energy range
have shown that the hadronic acceleration model is
preferred to fit the energy spectrum [58]. HEGRA first
detected TeV ~-ray emission associated with Cassiopeia
A above 1 TeV [59], with later confirmations supplied
by MAGIC [60] and VERITAS [61]. The spectral index
(2.4-2.6) and the fluxes (3% of the Crab Nebula flux)
reported by these groups are consistent with each other
within errors. The results also indicated that a strong
magnetic field was needed to produce the TeV ~-ray
emission. The zenith angle for Cassiopeia A in HADAR
FOV was 28.7°-30°, thus the effective observation time
was relatively short. The reference differential energy
spectrum used in the simulation was the result of VERI-
TAS, and the spectral index was 2.75.

4.2 Expected observations of PWNs

i) The expected significance of Crab Nebula was the
largest significance of the TeV sources, with 346.0 o.
The Crab nebula is a leftover of the supernova explosion
and is powered by the pulsar PSR B0531+21 at its
center [62]. It is the brightest steady source in the northern
sky, and has been measured precisely with IACTs and
ground-based experiments over the past three decades
[39, 63-67]. In the GeV regime, the synchrotron radiation
is observed from radio to soft y-rays. At higher energies
(> 1 TeV), the Inverse Compton up-scattering by the
relativistic electrons accelerated in shocks in the nebula
is dominant [68]. Due to the steady brightness, Crab
Nebula has been adopted as the reference source in TeV
astronmy and used for calibrating new TeV y-ray instru-
ments. A joint fit of the Crab Nebula spectrum was
produced by combining data from Fermi-LAT and the
four current operating IACTs, and the normalization
flux at 1 TeV was (3.85 + 0.11) x 10 TeV tcm st
and the spectral index was 2.51 £+ 0.03 [69].

ii) The expected significance of Geminga was 13.7 o.
Geminga is the first known radio-quiet pulsar and the
second brightest source in the GeV sky. It is a promising
candidate for the emission of VHE pulsed y-rays.
Geminga (PSR J0633+1746) is relatively old (342 yrs),
nearby (250712 pc) and has a low spin-down power
(3.26 x 103 ergrst) [70, 71]. Detection of extended -
ray emission around Geminga was discovered by Milagro
[72] and HAWC. The angular size reported for the
source was ~2°, challenging for IACTs to detect due to
the large scale emission [73]. HAWC confirmed the Milagro
detection of VHE ~-ray emission around Geminga and
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another nearby pulsar PSR B0656+14 [14]. In 2017,
HAWC detected a TeV y-ray halo around Geminga.
Using the observed surface brightness distribution, they
determined that the diffusion coefficient of electrons and
positrons is two orders of magnitude lower than that
derived from the typical interstellar medium, thus
constraining the origin of the positron flux at Earth
[74-77).

iii) The expected significance of TeV J1930+188 was
10.5 0. The VHE y-ray source TeV J1930+188 (VER
J1930+188, 2HWC J1930+188, HESS J1930+188) is
associated with the composite SNR (G54.14-0.3 and the
pulsar PSR J1930+1852 (E = 1.2 x 10*7erg-s~*,d = 6.5 kpc,
7=29kyr) [78]. VERITAS first discovered the TeV
source, and the observation is consistent with a point-
like source [79]. The spectral index at 7 TeV of VERI-
TAS, HAWC [14] and H.E.S.S. [7] are consistent with
statistical and systematic uncertainties. Whereas, the
integral flux above 1 TeV reported by H.E.S.S. is lower
than that of VERITAS. The detailed observation
comparison between VERITAS and HAWC for the SNR
G54.14-0.3 was given in [34], and the VERITAS flux for
G54.14-0.3 is lower than that measured by HAWC.

iv) The expected significance of 2HWC J1953+294
was 31.4 0. 2HWC J1953+294 was first discovered by
HAWC in 2017 [14], after that, VERITAS reported a
confirmation of v-ray emission coincident with 2HWC
J19534-294 with an extended-source analysis (0.3°) with
37 hr and 72 hr respectively (named VER J1952+293)
[80]. The counterpart of 2HWC J1953+-294 (VER J1952+
293) is the PWN DA 495 (age ~20 000 yr, distance 1.0
kpc) [81], which is associated with the SNR G65.7+1.2.
The spectral index measured by VERITAS is
2.65 + 0.49,, which is consistent with the HAWC result
2.78 + 0.154y within errors. However, the VERITAS flux
for DA 495 at 1 TeV is lower than that measured by
HAWC, it is mainly due to the different search modes
for this source (0.3° extension search or point-like source
search) [14, 34]. The flux and spectral index adopted in
our simulation is from HAWC.

4.3  Expected observations of gamma-ray binary

The known ~-ray binaries are usually identified as high-
mass X-ray binaries system, consisting of a compact
object orbiting around a massive stellar of O or Be type.
The class of TeV binaries is quite sparse, only consisting
of PSR B1259-63 [82], LS 5039 [83], LS I +61°303
[84, 85], HESS J0632+4-057 [86], 1IFGL J1018.6-5856 [87],
and PSR J2032+4127 [51, 88, 89], and every member
shows different characteristics. The TACTs are qualified
to study these objects which exhibit the TeV emission.
Of these binaries systems, most of the nature of the
compact object for systems are unknown, except for the
compact objects of PSR B1259-63 and PSR J2032+4127,
which have been firmly identified as pulsars [90, 91].

Consequently, the fundamental mechanism for the TeV
emission remains uncertain. The orbital periods of these
systems vary from several days (LS 5039) to many years
(PSR J2032+4127, approximately 50 years [51]). The
TeV emission varies obviously as a function of the
orbital phase, thus the flux variations may provide short
windows for the instruments to detect in the TeV
regime.

In the northern hemisphere, only the positions of
HESS J0632+057, PSR J2032+4127, and LS I +61°303
in the sky are allowed to be observed, furthermore, only
HESS J06324057 and PSR J20324-4127 locate in the
HADAR FOV. PSR J2032+4127 is spatially coincident
with source TeV J20324+4130 which has been described
as an extended VHE source in section 4.1.

Gamma-ray emission at VHE from HESS J0632+057
was first discovered serendipitously at energies above
400 GeV with H.E.S.S. experiment [86]. This ~-ray
source is coincident with the massive B-star MWC 148
at a distance of 1.1-1.7 kpc [92-94]. It was observed in
the following years with VERITAS, H.E.S.S., and
MAGIC telescopes [95-97]. In 2010 and 2011, significant
y-ray signals were detected at energies above 1 TeV,
confirming the TeV variability. With the measurement
of flux modulations, the period of 317.3 4+ 0.7 days was
determined with the X-ray observations [98, 99], and the
binary nature of HESS J0632+057 was firmly established
[100]. According to the ~-ray light curve analysis from
the latest data, the two higher flux states occurred in
the orbital phase range 0.2-0.4 and 0.6-0.8, the low
state in the phase range 0.4-0.6, and the medium
(plateau) state in the remaining ranges 0.8-0.2. The
detailed spectral analyses at ~-ray energies averaged
over the four different ranges in orbital phase were
shown in [101]. On the basis of the medium state data
observed by VERITAS, the flux normalization at 0.5
TeV is (20.8 + 3.1) x 10" TeV lcm 2!, and the
photon index is 2.67 + 0.17 [101], which are used in the
calculation for HADAR. The expected significance of
HESS J0632+4-057 binary was 6.0 ¢ in 5 yr operation
time, the weak flux in medium state contributes to the
low detection significance, thus the significance is not
outstanding. With the continual observation of the binaries
for a long time, HADAR may provide more clues to
investigate the ~-ray binaries.

4.4 Expected observations of unidentified sources

For the 14 unidentified sources that we expected to be
observed by HADAR, none of them had associations
with known physical objects. Most of these sources were
discovered by HAWC, which benefited from its sensitivity
above TeV. HADAR is sensitive to y-rays in the energy
range from 10 GeV to tens of TeV, and its sensitivity is
similar to the H.E.S.S. and MAGIC experiments in the
TeV band. Moreover, HADAR also compensates for the
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weakness of HAWC and LHAASO observations below
the TeV level. Therefore, when the HADAR experiment
becomes operational, more identifications or associations
of these unidentified sources will be provided. Also, we
expect to discover more new sources emitting GeV-TeV
~-ray emissions.

4.5  Expected observations of Fermi-LAT sources

To further evaluate the ability of observations in low
energy bands, we also analyzed the potential of HADAR
for sky surveys in the GeV energy band based on the
Fermi-LAT 4FGL sources [102]. The 4FGL catalog
covers the 0.05 GeV to 1 TeV energy range, which
partially overlaps with the 30 GeV to 1 TeV range of
HADAR. Here, we pay particular attention to the
energy range below 100 GeV. The one-year integral
sensitivity in this energy range of HADAR is ~4.8% of
the flux from the Crab Nebula, which is better than the
Fermi-LAT. In terms of the fitting parameters of the
spectrum provided by 4FGL, we studied the observed
statistical significance of different types of sources in the
HADAR FOV. The results, listed in Table 5, show a
total of 506 sources from 4FGL located within the
HADAR region, excluding extragalactic sources. We
found that 62 of the 506 sources were observed by
HADAR in 1 yr of operation. Most of the sources in
4FGL could not be observed, mainly due to the low flux
or the broken power-law at low energies. Of the
observed types, it should be noted that pulsars only
represent indirect sources. Pulsars do not directly emit
unpulsed y-ray emissions, but rather indicate that they
could be powering a PWN that directly discharges such
emissions.

It is also remarkable that the limited size of the Fermi-
LAT detector yielded a reduced efficiency in the VHE
domain (TeVCat) survey. The number of 4dFGL source
associations listed in TeVCat is only 57 [102] and these
sources often have harder spectra or higher break ener-
gies. Due to its higher sensitivity below 100 GeV,

HADAR is expected to detect more r-ray sources,
including sources that emit ~-rays following a spectrum
that extends from the GeV to the TeV range.

4.6  Predicted observations of the extended sources

Concerning realistic observations, hundreds of extended
sources have been revealed in the GeV to multi-TeV
energy range [7, 102, 103]. Particle detectors such as
HAWC and LHAASO have discovered increasingly
extended TeV sources around middle-aged pulsars.
Many of them possess halo structures and are likely to
be in the halo evolutionary phase [74]. Therefore, it is
vital to investigate the radial distribution and morphology
of extended ~-ray sources. For instance, the surface
brightness profile provides important information
regarding cosmic ray injection and is a useful tool for
determining the radiation mechanism and propagation
process of parent relativistic particles [104]. However,
there are technical challenges involved in the observation
of highly extended y-ray emissions using TACTs. Taking
the Geminga pulsar as an example, the emissions around
it are considerably extended, with a ~5.5° radius in the
840 TeV energy range, as measured by HAWC [74].
This full scale of emissions is beyond the range of the
typical IACT FOV (~3°5°), making detection particularly
challenging. Besides, background estimations remain
difficult because in the standard background approach
the background is estimated from regions that are free of
source emissions. However, sources often fill the FOV or
there are very few remaining source-free regions, such
that the source-free regions are insufficient for background
estimation. Although some new background methods
have been proposed [105], the precision of the background
estimation is also essential for correctly investigating the
emission morphology of the extended sources.

HADAR owns the ability to continuously survey the
sky with a large FOV, thus it can effectively study
extremely extended sources such as Geminga and
ARGO J2031+4157. Meanwhile, HADAR could observes

Table 5 Expected observation numbers of galactic y-ray sources as well as unknown and unassociated sources in the
Fermi-LAT 4FGL catalog with HADAR below 100 GeV. The third column lists the number of objects in the HADAR survey
regions, while the fourth column provides the number of sources expected to be observed by HADAR.

Number of sources in

Number of sources in HADAR Expected to be observed by

Type AFCL region HADAR
Pulsars 239 86 36
PWNe, SNR, Star-forming region 61 21 12
SNR/PWNe (SPPs) 78 18 0
Globular cluster 30 4 0
High-mass Binary, Low-mass Binary, Binary, 12 4 0
Nova
Unknown 92 27 3
Unassociated 1336 346 11
Total 1848 506 62

Notes: ! Extragalactic source types are not included in this table and the unassociated sources also statistically consist of some types of
extragalactic sources. 2 “SPPs” indicates potential association with SNRs or PWNe.
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abundant source-free regions for background estimation.
It should be noted that to investigate the profile of
extended y-ray sources, the PSF of instruments plays a
significant role. For the VHE domain (around 10 TeV),
the angular resolution of HADAR is approximately
0.25°, which is smaller than with TACTs. Thus, there
may be some limitations regarding the spatial distribution
analysis of extended sources.

5 Conclusions

For two decades, the ability to observe VHE gamma-ray
sources has greatly improved. We have benefitted from
the construction of large ground-based observatories
using either the IACT approach (such as H.E.S.S.,
MAGIC, VERITAS, and the upcoming CTA) or an
EAS detector array (such as HAWC and LHAASO).
TACT observes the VHE sky with excellent sensitivity
and angular resolution (~0.1°), but it is strictly limited
to performing regular monitoring of sources, mapping
vast regions of the sky, and promptly responding to fast
transients due to its narrow FOV and its duty cycle.
Observational coverage and continuity problems could
be overcome using the wide FOV of EAS facilities.
However, the energy threshold is relatively high
(hundreds of GeV) and the angular resolution is relatively
poor (~0.3°). The proposed HADAR experiment
possesses excellent sensitivity, low-energy threshold, and
wide FOV.

HADAR is a new atmospheric Cherenkov telescope
experimental array that employs a novel observational
technique using large-dimensional refracting water-lenses
to focus the atmospheric Cherenkov light generated in
air showers. With a wide FOV several times that of the
reflective atmospheric Cherenkov telescope, HADAR
could continuously surveys and monitors the sky of VHE
~-ray sources. In this paper, we estimated the significance
of TeV ~-ray sources in the galaxy from 30 GeV to
10 TeV over a one year operation time.

According to the expected results, a total of 23 point
sources in TeVCat were detected with more than 5 o
significance, including five SNRs and superbubbles, four
PWNs, and 14 unidentified sources. Furthermore, we
briefly discussed the measurement results of some previous
experiments. In terms of the significance results for the
Crab Nebula, the statistical significance is expected to
be 346.0 o, while the one-year integral sensitivity of
HADAR above 1 TeV is ~1.3%—2.4% of the flux from
the Crab Nebula. With such high sensitivity, especially
in the energy range of 30—100 GeV, HADAR will link
the energy ranges of the Fermi-LAT and H.E.S.S. exper-
iments. This will offer great improvements in energy
spectrum measurement for sources in the GeV band.

Regarding the HADAR experiment, a water-lens tele-
scope array of 1 m diameter will be installed and operational

in late 2022. At that time, the HADAR telescope will
provide more experience in the exploration of imaging,
triggering, event reconstruction, and /Proton separation.
Moreover, the manufacturing process of the 5 m diameter
water-lens telescope is currently in testing. As the
HADAR experiment continues, more y-ray sources with
GeV -TeV emissions will be discovered due to its high
sensitivity, thereby allowing us to investigate many
more y-ray sources in the galaxy.
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