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Abstract: Supernova Remnants (SNRs) are generally believed to produce the cosmic rays in our
Galaxy due to the powerful supernova blast waves generated by expanding SNRs. In contrast to the
leptonic cosmic-ray component that is clearly seen by the SNR emission in a wide wavelength range,
from radio to high-energy γ-ray, the hadronic cosmic-ray component can be detected only by very
high energy γ-ray emission. Galactic SNRs of various ages have been intensively studied at very high
energies. Among them are the shell-type SNRs: Tycho’s SNR, Cas A, IC 443, γCygni SNR, G166.0+4.3.
The results of investigations of listed SNRs obtained in observations at 800 GeV–100 TeV energies by
SHALON telescope are presented with spectral energy distribution and emission maps compared
with experimental data from the wide energy range, from radio to high-energy gamma-rays. The TeV
emission maps of supernova remnants obtained by SHALON are overlaid with ones viewed in radio-
frequencies and X-rays to reveal SNR’s essential features which can lead to the effective generation
of cosmic rays. The presented experimental data from high and very high energies are considered
together with theoretical predictions to test the cosmic ray origin in these objects.

Keywords: supernova remnants; cosmic rays; Cas A; Tycho’s SNR; γCygni SNR; IC 443; G166.0+4.3;
multi-wavelength electromagnetic emission

1. Introduction

The investigation of supernova remnants (SNRs) across the electromagnetic spectrum
from radio up to very high energy gamma-rays touches on one of the unresolved problems
of modern astrophysics, namely the origin of cosmic rays and the Galaxy’s contribution to
the overall cosmic ray spectrum. Supernova Remnants (SNRs) are widely considered to
be unique candidates for cosmic-ray sources in our Galaxy [1–3], as supernova explosion
can provide the kinetic energy enough to generate relativistic cosmic rays. According
to the theory of diffusive shock acceleration [2,4–6] it is suggested that particles can be
generated by the shocks of SNRs up to energies of PeV. The charged cosmic ray particles
have lost all directional information about the place of origin before reaching the Earth
due to the galactic magnetic fields. So, the searches for the sites of the generation of
cosmic rays are possible with gamma-rays as they are the neutral secondary products
of cosmic ray acceleration. The presence of the electron cosmic-ray component is clearly
seen by the emission generated by it in an SNR in a wide energy range, from radio to
high-energy gamma-rays, while the nuclear cosmic-ray component can be detected only by
very high-energy gamma-ray emission.

Galactic SNRs of various ages and of different progenitor systems have been inten-
sively studied at very high energies. The results of long-term observations of different
SNRs at very high energies using the SHALON mirror Cherenkov telescope are presented.
The SHALON telescope systems are high-altitude imaging Cherenkov telescopes for the
800 GeV–100 TeV gamma-ray astronomy [7–10]. SHALON telescopes are located in the
Tien-Shan mountains at an altitude of 3340 m above sea level. This site has an optical
quality of atmosphere optimal for observing Cherenkov light of extensive air showers. The
optical reflector of a SHALON telescope is a tessellated structure consisting of 38 identical
spherical mirrors characterized with >96% reflectivity, composing a total reflecting area of
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11.2 m2. The accuracy of the mirror surface is 5λ, which defined by a point spot dispersion
(λ = 500 nm) and dispersion of focal length of ≤1% [11]. An imaging camera placed at
the focus of the reflector consists of 144FEU-85 photomultiplier tubes in a close-packed
square arrangement and has a large field of view of >8◦. This type of PMTs demonstrated
the sustainability and stability of characteristics in temperatures ranging from −20◦ to
+40◦. The Cherenkov telescope performance, observation methods of data taking, data
analysis, etc., is summarized by its angular resolution and sensitivity to the gamma-ray
flux. The accuracy of the determination of the coordinates of the source of the individual
gamma-ray shower in SHALON experiment is ∼0.07◦ [9], and it is increased by a factor of
∼10 after the additional joint shower processing [9] using deconvolution algorithm [12].
The telescope’s sensitivity is defined as the minimum flux of gamma-rays for a statistically
significant detection. Here, the minimum flux of gamma-rays for the 50 h of observation of
a point-like source in SHALON experiment at a confidence level of 5σ calculated according
to formula 17 from the paper [13] is estimated. Thus, the telescope sensitivity to detect a
point-like source at an of 5σ for 50 h of observation is determined with an integral flux of
2.1× 10−13 cm−2 s−1 at the energy of 1 TeV (for details see [9,10,14,15]).

Here, the results of observations of Tycho’s SNR, Cas A, IC 443, γCygni SNR, G166.0+4.3
at 800 GeV–100 TeV with SHALON telescope are presented together with data from the
MeV-GeV investigation by Fermi LAT, both compared with estimations and models of high
energy emission generation. The SNRs’ TeV emission maps obtained by SHALON are
overlaid with ones obtained with X-ray experiments Chandra ACIS, ROSAT, XMM-Newton,
and radio-observations from Canadian Galactic Plane Survey DRAO in order to compare
SNR TeV γ-ray morphology with structures viewed through the X-ray and radio images
and revealed its essential features which can lead to the effective generation of cosmic rays.
These results are analyzed to examine the scenarios of leptonic and hadronic production of
gamma-ray emission in supernova remnants. The overall experimental data collected at
the high and very high energy ranges can help to resolve the evolution of the individual
SNRs’ features and spectral energy distributions in various kinds of ambient environments
and reveal the characteristic signature of cosmic ray origin.

2. Cas A

The Type IIb supernova explosion which occurred approximately 1680 gave a rise to
Cas A supernova remnant. It is supposed that the progenitor of Cas A is a red supergiant
that hydrogen envelope was mostly lost through strong stellar winds before the super-
nova occurred [16]. The analysis of the proper motion of optical filaments gave distance
estimations of 3.4 kpcs. It has an angular size of 5 arcmin. This youngest Galactic SNR is
considered to be the best target to test a hypothesis of CR origin in supernova remnants
because of the overall detailed studies. Cas A has been intensively studied through multi-
wavelength observations in radio, X-rays, and MeV-TeV energy ranges which aimed to
reveal the explosion footprints and interactions with the surrounding medium.

The location of the reverse shock is visible due to its interaction with SNR ejecta that
is observed in radio emission of 1.7 arcmin size [17,18]. Also, the faint radio emission
of 2.5 arcmins [19] originated from the synchrotron radiation of electrons moving in a
magnetic field. The nonthermal X-ray emission was detected at the energy of 4–6 keV
by Chandra [20] and then through the 15–20 keV by NuSTAR [21] up to 220 keV energy
visible by INTEGRAL [22]. The observed X-ray emission mostly follows the large-scale
SNR features detected at radio frequencies and can be explained by the expanded shocks
within the interpretation of synchrotron radiation produced by electrons shock-accelerated
to an energy up to 40–60 TeV.

High energy gamma-ray emission from Cas A was detected by Fermi-LAT in the
MeV–GeV energy range [23]. The differential photo spectrum measured in the 12-year
observations between the 100 MeV and 1000 GeV is described by a power law with an
index of −1.97 ± 0.0153 [24]. Also, Cas A was detected at the energies of several TeV
(see e.g., [25]). The high energy gamma-rays can be produced by energetic electrons, via
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inverse-Compton (IC) scattering for example. So, to determine whether the mechanism
of proton acceleration at the shock is efficient or not, the gamma-ray emission spectrum
should be measured up to energies more than 10 TeV [26].

Cas A was observed with SHALON from 2010–2014 yy [27,28] and the data-set of the
76.7 h was included in the analysis. The observations were taken during moonless nights
with zenith angles from 13◦ to 35◦ using the standard procedure of SHALON experiment
with the simultaneous source and background tracking mode [9,10,27]. The observations
of the Cas A SNR by SHALON revealed the γ-ray emission from this object at the level of
19.4σ [15,27,28] with an integral flux of ICasA(> 0.8 TeV) = (0.64± 0.10)× 10−12 cm−2 s−1

using the standard procedure of SHALON experiment (e.g., [10]). The description of
differential gamma-ray energy spectrum between the 800 GeV and 30 TeV with hard power
law with an exponential cutoff is preferred as: dF/dE = N0× (E/TeV)k× exp(−E/Ecuto f f ),
where N0 = (9.61± 0.10)× 10−13 TeV−1cm−2 s−1, k = −1.97± 0.21 and Ecuto f f = 9.5±
3.5 TeV (χ2 = 1.09 at DoF = 6). A power-law fit to the data points in the form of dF/dE =
(1.1± 0.10)× 10−12 × (E/TeV)−2.53±0.12 gives a χ2 of 0.82 for 7 degrees of freedom.

The characteristics of gamma-ray emission in the energy range of 0.8–30 TeV from Cas
A are presented in Figure 1, top with spectral energy distribution by SHALON (N) in com-
parison with theoretical predictions [23,26,29] and available experimental data [24,30–33].
Solid lines at Figure 1 show the very high energy γ-ray spectra of hadronic origin [23,26,31],
whereas the dashed line is a leptonic production of gamma-rays [23]. The solid line shows
the spectrum of gamma-ray emission from Cas A produced in the assumption of proton
acceleration spectrum with kp = −2.17 and the case of softer proton spectrum with index
kp = −2.3 is presented by the solid grey line. The dashed line presents the spectrum within
the leptonic model of gamma-ray production via the IC scattering with B = 0.12 mG which
can explain the observed GeV flux and predicts the TeV spectrum with cut-off energy about
10 TeV. The hard spectrum below 1 TeV viewed by Fermi LAT and the detection of γ-ray
emission at 5–30 TeV by SHALON would favor the π◦-decay origin of the γ-rays in Cas A.
Also, the hadronic origin of the MeV-TeV detected gamma-ray emission was confirmed in
the one-zone hadron-dominated scenario [31]. The considered scenario with the hadronic
model supposes the 2–5% efficiency of cosmic ray acceleration [31].

Figure 1. (left): Spectral energy distribution of Cas A SNR: N at TeV energies show the data from
SHALON observations. (right): Emission maps of SNR by SHALON (grey scale). Red lines show the
X-ray emission by Chandra (see text for the description).

The Cas A structure in the energy range of 0.8–30 TeV viewed by SHALON (grey scale)
is presented in Figure 1, right. It is overlayed with an X-ray image of Cas A by Chandra
(red lines). Two remarkable features of Cas A nonthermal X-ray emission are found [20].
First, throughout the remnant, there is an existing 4–6 keV emission of mostly circular
structure that is probably synchrotron radiation generated at the forward shock. Another
one is the emission of 1.78–2.0 keV from the reverse-shocked ejecta region with viewed in
6.52–6.95 keV jet-like features located in the northeast and in the southwest. The position
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of this noncircular component is shown with a black contour. The reverse and forward
shock regions, as well as the jet-like features [20], are marked with arrows.

The Cas A structure obtained with the multiwavelength observations has clear signs of
young SNRs, which are expected to be a shell formed with the explosion blast wave moving
into the circumstellar medium with magnetic fields, as well as another one due to the
decelerating and compressing the outflowing ejecta. In observations in radio and X-rays,
both features were detected. The forward and reverse shocks in Cas A were identified
by [34]. In Figure 1 (right), these features are marked with black lines and a white circle. It
was shown that the nonthermal radio emission at 4.4 GHz from the VLA mostly comes from
the bright radio ring with an angular radius of ∼1.8′ which is believed to be related to the
reverse shock propagating into the supernova ejecta. Then, this radio emission forms the
faint outer plateau of a 2.5′ angular radius. Also, it was found that the X-ray line emissivity
radial profile roughly coincides with the bright radio ring. A high-energy X-ray continuum
emission map of Cas A at 4–6 keV by Chandra reveals the faint filamentary structures at
2.5′, close to the boundary of the radio plateau. These X-ray structures correspond to the
position of the forward shock which propagates in the circumstellar medium (see black
lines and black dashed-line circles in Figure 1, right). The TeV gamma-ray emission region
lays within the position of reverse shock (inner white circle) reported by [34] and also
corresponds to the observed bright radio ring.

The observed impact structure of the SNR shell confirms the idea of cosmic ray pro-
duction in our Galaxy through the mechanism of diffusion impact acceleration [4,6], which
predicts that the particle spectrum is consistent with the observed cosmic ray spectrum,
including the corrections on propagation effects.

The nonthermal radiation of the described structures viewed in radio is direct evidence
of the existence of a large number of relativistic shock-accelerated electrons up to energies of
∼10 TeV. The hard X-ray emission from position 2.5′ is interpreted as synchrotron radiation
of electrons accelerated at the forward shock to energies of ∼40–60 TeV. The properties of
detected emission also imply that the magnetic fields in the observable shocks are extremely
amplified compared with that of ejecta expanding through the circumstellar medium. These
effective magnetic fields highly influence the acceleration of cosmic rays and their dynamics
in SNR.

As mentioned above, the efficiency of the acceleration of hadronic cosmic-ray can
be determined with TeV gamma-ray emission. If protons are efficiently accelerated in
Cas A, then the π◦-decay gamma-ray spectrum because of inelastic collisions with the
background nuclei must extend beyond 1 TeV with a hard power-law spectrum. The
analysis of Cas A dynamics together with the detected thermal X-ray emission showed
that the blast wave had already passed the swept-up red supergiant wind shell from the
progenitor and are presently propagating through the slow red supergiant wind. This
results in the circumstellar material mass swept up by the SNR shock being enough to
provide a gamma-ray flux from the π◦-decay at a level enough for the detection. Detailed
studies of spectral and morphological features of Cas A in the wide energy range within
the diffusive shock acceleration mechanism were performed in [26,29].

The nonlinear kinetic model for diffusive shock acceleration in Cas A [26] was applied
to describe the spectral and structural features of this SNR viewed in nonthermal emission,
including ones at high energies. In this model, the Cas A properties observed at radio,
X-rays as well as high-energy gamma-rays are described within the assumption of the blast
wave of the supernova explosion as a main source of the high-energy particles. In case of
effective acceleration, the mechanism provides the cosmic rays up to above 1017 eV.

In particular, to produce the shock-accelerated electrons generating a very steep radio
spectrum and distributed within the swept-up shell corresponding to the bright radio
ring as observed with VLA (see [34] for details) the shock must be strongly modified by
accelerated protons which are efficiently injected into the acceleration process. On the
other hand, due to the high magnetic field arising due to the amplification by cosmic rays
near shock, significant synchrotron losses of relativistic electrons lead to well reproducing
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spectral shape at radio to X-ray energies. The experimental evidence of the effectively
of acceleration of the cosmic rays with SNR has been well demonstrated with Cas A
characteristics viewed in very high energies. The calculation of the spectrum of very high
energy gamma rays from Cas A generated by the hadronic cosmic rays’ collisions with
the gas nuclei shows that it extends up to 30 TeV and has a hard shape (see blue line in
Figure 1 left). In contrast, gamma-ray fluxes of the leptonic origin have a cutoff at about
1 TeV (see dashed blue line in Figure 1 left). Thus, the characteristics of the spectral energy
distribution of gamma-rays at 800 GeV–40 TeV (Figure 1 left) detected from the regions
seen in Figure 1, right are the evidence of acceleration of the hadronic cosmic rays in shells
of supernova remnants up to 1017 eV.

In the [29] the nonlinear diffusive shock acceleration model was applied to Cas A to
reproduce spectral and morphological features of radio, X-ray, and gamma-ray emission
generated by electrons, protons, and specific ions accelerated by both the forward and re-
verse shocks of this SNR. The forward and reverse shocks are considered to be propagating
through the circumstellar medium and supernova ejecta, respectively those parameters
are specific for the case of Cas A and inferred from the observations in radio and X-ray
energy ranges. The shape of the observed broadband energy spectra of gamma-rays implies
strong amplification of the magnetic field at the forward and reverse shocks which are
implemented in the model.

The gamma-emission spectral shape calculated in the hadronic model is in good
agreement with the measurements of the spectrum at high and very high energies (see red
line in Figure 1 left). Whereas the very-high-energy gamma-ray spectrum in the leptonic
scenario of gamma-ray emission production is steeper than one observed with experiments
at TeV energy range including the SHALON data, and can’t reproduce a sharp decline of
the spectrum below 1 GeV, observed by Fermi LAT.

The radio, X-ray, and gamma-ray components of the emission peak at a 1.7′–2.0′

radius correspond to the position of reverse shock. The radial profile of 1 TeV gamma-rays
calculated within this hadronic model shows that most of the very-high-energy emission
from the π◦-decay comes from the regions of 1.5′–2′, which agrees with one observed at
>800 GeV by SHALON (see Figure 1, right).

Results of these calculations demonstrate that the observational properties of Cas
A are well reproduced by the hadronic model with significant contribution of both the
forward and reverse shocks in the generation of broadband emission. This model considers
a very high efficiency of particle acceleration in Cas A, the value of which is up to 25%
of the supernova explosion energy. However, the energy of accelerated particles cannot
exceed 1014–1015 eV.

3. Tycho’s SNR

Tycho’s supernova remnant is of a rare Galactic SNR subclass known as historical
supernovae that were observed by Tycho Brahe in 1572. The available data collected since
the SN appearance and further investigations at X-rays suggested a standard Type Ia origin
by the thermonuclear explosion of a white dwarf star in a close binary [35] without any
neutron star formation. Tycho’s SNR has been widely studied across the electromagnetic
spectrum. However, the distance is still uncertain, and its estimations vary mostly from 2 to
4 kpc [36]. Also, the accurate characteristics of the interstellar medium around the remnant
are not known either. Non-thermal emission from the Tycho SNR has been detected in
radio. These studies in radio frequencies show a shell-like morphology of Tycho’s SNR.
The non-thermal X-ray emission from Tycho’s SNR has been revealed in the Chandra
experiment. Observations show the structure of SNRs’ rim concentrated morphology, and
it was interpreted as evidence of electron acceleration. The Tycho’s shape in both the radio
frequencies and in X-rays is roughly spherical, which makes it useful for modeling. The
expansion rate measurements in radio and X-ray suggest that Tycho is in a pre-Sedov
evolutionary state and show the conditions for particle acceleration.
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Also, Tycho’s SNR X-ray images measured by Chandra [37] demonstrate that the
supersonic expansion of the stellar debris has created two shock waves: the blast wave that
moves outward into the interstellar gas, and the reverse shock that moves back into the
debris. This type of shock and the contact discontinuity surface displacement makes the
cosmic ray acceleration at the supernova shock very efficient. In the 12-year Fermi-LAT
measurements, the gamma-ray emission from Tycho’s SNR has been detected in the energy
range of 100 MeV–300 GeV its spectrum is described by a power law with an index of
−2.22± 0.06.

Tycho’s SNR was detected at energies of >800 GeV in observations of the 1996 year
by SHALON [38,39] with 17.9σ determined by [13]. The Tycho’s SNR integral flux above
0.8 TeV is (0.52± 0.04)× 10−12 cm−2 s−1. The data was taken with SHALON between 1996
to 2010 year [15,27,38] during moonless nights with zenith angles from 16◦ to 35◦ and the
126.5 h of observations were included in the analysis.

The differential spectrum at energies of >0.8 TeV can be described by a power-law
distribution dF/dE = (3.2± 0.36)× 10−13(E/TeV)−1.95±0.68. This fit gives a χ2 of 2.2 for
ten degrees. So, the energy spectrum of gamma-rays in the energy range from 800 GeV to
80 TeV is well described by the power law with exponential cutoff dF/dE = (2.21± 0.11)×
10−13(E/1.1TeV)−1.62±0.19 × exp(−E/(35± 5) TeV) TeV−1 cm−2 s−1 with χ2/DoF = 1.10
(with DoF = 9). As the TS value determined as 2ln(L(Cuto f f PowerLaw)/L(PowerLaw))
is 11.7, the source spectrum is considered to be better described by a power law with an
exponential cutoff with the parameter presented above. The differential photon spectrum
was obtained with VERITAS in the energy range from 1 to 10 TeV. The shape is consis-
tent with a power law dN/dE = C(E/3.42TeV)Γ, where Γ = 1.92± 0.52stat ± 0.30sys and
C = (1.55± 0.43stat ± 0.47sys) × 10−14 cm2s−1TeV−1 with χ2 = 0.6 for 1 degree of free-
dom [40]. The Tycho’s SNR gamma-ray emission characteristics were measured in the
energy range of 0.8–80 TeV. Figure 2, top shows Tycho’s SNR spectral energy distribution
by SHALON (N) in comparison with theoretical predictions [5] and other experimental
data [24,30,40]. Tycho’s SNR structure in the energy range of 0.8–80 TeV obtained by
SHALON is presented in greyscale in Figure 2 together with an X-ray emission map by
Chandra (red lines). The inner and outer black contours in Figure 2 show the location of
the reverse shock and blast wave, respectively [37]. The combination of the X-ray emission
map with the TeV data by SHALON shows the localization of TeV emission regions relative
to the position of forward and reverse shock (black lines) in Tycho’s SNR.

Figure 2. (left): Spectral energy distribution of Tycho’s SNR: N at TeV energies show the data from
SHALON observations. (right): Emission map of SNR by SHALON (grey scale). Red lines show the
X-ray emission by Chandra (see text for the description).

The high and very high spectral energy distribution of Tycho’s SNR is presented in the
100 MeV–80 TeV region (Figure 2, left). A nonlinear kinetic model of cosmic-ray acceleration
in SNRs (see e.g., [5]) was applied to Tycho’s SNR to describe its spectral properties and
find the origin of the gamma-ray emission in this object. The black lines in Figure 2 show
the results of the calculation of spectral energy distribution of gamma-ray of dominantly
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hadronic origin from [5] for the different source distances and ISM density NH . The grey
lines in Figure 2 show the calculations of the leptonic origin of gamma-ray emission from
the Inverse Compton scattering using the varying parameters from [5].

The gamma-ray fluxes originating from the Inverse Compton scattering have a sharp
cut-off above few TeV (see Figure 2), and the plateau shape below the 1 GeV. While the high
energy photon spectrum from the π◦-decay production, extends up to >30 TeV, and a sharp
decline below 1 GeV. Thus, the detection of 0.8–80 TeV γ-ray emission from Tycho’s SNR
by SHALON [27] (Figure 2), and a sharp decline of the spectrum below 1 GeV observed
by Fermi-LAT is the evidence of the hadronic origin of the high energy photons in this
object. Also, to find such SNR parameters like distance and the interstellar medium density
(ISM) density NH , the model results were compared with the gamma-ray spectral energy
distribution observed by SHALON at 0.8–100 TeV. As a result, the distance of 3.1–3.3 kpc
and ISM density NH = 0.5 cm−3 was obtained from the SHALON data within the nonlinear
kinetic model. The same parameter values can be obtained from the model [41] reproducing
Tycho’s SNR structure visible in X-rays by Chandra (see red contours in Figure 2).

4. γCygni SNR

γCygni SNR shell-type supernova remnant located in the active Cygnus region is older
than Cas A and Tycho’s SNR and considered as a middle-aged SNR at∼5000–7000 years [42]
which is in an early phase of adiabatic expansion. The distance is estimated as ∼1.5–1.7 kpc
due to the HI velocity measurements, and association with the V444 Cyg binary. γCygni
SNR has been widely studied in radio by NRAO, Algonquin Radio Telescope, DRAO
Synthesis Telescope and X-rays with ASCA, ROSAT, Chandra experiments [43–46]. A
bright source of high energy gamma-rays at the position of γCygni SNR was detected by
EGRET [47]. γCygni SNR has a shell-like radio and X-ray structures of ∼1◦ diameter [42],
but has a different in morphology. It was shown that the X-ray emission is dominated
by shock-heated gas [48]. Also, the extended source of GeV gamma-emission matching
the radio size of γCygni SNR was detected by Fermi-LAT [49]. The observed features of
this SNR suggested that shock interactions could cause a very high energy emission in
γCygni SNR.

During the long-term observations of Cygnus Region the SHALON field of view
contains γCygni SNR as it located at ∼2◦ South-West from the object Cyg X-3 which is the
prime target of these investigations. Thus, due to the large telescopic field of view (>8◦) the
observations of Cyg X-3 is naturally accompanied by the observations of γCygni SNR. As a
result, 245 h of observations with zenith angles from 6◦ to 33◦ taken during the period from
1995 to 2016 year were included in the analysis. γCygni SNR was detected above 800 GeV
in SHALON experiment [15,28,50] with an integral flux of (1.27± 0.11)× 10−12 cm−2 s−1

at the level of 15.8σ determined by the method of [13].
Because of the less collection field of view for γCygni SNR observations compared to

the standard procedure of SHALON experiment [9,10,27] the obtained signal significance
for this SNR is less than one for the source with similar flux and spectrum index obtained
in the same observation hours. The corrections for the effective field of view were made to
calculate source flux and energy spectrum.

The power-law fit to the data points of γCygni SNR differential spectrum at energies
of >0.8 TeV: dF/dE = (1.13± 0.16)× 10−12(E/TeV)−2.43±0.26 with gives χ2 of 11.8 for ten
degrees. Thus, the energy spectrum of gamma-rays in the energy range from 800 GeV
to 50 TeV is well described by the power law with exponential cutoff dF/dE = N0 ×
Ekexp(−E/Ecuto f f ), where N0 = (0.93± 0.12)× 10−12 TeV−1 cm−2 s−1, k = −2.13± 0.14
and Ecuto f f = 22.7 ± 4.9 TeV. This fit results in χ2 of 1.95 for nine degrees. As the TS
value determined as 2ln(L(Cuto f f PowerLaw)/L(PowerLaw)) is 86.8, the source spectrum
is considered to be well described by a power law with an exponential cutoff with the
parameter presented above. The spectral energy distribution of γCygni SNR and its γ-ray
emission map were measured in the energy range of 0.8–60 TeV and presented in Figure 3.
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The main contribution to the TeV γ-ray fluxes is given by the regions correlated with
the North-West and South-East parts of the shell which are visible by CGPS DRAO [51] at
radio frequencies of 1420 MHz (red contours in Figure 3). The 10 GeV–2 TeV emission by
Fermi-LAT [49] is detected from the shells of γCygni SNR (blue lines in Figure 3). VER-
ITAS [52] detected the VERJ2019+407 source at 200 GeV coincides with the position of
the northern part of γCygni SNR shell. The γCygni SNR region was studied in HAWC
experiment in TeV energy range. 3HWC J2020+403 object of the third HAWC catalogue [53]
is likely associated with VER J2019+407 and could be related with TeV emission from
γCygni SNR [54]. The bow-tie shaped area in Figure 3 shows the spectral energy distribu-
tion of 3HWC J2020+403 by HAWC.

Figure 3. (left): Spectral energy distribution of γ Cygni SNR: N at TeV energies show the data from
SHALON observations. (right): Emission map of SNRs by SHALON (grey scale). Red lines show
Canadian Galactic Plane Survey DRAO data; magenta lines are the X-ray data by ROSAT, and blue
lines show MeV-GeV emission regions by Fermi LAT (see text for the description).

The overall γCygni SNR characteristics detected in radio, X-rays as well as TeV
gamma-rays can be a result of the shocks at the interaction of the supernova ejecta and
the surrounding medium. First, the GeV-TeV gamma-ray emission could be generated
via inverse-Compton scattering of shock-accelerated electrons which should also produce
synchrotron radiation visible in the X-ray non-thermal power-law in the spectrum. How-
ever, no non-thermal component of the X-ray spectrum was detected from the location
of the North-West part of the TeV shell [55] and no source of the X-ray emission was de-
tected at the position of South-East TeV emission region (see ROSAT for X-rays in Figure 3
magenta lines).

Also, the shock acceleration of hadrons interacting with the target material can pro-
duce the TeV γ-ray emission. The estimations given in [56] show that the density of target
material in the SNR surroundings is enough to produce the observable TeV gamma-ray flux
via the shock acceleration of hadrons in both regions presented in Figure 3. Thus, the detec-
tion of γ-ray emission at 0.8–60 TeV from the North-West and South-East shells of γCygni
SNR by SHALON would favor the hadronic origin of the γ-rays in this supernova remnant.

5. IC 443 SNR

IC 443 is a supernova remnant of the uncertain age that varies from 3–4 kyr up
to 20–30 kyr at distance assumed as ∼1.5 kpc. It is a core-collapse explosion SNR that
demonstrates evidence of interactions with molecular clouds [57] and atomic clouds [58].
IC 443 is widely considered a candidate for the hadronic cosmic-ray source due to the close
placement of the dense shocked molecular clouds and detected GeV-TeV γ-ray emission
from this SNR.

IC 443 is a complex shape SNR having two roughly spherical different radius half-
shells and of ∼45′ extent viewable as a radio synchrotron emission. IC 443 has a rim-
brightened shape at its eastern part, but the opposite side is dimmer. IC 443 has an optical
range appearance similar to the radio one. In X-rays IC 443 has a peculiar morphology.
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X-ray emission of IC 443 is a thermal centrally peaked within the radio rim, but with no
evidence of limb-brightened shells The unidentified source of 100 MeV to 30 GeV gamma-
emission located near the center of the IC 443 shell was detected by EGRET [47]. The
extended gamma-ray emission of 100 MeV–1 TeV within the radio shells was detected with
the Fermi-LAT 12-year observation data [24].

IC 443 was detected at 800 GeV–10 TeV by SHALON (see [15,28,59] with an integral
flux of (1.53± 0.22)× 10−12 cm−2 s−1 and statistical significance of 10.9σ [13] using the
standard procedure of SHALON experiment. The data were taken during 2011, 2013–2016
years in the observations with zenith angles from 20◦ to 35◦. The 26.7 h of observations were
included in the analysis. The differential spectrum of the 800 GeV–10 TeV emission is fitted
well with a power law dF/dE = (1.21± 0.19)× 10−12(E/TeV)−2.89±0.16 TeV−1 cm−2 s−1,
with χ2/DoF = 0.74 (where DoF = 6). The IC 443 gamma-ray emission characteristics are
presented in Figure 4) with the spectral energy distribution and emission map viewed by
SHALON in comparison with experiment data [24,30,53,60] and theoretical predictions
(see Figure 4, [60]).

Figure 4. (left): Spectral energy distribution of IC 443 SNR: N at TeV energies show the data from
SHALON observations. (right): Emission map of SNRs by SHALON (grey scale). Red lines show
Canadian Galactic Plane Survey DRAO data; magenta lines are the X-ray data by XMM-Newton, and
blue lines show MeV-GeV emission regions by Fermi LAT (see text for the description).

The IC 443 TeV structure by SHALON (Figure 4, grey scale) is overlaid with 1420 MHz
CGPS DRAO radio contours [51] and high energy data from Fermi-LAT. The Veritas
observations reveal the emission region which correlates with one from Fermi-LAT data [61].
It was found that 800 GeV–10 TeV γ-ray emission maxima correlate with MeV-GeV emission
observed by Fermi-LAT [60] (Figure 4, blue contours). Also MeV-GeV and TeV γ-ray
emission from the South and South-West parts of IC 443 shell coincides with the position of
swept out dense molecular cloud (see black doted and dashed lines and red contours by
CGPS in Figure 4).

The hadronic scenario is considered as favored for the production of the
100 MeV–10 TeV gamma-emission from the IC 443. It is supposed that the γ-rays are
generated in the IC443 SNR shell through the π◦-decay which is produced in the interac-
tions of the cosmic rays with the interstellar gas (Figure 4, solid line, [60]). The considered
hadronic scenario supposes the 1–10% efficiency of cosmic ray acceleration [62]. It should
be noted that no bright source of seed photons in the region of the IC 443 was found to
support the leptonic mechanism of generation of detected gamma-rays. The location of
1.4–5.0 keV X-ray emission region by XMM-Newton [63] experiment is shown using the
magenta lines in Figure 4. So, the Inverse Compton scattering cannot explain the observed
high and very-high γ-ray emission from IC 443.

6. G166.0+4.3

Being of an unusual structure G166.0+4.3 (VRO 42.05.01) is referred to as a mixed-
morphology supernova remnant that displays a shell-like morphology in the radio but in
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the X-rays, they are centrally dominating. G166.0+4.3 distance is estimated as 5 kpc and an
age of ∼2.4× 104 years.

The G166.0+4.3 SNR looks very different at X-rays and radio energies. An out-
standing edge-brightened shape of the shell and “wing” component is visible in radio
wavelength [64]. Whereas thermal X-ray emission dominates by a bright spot within the
“wing” component [65]; its image is not edge-brightened. It is supposed that the observed
SNR morphology is a result of the expansion of the shock waves in the medium of different
densities. The propagating through the high-dense medium shock viewed as a circular
component meets the low-density medium forming the wing-shaped component. Due
to this phenomenon of the shock encountering a density discontinuity in the interstellar
medium, G166.0+4.3 became a candidate for the investigation of particle acceleration in
SNR shocks at high- and very high energies.

The gamma-ray emission of 50 MeV–100 GeV from G166.0+4.3 corresponding to the
radio structures has been detected with the Fermi-LAT 12-year observation data [24,66].
The spectrum of high energy emission is described by a power law with an index of
−2.55 ± 0.06 [24]. G166.0+4.3 was observed with SHALON telescope during moon-
less nights with zenith angles from 5◦ to 35◦ in period of 2015–2016 years. The data
analysis includes the 39.2 h of observations using the standard procedure of SHALON
experiment [9,10,27]. The gamma-ray emission at energy above 800 GeV from G166.0+4.3
SNR was detected by SHALON with a statistical significance of 11.3σ [13]. The G166.0+4.3
integral flux above 0.8 TeV is IG166.0+4.3(> 0.8 TeV) = (1.23± 0.16)× 10−12 cm−2 s−1 [15].
The differential spectrum of gamma-rays in the energy range of from 0.8 TeV to 10
TeV is obtained by SHALON and it is well fitted with a power law dF/dE = (1.44 ±
0.33) × 10−12(E/TeV)−2.65±0.19, with χ2/DoF = 1.79 (where DoF = 7). The power-
law with exponential cutoff fit to the data points of G166.0+4.3 spectrum: dF/dE =
(1.45± 0.21)× 10−12(E/TeV)−1.23±0.40× exp(−E/(2.45± 0.90)TeV) gives χ2 of 0.69 for six
degrees. The spectral energy distribution of G166.0+4.3 at TeV energy range is shown in
Figure 5 together with Fermi LAT [24] data at MeV-GeV energies. Figure 5 bottom presents
1420 MHz radio contours of G166.0+4.3 from Canadian Galactic Plane Survey DRAO [51]
and X-ray 0.52–2.02 keV image by ROSAT (RASS 3 processing) [65] overlayed with TeV
structure in energy range of 0.8–7 TeV by SHALON (grey-scale). Also, the 2–100 GeV
emission by Fermi-LAT [66] is shown with blue lines in Figure 5.

Figure 5. (left): Spectral energy distribution of G166.0+4.3 SNRs: N at TeV energies show the data
from SHALON observations. (right): Emission map of SNR by SHALON (grey scale). Red lines show
Canadian Galactic Plane Survey DRAO data; black contours are the X-ray data by ROSAT, and blue
lines show MeV-GeV emission regions by Fermi LAT (see text for the description).

The structures viewed in TeV γ-rays correlate with the North-East and South-West
parts of components visible in the radio energies by CGPS (red contours in Figure 5, bottom).
However, GeV and TeV emission is more significant near the West, where the maximum
of X-ray emission (black contours in Figure 5) viewed by ROSAT [65] are located. So, the
position of GeV, TeV, and X-ray maxima corresponds to the extended wing component.
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Both the leptonic and hadronic origins of observed gamma-ray emission in G166.0+4.3
are considered. As proposed in [66] the leptonic scenario for the high energy emission is
compatible with the parameters of the environment and high energy particle population
implied by X-ray observations. On the other hand, the HI observations [67] revealed that
the G166.0+4.3 SNR is interacting with the interstellar medium, and considering the low
ambient density revealed from ROSAT X-ray data [65] the hadronic interpretation of the
detected gamma-ray emission is favored. However, there is not enough understanding of
the G166.0+4.3 morphology, namely the conditions for the interactions of SNR shocks and
the parameters of the surrounding medium, giving a rise the peculiar shape of this object.

7. Conclusions

The investigations of different-morphology Galactic supernova remnants staying on
different evolution stages across the electromagnetic spectrum from radio up to very high
energy gamma-rays were discussed. The characteristics of supernova remnants Cas A,
Tycho’s SNR, γCygni SNR, IC 443, and G166.0+4.3 in the wide energy range including
the 800 GeV–100 TeV data from observations by the SHALON experiment were presented.
The study aimed to identify the nature of the emission observed at high and very high
energies and thus to reveal whether the cosmic rays are generated with these SNRs or
not. The spectral energy distributions of discussed objects were presented together with
estimations and theoretical models of gamma-ray production in SNRs. The SNRs’ emission
maps obtained through the different energy bands including radio, X-ray, MeV-GeV, and
TeV gamma-rays then overlayed show essential features of morphology as a forward and
reverse shock or the location of swept-out dense molecular clouds. The experimental data
presented confirmed the scenario predicted within the discussed models with the hadronic
origin of high and very high energy 800 GeV–100 TeV gamma-rays in Tycho’s SNR, Cas
A, and IC 443. The results of observations of γCygni SNR and G166.0+4.3 SNRs, also,
point to the hadronic origin of the detected high and very high energy emissions, but still,
investigations are needed to reveal the conditions for the interactions of SNR shocks and
the parameters of the surrounding medium that give a rise to the peculiar morphology
of these objects. The presented experimental data collected at the very high energy range
favor a hadronic origin of observed gamma-ray emission within the considered estimations
and models and further can help to make clear the contribution of SNRs on the different
steps of evolution to the production of galactic cosmic rays.
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