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Abstract. Conventional sources of Galactic cosmic rays are believed to be supernovae and 
supernova remnants that are powerful enough to accelerate particles up to 1017 eV. Meanwhile, 
an interpretation of recent experimental data obtained by PAMELA, Fermi-LAT, and AMS-02 
spectrometers hints at a possibility that some cosmic-ray sources may be located in a close 
proximity of the solar system, at the distances less than 1 kpc. Presence of such local sources 
could explain the unexpected raise of the positron fraction in cosmic rays, complex shapes of 
the proton and helium spectra, and even anomalous low-energy cosmic rays. We consider 
active dwarf stars as possible sources of Galactic cosmic rays in the energy range up to 1014 

eV. These stars are producing powerful stellar flares. Meanwhile, generation of high-energy 
cosmic rays should be accompanied by the high-energy γ-ray emission, which may be 
observed. Here we present the results of the SHALON long-term observations aimed to search 
for γ-ray emission above 800 GeV from the active red dwarf stars.  

1.  Introduction 
Conventional sources of cosmic rays are believed to be supernovae and supernova remnants (SNRs) 
that can accelerate particles up to ~1017 eV. Indeed, because of their energetics SNRs could operate as 
powerful accelerators of cosmic-ray particles [1, 2]; this idea was prevailing from the very beginning 
of the cosmic-ray era. Recent observations of several SNRs in X-rays and TeV γ-rays reveal clear 
signatures of accelerated particles in their shells (see [3] and references within). The presence of 
relativistic electrons is clearly seen across the whole electromagnetic spectrum, from radio to very 
high-energy γ-rays, while signatures of accelerated protons can be only detected in high energy γ-rays. 
However, an interpretation of recent observations by PAMELA, Fermi-LAT, and AMS-02 hints at a 
possible presence of nearby sources of cosmic rays at the distances less than 1 kpc from the solar 
system. In particular, presence of such sources could explain the unexpected raise of the positron 
fraction in cosmic rays (Fig. 1) [4 – 7]. Such sources may also help with interpretation of the complex 
spectral behavior of protons, helium, and other species [8 – 10], and the appearance of the anomaly 
low-energy component (single ionized atoms) in cosmic rays. If the nearby cosmic-ray sources exist 
indeed, they could also generate high-energy γ-ray emission and may be observable with γ-ray 
telescopes. 

The SHALON instrument [3, 11 – 15] consists of two imaging atmospheric Cherenkov telescopes 
located in Tien-Shan mountains at an altitude of 3340 m above the sea level. It is designed for 
observations of γ-ray sources in the energy range from 800 GeV to 100 TeV. Each of the telescopes 
has a composite mirror with an area of 11.2 m2. The detector has the largest field of view >8o among 
similar instruments. It allows the background from charged cosmic-ray particles and the atmospheric 
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transparency to be continuously monitored simultaneously with the observations of γ-ray sources. The 
SHALON method of selection of γ-ray showers from the background cosmic-ray showers allows the 
rejection of 99.93% of the background events. The minimum detectable integral flux of γ-rays at 1 
TeV is 2.1 × 10−13 cm−2 s−1. In the energy range from 1 − 50 TeV the minimum detectable flux falls to 
the value of 6×10−14 cm−2 s−1 [3, 12 – 14]. The SHALON experiment has been in operation since 1992 
providing the long-term observations of many different types of sources that are of interest for many 
areas of astroparticle physics. One of the goals of the SHALON long-term observational program is to 
search for γ-ray emission above 800 GeV from the active red dwarf stars. 

In this paper we study the active dwarf stars that produce powerful stellar flares and may accelerate 
cosmic-ray species up to 1014 eV. Generation of high-energy cosmic rays in their flares should be 
accompanied by the high-energy γ-ray emission. Here we present the results of 10 – 20 years of 
observations of the dwarf stars V962 Tau, V780 Tau, V388 Cas, and V1589 Cyg with the SHALON 
atmospheric Cherenkov telescope. 

 
 

 
Figure 1. The positron fraction as measured by PAMELA, AMS, Fermi-LAT [4 - 6] together with 

theoretical predictions [16] (dashed line). 

2.  Observations of red dwarfs 
As it was shown in the dedicated studies, the flare frequency of the active red dwarf stars is 

uncertain [17, 18], and their observations require a long-term monitoring program. In this study we 
present our results for those stars that we observed over very extended periods of time.  

In accordance with the long-term program of observations of the Galactic γ-ray sources, more than 
ten-years long observations of the Tycho’s SNR, Crab Nebula, and Cyg X-3 have been carried out by 
the SHALON experiment [3, 11 – 14]. During these pointed observations, some of the red dwarfs 
were also observed by SHALON as they are located at the angular distances less than ∼ 5o from those 
well-known TeV γ-ray sources while the field of view of the instrument is > 8o. The observations and 
data processing were performed using the standard SHALON technique [3, 13]. 

2.1.  V388 Cas 
Tycho’s SNR was observed by SHALON during the 123 hours from 1996 to 2010 [3, 14, 15]. All 
observations were made during moonless nights with zenith angles from 16o to 35o. During Tycho’s 
SNR observations the SHALON field of view also included V388 Cas located ∼4.5o south of Tycho’s 
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SNR. V388 Cas is a UV Cet type star at a distance of ∼10 pc [19]. It is also present in the ROSAT 
catalogue with the photon flux of ∼ 1.7×10−12 erg cm−2 s−1 and luminosity of 1028.3 erg s−1 [19]. V388 
Cas was observed by SHALON for a total of 93 hours from 1996 to 2010. The γ-ray source associated 
with the V388 Cas was detected above 1 TeV with a statistical significance of 6.8σ determined 
according to Li and Ma [20] method with an average γ-ray flux of IV388Cas(> 1TeV) = 
(0.84±0.21)×10−12 cm−2 s−1.  

The signal significance of this source is much less than that of the source with a similar flux and the 
spectral index obtained during the same hours of observations because of the smaller collection area of 
the instrument relative to the standard procedure of the SHALON experiment. After processing of the 
Tycho’s SNR observational data, first using the selection criteria associated with Tycho’s SNR and 
then with V388 Cas, we found that less than 1% of showers were common for both sources. 
Recognition of the source of each of the common showers was performed through the analysis of the 
angular distance of the arrival directions of these showers and the source positions. This procedure 
does not change the average flux of Tycho’s SNR. The shape of the SHALON average differential 
spectrum of V388 Cas (Figs. 2, 4) in the energy range from 0.8 to 25 TeV can be fitted with a soft 
power law: dN/dE = (0.91±0.25)×10−12 × (Eγ/1TeV)−2.52±0.15 TeV−1 cm-2 s−1 with χ2/Dof = 1.23, where 
the number of the degrees of freedom Dof = 6. During the long-term observations, V388 Cas was 
detected as a variable source that was visible during the flares. Its flaring spectrum, dN/dEFlare = 
(2.7±0.15)×10−12×(Eγ/1 TeV)−2.91±0.18 TeV−1 cm-2 s−1, is shown in Fig. 2 (). The integral flux of V388 
Cas averaged over a one-year interval is shown in Fig. 4. As it is clearly seen in Fig. 4 that V388 Cas 
has been detected during the flares that occurred before 2008 and that resulted in high fluxes presented 
in Fig. 2. 

Searching for counterparts in the Fermi-LAT 8 years catalogue (FL8Y), we found an unassociated 
source J0106.4+5938 [21] of high energy emission that is located at a distance of ∼2.5o from V388 
Cas. The FL8Y source catalogue is based on the data taken during the period from 2008 August 4 to 
2016 August 2. The emission from J0106.4+5938 was detected by Fermi LAT at the level of 4.2σ 
significance in the energy range from 100 MeV to 1 TeV. The shape of differential photon spectrum in 
the energy range from 100 MeV to 100 GeV is fitted with a power law dN/dE = C(E/0.913GeV)-Γ, 
where Γ=2.78±0.16 and C= (5.8±1.2)×10−13 MeV−1 cm-2 s−1. 

 

 
Figure 2. Spectral energy distributions of V388 Cas (left) and V1589 Cyg (right). Open and black 

triangles (, ) show SHALON data from long-term observations (see text). The grey bow tie on 
V388 Cas plot indicates the minimum flux needed for a Fermi LAT 5σ detection of a soft-spectrum 
point source [22, 23]. The spectrum of the unassociated source J2041.2+41.76 observed from FL8Y is 
shown with a bow tie (right). 

2.2.  V1589 Cyg 
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The Cygnus Region was observed by SHALON in the framework of the long-term studies of 
microquasar Cyg X-3 at very high energies. Observations also included such sources as V1589 Cyg, 
TeV J2032+4130, and γCygni SNR – thanks to the large field of view of SHALON [12 – 14, 24, 25]. 
V1589 Cyg is an M-class flaring star located at a distance of 23-32 pc [17].  Its luminosity is 
significantly fluctuating with duration of flares from minutes to hours [17]. 

V1589 Cyg is located ∼2o west of Cyg X-3. Consequently, V1589 Cyg has been systematically 
observed by the SHALON telescope in 1995 – 2016 during clear moonless nights at zenith angles 
from 5o to 34o for a total of 303.5 hours. V1589 Cyg was detected by SHALON above 0.8 TeV with 
the average integral flux of IV1589Cyg(> 0.8TeV) = (0.13±0.019)×10−12 cm−2 s−1. The statistical 
significance of the detection is 6.5σ [20]. As with observations of V388 Cas dwarf star, we found that 
less than 1% of Cyg X-3 showers were identified to be V1589 Cyg showers. This did not change the 
average flux of Cyg X-3. During the long-term observations V1589 Cyg appeared as a source with a 
highly variable flux. The flaring spectrum was also extracted and presented in Fig. 2 (). The spectral 
shape of V1589 Cyg in the energy range from 0.8 to 35 TeV can be fitted with a soft power law (see 
Fig. 2, ), dN/dE = (0.15±0.05)×10−12 (Eγ/1 TeV)−2.91±0.18 TeV−1 cm-2 s−1 with the χ2/Dof = 0.89, 
where Dof = 5. A flaring spectrum is dN/dEFlare= (1.7± 0.45)×10−12 (Eγ/1TeV)−3.15±0.29 TeV−1 cm-2 s−1. 
The light curve of V1589 Cyg during the observations from 1995 to 2016 is presented in Fig. 4, where 
the individual points are the integral fluxes averaged over each year of observations.  

An unassociated object FL8Y J2041.2+41.76 [21] was detected by Fermi-LAT at a distance of 
∼0.45o from V1589 Cyg. The high energy emission was detected at the level of 5.6σ significance. The 
differential photon spectrum was obtained in the energy range from 100 MeV to 100 GeV. The 
spectrum was fitted with a power law dN/dE = C(E/1.63GeV )-Γ, where Γ = 2.82 ± 0.26  and C = (7.63 
± 1.3)×10−13 MeV−1 cm-2 s−1 (see Fig. 2, right). The FL8Y spectrum of J2041.2+41.76 is consistent 
with SHALON observations of V1589 Cyg at TeV energies. 

 

 
Figure 3. Spectral energy distributions of V780 Tau (left) and V962 Tau (right). Open and black 

triangles (, ) show SHALON data from long-term observations (see text). The grey bow tie on 
V780 Tau plot indicates the minimum flux needed for the integral 5σ detection of point source with 
soft spectrum by Fermi LAT [22, 23]. The γ-ray spectrum of the unassociated source J0544.7+2239 
from FL8Y is shown with a bow tie (right). 

2.3.  V962 Tau and V780 Tau 
SHALON observations of the Crab Nebula also yielded observations of two flaring stars: V962 Tau 

and V780 Tau. V962 Tau and V780 Tau are the flaring type of UV Cet type with the spectrum of the 
red star class [19, 26] at distances of about 10 pc. V780 Tau was also observed by ROSAT with the 
flux of ∼3.6×10−13 erg cm−2 s−1 and the luminosity of 1027.6 erg s−1 [19]. 

V780 Tau is located ∼3o north of Crab and V962 Tau is ~2.5o east of Crab. These stars have a 
separation of ~4o. Consequently, both stars were observed by the SHALON telescope from 1994 to 
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2014 [11, 25] for a total of 125.2 hours during clear moonless nights at zenith angles from 15o to 35o. 
V780 Tau and V962 Tau were detected by SHALON above 0.8 TeV with the average integral fluxes: 
IV780Tau(>1 TeV) = (0.23 ± 0.03)×10−12 cm−2 s−1 and IV962Tau(> 1TeV) = (0.39 ± 0.04)×10−12 cm−2 s−1, 
correspondingly. 

V780 Tau was detected with a statistical significance 6.1σ [20]. Again, in this case we found that 
less than 1% of showers are common for the Crab Nebula and V780 Tau. Identification of the source 
of each of the common showers was performed through the analysis of the angular distances of the 
arrival directions of these showers and the source positions. As the result, less than ∼ 0.4% of the Crab 
showers were identified to be V780 Tau showers. This did not change the average flux of Crab. The 
differential spectrum of V780 Tau in the energy range from 0.8 to 20 TeV can be fitted with a power 
law: dN/dE = (0.21 ± 0.08)×10−12×(Eγ/1TeV)−2.51±0.15  TeV−1 cm-2 s−1 with the χ2/Dof = 1.31, where 
Dof=5 (Fig. 3, ). Its flaring spectrum is dN/dEFlare = (2.0±0.15)×10−12×(Eγ/1TeV)−3.01±0.21 TeV−1 cm-2 
s−1 (Fig. 3, ). As can be seen on Fig. 4, V780 Tau was not active since 2008. 

An unassociated object FL8Y J0540.5+2305 [21] is located at a distance of ∼1.6o from V780 Tau. 
The emission from the unassociated source was detected by Fermi LAT at the level of 6.62σ 
significance in the energy range from 100 MeV to 1 TeV. The differential photon spectrum in the 
energy range from 100 MeV to 100 GeV was fitted with a power law dN/dE = C(E/1.034GeV )-Γ , 
where Γ = 2.8±0.13  and C = (1.84 ± 0.23) × 10 −12 MeV −1 cm-2 s −1. 

  
Figure 4. Light curves of V388 Cas, V780 Tau, V962 Tau and V1589 Cyg at TeV energies 

obtained in the long-term SHALON observations. 
 
V962 Tau was detected by SHALON above 0.8 TeV with a statistical significance 7.7σ [20]. Here 

we found that there are no showers common for the Crab Nebula and V962 Tau. V962 Tau was also 
found to be variable. The differential spectrum of γ-ray emission from V962 Tau in the energy range 
from 0.8 to 20 TeV can be fitted with a power law: dN/dE=(0.40±0.17)×10−12×(Eγ/1TeV)−2.54±0.15 
TeV−1 cm-2 s−1  with the χ2/Dof = 0.87, where Dof=6 (Fig. 2, ). The flaring spectrum is dN/dEFlare = 
(2.8±0.45)×10−12 (Eγ/1TeV)−2.95±0.22 TeV−1 cm-2 s−1 (Fig. 3, ).  
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Both these active red dwarfs, V780 Tau and V962 Tau, are displaying variable fluxes at TeV 
energies. In Fig. 4 we present the light curves of V780 Tau and V962 Tau obtained during the long-
term observations.  

The emission from unassociated source 3FGL J0544.7+2239 [27] at the distance of ∼0.33o from 
V962 Tau was detected by Fermi LAT in the energy range 100 MeV – 300 GeV with significance of 
4.24σ. The Fermi-LAT spectrum was fitted with a power law dN/dE = C(E/1.26 GeV)-Γ, where 
Γ=2.49±0.18 and C=(5.1 ±1.1)×10−13 MeV−1 cm-2 s−1 (Fig. 3). The Fermi-LAT spectrum of this 
unassociated source is consistent with the SHALON spectrum of V962 Tau at TeV energies.  

3.  Discussion 
During the long-term observations, red dwarfs appear as sources with variable TeV γ-ray flux up to 

∼10 TeV and seems are detected mostly during the flares. The observed light curves of V388 Cas, 
V780 Tau, V962 Tau and V1589 Cyg at TeV energies are shown in Fig. 4, where we show the integral 
fluxes averaged over a one-year interval. M-Dwarf stars are characterized by flaring events which 
occur frequently with different flare duration [17, 18]. Very high energy γ-ray fluxes presented here 
demonstrate that these objects produce flares with total energy of ∼1033 − 1035 ergs. 

High energy emission from unassociated sources in the vicinity of V1589 Cyg and V962 Tau red 
dwarfs was detected by Fermi-LAT. Spectral energy distributions of these objects are shown in Figs. 
2, 3. The red dwarfs are flaring stars with uncertain frequency and duration of the flares. 
Unfortunately, V388 Cas and V780 Tau were not active enough after 2008 to produce a significant 
detection by Femi-LAT launched in 2008 (see Fig. 4). In contrast, V1589 Cyg and V962 Tau were 
quite active during the whole period of observations and the unassociated sources nearby detected by 
Fermi-LAT may actually be these red dwarfs. 

The so-called positron excess, or unexpected raise of the positron fraction, was discovered by the 
PAMELA experiment and then confirmed by Fermi-LAT and AMS-02, while this fraction is expected 
to decrease [16]. The observed positron fraction is starting to increase at ~5 GeV and then goes up 
monotonically up to ∼350 GeV. A possible interpretation of this effect may involve the active dwarf 
stars [7] as the sources of cosmic rays up to ~1014 eV.  

Indeed, the stellar flares of active dwarf stars could effectively accelerate cosmic rays and compete 
with other sources. Among the huge variety of stars in our Galaxy, in which there are ∼2×1011 stars in 
total, more than 95% are dwarf stars of G-M spectral classes [19]. Assuming that 10% of the dwarf 
stars in our Galaxy produce stellar flares with frequency of flares of about 36 year−1 and average 
energy released in a single flare of about 1035 ergs, one can find that their total energy is ∼1.4×1054 erg 
which is comparable to the conventional estimates of the total energy of Galactic cosmic rays in the 
Galactic disk WGCR ∼ 2×1054 erg [7]. 

During powerful flares of active dwarf stars, high-energy protons are generated with a maximum 
energy of E < 1014 eV. Some of these accelerated protons could escape into the interstellar medium. 
Others enter the photosphere of the star and undergo nuclear interactions with its matter. During these 
interactions, πo and π± are produced, while positrons and electrons are produced through the π± to µ±e± 
decay. An additional source of positrons is the decay of neutral pions into two γ-rays and the 
subsequent formation of (e+e-) pairs by these γ-rays. Such a process is observed during the large solar 
flares (the Sun is a yellow dwarf). Positrons and electrons from stellar flares with E > 5 GeV escape 
into the interstellar medium from a flare region with strong magnetic fields. If the energy of these 
particles E < 5 GeV they have no chance to escape from the flare region, but if their energy is >100 
GeV they escape from the flare region with a high probability (~100%). In the intermediate energy 
interval 5< E<100 GeV the probability of particle escape increases with energy. It is thus possible to 
obtain an increase in the positron fraction similar to the data plotted in Fig. 1. It should be noted that 
mainly electrons (and protons) are accelerated during the stellar flares, meanwhile an addition of this 
another component to the electron cosmic-ray flux constitutes only a small fraction of the total flux. 
This additional source of positrons, however, provides an essential addition to the flux of these 
particles up to energies of E∼500 GeV. Estimates show that the mechanism suggested in [7] could 
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explain the observed increase in the positron fraction above ~5 GeV. According to the observations, 
the positron flux increases from 5 GeV up to ~100 GeV and then becomes about a constant in the 
energy range from 200 – 350 GeV (see Fig. 1). What could we expect in the energy range above 350 
GeV? According to the scenario suggested in [7] the positron fraction has to decrease to the values 
calculated in [16] because the highest energy of accelerated particles in the stellar flares is unlikely to 
exceed 1014 eV. 

4.  Conclusion 
The results of long-term observations of M-Dwarf stars V388 Cas, V780 Tau, V962 Tau and 

V1589 Cyg by the SHALON atmospheric Cherenkov telescope are presented. Very high energy γ-ray 
emission from these sources is detected in the range of 1 - 10 TeV mostly during the flaring states. The 
emission is characterized by a soft power-low spectrum with index of ∼2.6÷3.2. The high energy 
emission from nearby unassociated sources detected by Fermi LAT may be originated in red dwarfs. 
This result confirms that active dwarf stars are also the sources of high energy cosmic rays. Estimates 
[7] show that such sources could explain the raise of the positron fraction observed with PAMELA, 
Fermi-LAT, and AMS spectrometers. 
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