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Abstract. Experimental data of PAMELA and AMS-02 on proton and helium spectra at high
and very high energies as well as the excess of 10 - 300 GeV positron flux cannot be explained
using the diffusive models of propagation of cosmic-rays accelerated at the supernova shocks
and require the existence of nearby sources of cosmic rays at the distances less than one kpc.
We consider active dwarf stars as possible sources of galactic cosmic rays in the energy range up
to ~ 10'* eV. The generation of high-energy cosmic rays should be accompanied by high-energy
~-ray emission, which may be detected. Here we present the SHALON long-term observation
data aimed to search for y-ray emission above 800 GeV from the active red dwarf stars: V962
Tau, V780 Tau, V388 Cas, V1589 Cyg, GJ 1078 and GL 851.1. The TeV gamma-ray emission
mostly of flaring type from these sources was detected. This result confirms that active dwarf
stars are also the sources of high-energy galactic cosmic rays.

1. Introduction

Investigations of last years show that the Supernova Remnants (SNRs) could operate as powerful
accelerators of cosmic-ray particles up to the energies ~ 10'7 eV [1, 2, 3]. Recent observations
of several SNRs in X-rays and TeV ~-rays reveal clear signatures of accelerated particles in
their shells (see [4] and references within). However, the PAMELA and AMS-02 experimental
data on proton and helium spectra at high and very high energies cannot be explained using
the diffusive models of propagation of cosmic-rays accelerated at the supernova shock. Also,
no explanation of the excess of 10 - 300 GeV positron flux detected by PAMELA and AMS-02
experiments (Fig. 1). So, an interpretation of all these recent observations hints at a possible
presence of nearby sources of cosmic rays at the distances less than 1 kpc from the solar system.
We consider active dwarf stars as possible sources of galactic cosmic rays in the energy range up
to ~ 10 eV. If the nearby cosmic-ray sources exist indeed, they could also generate high-energy
~-ray emission and may be observable with ~-ray telescopes.

2. On red dwarf stars and its very high energy emission

The dwarf stars belong to the G - M classes of the main sequence of stars. The number of
such stellar objects is more than 90% of all stars in our Galaxy amounted about 2 x 10! stars.
The nearest of the dwarf stars are at the distance of several parsecs from our solar system. It
is believed that these stellar objects are uniformly distributed inside of the galactic disc [5].
These stars produce powerful stellar flares, but the flare frequency of the active red dwarf stars
is uncertain. The stellar flares of active dwarf stars are sometimes taking place several times
per day. The total energy release estimates as 103* — 1030 ergs [5, 6, 7, 8, 9]. The total
energy of cosmic rays produced by the stellar flares of dwarf stars in the Galaxy is estimated as
~ Wer ~ 10°1 —10° ergs [10, 11]. This could provide the amount of energy of charged cosmic
rays in our Galaxy even compared with ones provide by SN explosions [12]. The consideration
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Table 1. Red stars of Flare star catalogue [5] viewed by SHALON

1468 (2020) 012082  doi:10.1088/1742-6596/1468/1/012082

Source Distance, pc ~ Spectral type  F(> 0.8 TeV)® k:g kGare
V388 Cas 10.5 M5V 0.84 +0.20 —251+0.15 —2.914+0.18
V780 Tau 10.4 m/M5.5 or M7V 0.23 +0.03 —2.524+0.15 —-3.01+0.21
V962 Tau - - 0.39 4+ 0.04 —2.544+0.16 —2.954+0.22

V1589 Cyg 23 - 32 dM4.5e 0.13 4+ 0.02 —2.91+0.18 —3.154+0.29

GJ 1078 20.6 M4.5V 0.38+0.14 —246+048 —3.114+0.49

GL 851.1 21.7 dMOe or K5V 0.55 4+ 0.09 —2.544+042 —-2.32+0.21

@ Integral flux at energy > 800 GeV in units of 10~ 2¢m 2571
b Index in fitting of TeV average differential spectrum in form of power low dF /dE x E*
¢ Index in fitting of TeV flare differential spectrum in form of power low dF/dE oc EFriare

of active dwarf stars as sources of the cosmic rays with E < 10 eV are giving us the possibility
to understand anomalies in the cosmic rays recorded during the last 10 - 15 years by PAMELA,
AMS-02, CALET, DAMPE [13, 14, 15, 16].

In this paper we present the results of study of the flaring active dwarf stars which supposed
to be a source of cosmic-rays up to ~ 10 eV. Generation of high-energy cosmic rays in such
flares should be accompanied by the high-energy «-ray emission. We have used our SHALON
instrument to detect the ~-rays in TeV-energy range ([4, 10, 11] and references therein). Our
instrument has a wide field of view (FoV > 8°). In accordance with the long-term program
studying of «-ray sources, more than ten-year-long observations of Tycho’s SNR, Crab Nebula,
4C+41.63 and Cyg X-3, are being carried out in the SHALON experiment [4, 11] . When
we observed these sources, the dwarf stars listed in the Table 1 were in our telescope field of
view, also. Thus, simultaneously we had long-term observations of these stellar objects. The
data obtained during more than 10 years observations of the dwarf stars V388 Cas, V962 Tau,
V780 Tau, V1589 Cyg, GJ 1078 and GL 851.1 were analyzed.

The TeV ~-ray emission from the position of M-stars discussed was detected in SHALON
experiment [10, 11] with statistical significance of > 50 determined by method of [17] with the
average integral fluxes presented in Table 1. During the long-term observations these red dwarfs
appeared as a sources with a highly variable flux at energies up to 10 TeV. Both, an average
(A) and flaring (A) spectral energy distributions was extracted and presented in Fig. 2. The
shapes of energy spectra at E > 800 GeV can be fitted with a soft power law: dF/dE o E*, the
indices of flaring and average spectra are listed in Table 1. It was found that the duration of
high flux periods corresponding to the flare spectra of the discussed red dwarfs ranges from 2 to
5 days [11]. The detected TeV ~-ray fluxes demonstrate that these objects produce flares with
the total energy of ~ 103* — 103® ergs. For comparison, the most powerful solar flares release is
1032 ergs.
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Figure 2. Spectral energy distributions of red dwarfs. A show the average spectra and A show
the flaring spectra from the SHALON data. The bow tie on plots indicates the Fermi LAT data
[19, 20] or minimum flux needed for a 50 detection (see text).

Emission maps of red dwarfs by SHALON.

The searches for counterparts for the detected at very high energy M-stars in X-rays and
MeV-GeV energies were performed. There is not enough information about the studies of red
dwarfs in the wide energy range of the electromagnetic spectrum. But, the X-ray emission from
the position of presented M-stars in the first (1RXS) and second (2RXS) ROSAT catalogue [18]
was detected (see Fig. 2, right). In Fig. 2 the emission maps of listed red dwarfs by SHALON
in comparison with data from X-ray data are presented. The X-ray emission (0.1 - 2.4 keV)
from the position of discussed red dwarfs (error ~ 10”) was detected with ROSAT with energy
fluxes from 3.9 x 10713 to 2.5 x 107'2 erg cm™2 s~! and indexes of ~ —2. It corresponds to the
estimated luminosity of from 5 x 10?7 erg s™! to 1 x 10%? erg s~!. Giving the ROSAT fluxes
together with the spectral indexes it is supposed that the hard X-ray fluxes for the starting the
Swift XST recording are not enough to be detectable with BAT (~ 107 erg cm™2 s71).

High-energy emission from unassociated sources in the vicinity of V962 Tau, V1589 Cyg, GJ
1078 and GL 851.1 at distances of < 0.6° were also detected by Fermi LAT. The spectra of each
of unassociated objects are presented in Fig. 2 left with bow tie and is consistent with SHALON
observations of these red dwarfs at TeV energies. Unfortunately, V388 Cas and V780 Tau were
not active enough after 2008 to produce a significant detection by Fermi LAT [21, 22] launched
in 2008. The grey bow tie on the plots for these two objects in Fig. 2 indicates the minimum
flux needed for a Fermi 50 detection of a soft-spectrum point source. In contrast, V1589 Cyg,
V962 Tau, GJ 1078 and GL 851.1 were quite active during the whole period of observations and
the unassociated sources nearby detected by Fermi LAT may actually be these red dwarfs.

3. Discussion

The experimental data on the generation of TeV ~-rays by active dwarf stars given above prove
that these stars are the sources of cosmic rays with energies up to ~ 104 eV. The energy, released
in these objects is compared with one from SN explosions (for the particles with E < 104 eV).
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The existence of such cosmic ray sources, nearby the solar system, allows to explain recent
experimental data obtained in space during the last of 10 - 15 years.

A very important effect, discovered by the PAMELA and then confirmed by Fermi-LAT and
AMS-02 is positron excess, or unexpected raise of the positron fraction, while it is expected
to decrease [13]. The observed positron fraction is starting to increase at ~ 5 GeV and then
goes up monotonically up to ~ 350 GeV, then at energies > 500 GeV it falls down. A possible
interpretation of this effect may involve the active dwarf stars as the sources of cosmic rays up
to E ~ 1013 eV including an additional flux of positrons [23].

During the stellar flare the particles (protons, nuclei and electrons) are accelerated up to
the energies of (103 — 10'4) eV /nucleon. Most of these accelerated particles releases into the
interstellar medium. But some of them interacts with the matter of source. These interactions
give 70 and 7*. Positrons and electrons are produced through the 7% to p*e* decay. Also, an
additional source of e* is the decay of neutral pion into two y-rays and the subsequent formation
of (eTe™) pairs by these v-rays. Such processes are observed during the powerful solar flares
(by the way, the Sun is a yellow dwarf). These positrons and electrons have the probability
to escape into the interstellar medium from a flare region where there is a strong and complex
magnetic field. This probability increases with the growth of energy. If the energy of these
particles E < 5 GeV they have no chance to escape from the flare region, but if their energy is
> 300 GeV they escape from the flare region with the high probability about 100%. It gives an
increase of the positron fraction observed in PAMELA, FERMI-LAT and AMS-02 experiments.
As a result, this new type sources of cosmic rays provides essential addition positron flux to
one produced in the interstellar medium in interactions of cosmic rays with interstellar matter.
Then, at energies > 350 GeV, according to the scenario suggested in [23] (and see line in Fig. 1)
the positron fraction has to decrease to the values calculated in [24] because the highest energy
of accelerated particles in the stellar flares is unlikely to exceed 1013 eV.
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