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ELEMENTARY PARTICLES AND FIELDS
Experiment

Search for High-Energy Gamma Quanta from the Cygnus Cocoon Source
in October—November 2020
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Abstract—In November 2020, the IceCube Neutrino Observatory registered a neutrino event with an
energy of 150 TeV directed at the Cygnus Cocoon gamma-ray source. In the Carpet-2 experiment, as
part of the Baksan Neutrino Observatory (BNO), a sharp increase in the flow of events with an energy
above 300 TeV was recorded from the same direction within the angular accuracy of the events. This flux is
4 orders of magnitude higher than the expected intensity of gamma quanta of this energy region according
to data in the region of less than 100 TeV. It was expected that such a powerful flare could be registered
by the TAIGA-HiSCORE installation of the TAIGA astrophysical complex. We analyzed the events of
the EAS recorded by the installation of TAIGA-HiSCORE for 18 h in October—November 2020 from the
Cygnus Cocoon source. This article provides the upper limit of the expected excess flow.
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1. INTRODUCTION

Sources of PeV cosmic rays (the so called PeVa-
trons) can be identified by the trajectories of neutral
particles (gamma quanta and neutrino) with energies
above 100 TeV not disturbed by the galactic magnetic
field. In 2012 the gamma telescope Fermi opened a
“cocoon” in the OB2 association of the constellation
of Cygnus filled by high-energy cosmic rays [1]. For
the first time, the gamma radiation source in the
high energy range 1—100 TeV was discovered by the
HAWC mountain facility and was named the Cygnus
Cocoon [2]. In the Tibet AS~ experiment, gamma
radiation up to 200 TeV was recorded from the cocoon
region [3], and in the LHAASO experiment [4], up
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Fig. 1. Energy spectrum of gamma radiation of Cygnus Cocoon (from work [6]), measured at different installations. Gray
region is the time-average flux model 4 FGL; gray triangles are the data of ARGO experiment; gray circles are the data
obtained in the HAWC experiment [2]; black triangles is the flare registered by Fermi-LAT [1]; black dashed band is the y-flare
recorded in the Carpet-2 experiment [6]; black asterisk is the flux estimate from the neutrino data of IceCube [8]. Black solid
line is the upper threshold of flare in October—November 2020 obtained in the current work.

to 1 PeV. Figure | shows the spectra obtained in
the HAWC experiment, compared to spectra obtained
in several other experiments. Today, the Cygnus
Cocoon source is classified as PeVatron, although
it is reliably unknown whether gamma quanta are
produced in the source from high-energy protons or
electrons [4]. The map of spatial intensity of radiation
in this region obtained in the HAWC experiment [2]
was presented in Fig. 2. [t was shown that the
sources are not point-like, but elongated.

Acceleration of cosmic rays up to energies above
1 PeV in the regions of active star formation, includ-
ing Cygnus Cocoon, was discussed in the literature
for a long time [5—7].

The interest to the Cygnus Cocoon source raised
notedly after the registration of neutrino with an en-
ergy of 150 TeV by the Ice Cube telescope from the
source region (at 0.5° from the source) on November
20, 2020 [8]. The expected flux in this case is labeled
by black asterisk in Fig. 1. In the Carpet-2 experi-
ment (Baksan Neutrino Observatory)[9], a sharp in-
crease in the photon fluxes with energy above 300 TeV
was registered from the same direction exceeding by
four orders of magnitude the expected flux in this
energy range (the dashed black curve in Fig. 1). The
duration of the high flux of events from the region of
the Cygnus Cocoon was 80 days: from October 10 to
January 1.

Several hypotheses were proposed to explain the
generation mechanisms of such high-energy radia-

tion. One of the interesting hypotheses was put for-
ward in work [10], where it was shown that, in double
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Fig. 2. Intensity map of gamma radiation from Cygnus
Cocoon region obtained in HAWC experiment [2].
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Fig. 3. Astrophysical complex TAIGA: main detectors are (¢) imaging atmospheric Cherenkov telescopes (bottom right panel)
and (b) wide-angle HiSCORE stations (top right panel). (a) Plan of detector placement (left panel).

systems, protons can efficiently accelerate to PeV
energies in the regions of collision between the rel-
ativistic wind from a pulsar and the star wind from a
massive star. Gamma quanta and neutrinos of high
energies may produce both at collision of an acceler-
ated proton and a proton of star wind (the pp reaction)
and at interaction between protons and ultraviolet
photons (the py reaction). To produce pions in the
py reaction the proton energy must be above 10 PeV,
which results in the production of gamma quanta with
an energy above 100 TeV. It was shown in paper [10]
that a situation is possible when a flux of gamma
quanta from the py reaction in the range of several
hundred teraelectronvolts is substantially larger than
the flux of gamma quanta from the pp reaction in
this energy range, and in this case the flux of gamma
quanta with an energy of 10 PeV is compared to the
flux of gamma quanta with an energy of 100 TeV.

In paper [11] of the LHASSO collaboration, the
researchers received a flux of gamma quanta from the
same direction of the region of active star formation
Cygnus X until several petaelectronvolts, with a spa-
tial distribution ~1/r up to 50 pc, which implies the
presence in the OB2 association of superpevatrons
accelerating to at least 10 PeV [11]. These results
confirm the possibility of existence of 10-PeV protons
in the OB2 association incorporated in the model of
paper [10].

PHYSICS OF ATOMIC NUCLEI Vol.87 No.3 2024

At the astrophysical complex TAIGA [12—14], a
wide-angle Cherenkov facility TAIGA-HiSCORE
(today having an area of approximately 1 km?) is
intended to register gamma quanta with an energy
above 50 TeV. The facility registers extensive at-
mospheric showers (EASs) at night in moonless
periods. We can anticipate that such powerful out-
burst must be registered in this experiment. In the
current work we analyze the EAS events recorded
by the TAIGA-HiSCORE facility during October
and November observation sessions in 2020 from the
direction towards the Cygnus Cocoon source. By the
data obtained by the TAIGA-HiSCORE facility we
calculate the upper limit of the expected excess flux in
the direction towards Cygnus Cocoon with an energy
above 200 TeV.

2. TAIGA-HISCORE INSTALLATION

The TAIGA-HiSCORE facility (Fig. 3) [12—14]
is a network of 120 wide-angle Cherenkov stations
placed at a distance of 106 m from each other in
an area of 1.1 km? grouped into four clusters and
intended to register Cherenkov radiation from EAS.
We understand the cluster as a part of the facility with
a separate data acquisition center. All four clusters
are synchronized.

The optical station includes four photomultipliers
20 cm in diameter (ET 9352 or Hamamatsu R5912),
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Fig. 4. Region of “ON” source (gray dots) and background region “OFF” (black dots) relatively to source coordinates

Ra = 307.93 and Dec = 41.51.

equipped by the Winston cone 0.4 m in diameter with
a survey angle of £30° increasing the photomultiplier
area by 4 times. Each station is connected to a
data acquisition center by the optic-fiber cable for
data transfer and synchronization. The accuracy of
reconstructing the direction of EAS arrival depends
on the number of triggered stations. The angular
resolution is 0.4°—0.5° for events with 4—5 triggered
stations and approximately 0.15° for events with more
than 10 triggered stations [13].

3. OBSERVATION OF THE CYGNUS
COCOON SOURCE BY TAIGA-HISCORE
INSTALLATION

To register gamma quanta, the hadron flux in the
TAIGA experiment is suppressed by the shape of
image [15—17], registered by the IACTs (Imaging
Atmospheric Cherenkov Telescopes), and angle be-
tween the measured EAS direction and direction to
the source. The total suppression coefficient of back-
ground from charged cosmic rays is approximately
10%. For higher-energy events above 100 TeV, it is
more efficient to use a hybrid method: the HISCORE
stations and the TACTs [17]. By the data of the
stations of the TAIGA-HiSCORE facility, the shower

parameters are determined, including the angle of
shower arrival, and the data about the image shape in
the IACTs are used to separate gamma-like events.
However, during the studied outburst, in October—
November 2020, the region of the Cygnus Cocoon
source was not observed by the IACTs; therefore, to
measure the flux from this source, we used only the
data about the direction of EAS arrival.

We analyzed the data of the TAIGA-HiSCORE
facility (13 days of observation, 18 h), close in time
to the maximum of the gamma outburst detected
in the Carpet-2 experiment and to the time of neu-
trino detection in the IceCube experiment. To reveal
the excess of events from the Cocoon, two regions
were selected (Fig. 4): ON—the region in the di-
rection towards the source in the range 0°—0.5° and
OFF—the region of background measurements in
the ring 0.5°—1.5° around the direction towards the
source. The boundary 0.5° corresponds to conclu-
sions of papers [1, 2] about the angular dimensions
of the source. We considered only those time pe-
riods when the source and the background region
surrounding the source are completely in the field of
view of the optical stations of the TAIGA-HiSCORE
facility. Within the field of view (£25°) the spread of
the angular sensitivity by the optical stations is sev-
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Fig. 5. (a) Number of events from source Non and background Norr and (b) excess of events for all days of Cygnus Cocoon

observations.

eral percent, which does not affect the registration of
the facility as a whole. The zenith angle of the source
position varied from 8° to 18° during the observation
session.

In this paper, we set a limit to the flux of gamma
quanta with energies above 200 TeV at zenith angles
up to 20°, which is almost 3 times above the energy
threshold of EAS registration from gamma quanta
[17]. The variation in the photon flux from EAS of
the given energy at variation in the zenith angle from
0° to 20° at a distance of 100 m from the axis is less
than 20% [18]. In setting the limit we used the area
of 0.45 km?. This is the area of two clusters of the
facility minus a strip of 50 m along the facility’s pe-
riphery. The efficiency of gamma quanta registration

PHYSICS OF ATOMIC NUCLEI Vol.87 No.3 2024

within this area for energies above 200 TeV and zenith
angles smaller than 20° is 100%.

The source coordinates were chosen to be Ra =
307.93, Dec =41.51. This region is close to the
pulsar J2032+4127 (with coordinates Ra = 308.00,
Dec = 41.46), which rotates about the star MT91
213 (BOVp) with a period of 50 years and is regarded
as the region in which particles can accelerated up
to petaelectronvolt energies at collision between the
relativistic wind from the pulsar and the star wind
from the massive star [10]. These coordinates co-
incide with the HAWC measurements (Ra = 307.90,
Dec = 41.51)[2] and are close to the maximum of ob-
servation of LHAASO (Ra = 307.17, Dec = 41.17)
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[4] and arrival direction of the neutrino recorded by
the IceCube telescope: Ra = 307.53, Dec = 40.77
[5]. In Fig. 2, presented in the galactic coordinates,
this direction corresponds to the point I = 80.3° and
b = 1.0°. The obtained values Non and Nopgr and the
excess of events with energies above 200 TeV for each
day of observation are depicted in Fig. 5.

The resulting excess of events is computed by the
formula (« is the ratio of solid angles)

B dQ2oN
dQorF

The estimate of the standard deviation is com-
puted by the formula by Li and Ma [19]:

o= \/NON + OézNOFF.

Excess = NON - aNOFF, (07

4. RESULTING FLUX LIMIT

Based on the excess of events from the source ob-
tained during entire 18 h of observation, we estimated
the upper limit to the flux:

(Excess + 3.20) E?

Upper limitF (E) E? =
pper limitF' (E) ot

—gx 1071
cm?s

where £ is the energy of gamma quantum, S is the

facility area (0.45 km?), and ¢ is the observation time

(18 h).

The confidence interval of 3.20 indicates 90%-
probability of signal registration from the source be-
low the given upper limit [20]. The obtained limit to
the particle flux is presented in Fig. 1 by the black
curve and is a stricter constraint than the result ob-
tained at the Carpet-2 facility.

Taking into account that in the LHAASO exper-
iment and in the HAWC experiment, a wide angular
distribution of intensity was observed, we also per-
formed scanning of regions of increased intensity des-
ignated in Fig. 2 as regions with a significance above
50. Here, we changed the direction of scanning, but
the size of the relative regions ON and OFF remained
the same as described above. However, the result of
the upper flux limit did not change.

5. CONCLUSIONS

By the data of the TAIGA-HiSCORE facility, we
attempted to detect an excess of gamma-like EASs
with energies above 200 TeV in the direction towards
the Cygnus Cocoon source (with coordinates in a
circle with a radius of 0.5° relatively to the direc-
tion towards the pulsar J2032+4127: Ra = 307.93°,
Dec = 41.51°) in October—November 2020. The
chosen time of observation and the direction intersect

both with the period of increased count rate of events
revealed in the Carpet-2 experiment and with the
direction and time of the 150-TeV neutrino registered
by the IceCube telescope. The obtained upper limit

of the flux is estimated as F' (F) E? < 6 x 1071} CIT;?Q/S,
which is an order of magnitude stricter constraint
than the result obtained at the Carpet-2 facility. This
result does not reject the possibility of a higher flux
of gamma quanta from the py reaction proposed in
paper [10], but indicates to the necessity of correcting
the model parameters.

The result is obtained by the data of 2020, when
the TAIGA-HiSCORE facility occupied an area of
approximately 0.5 km?, whereas, by now, the facil-
ity contains 120 detectors over an area of 1.1 km?.
Today, the methods of more efficient suppression of
hadron background by the TAIGA-HiSCORE data
are intensely developed. Increasing the facility area
and new methods of hadron background suppression
will allow increasing the sensitivity of the facility to
lower fluxes of gamma quanta in the energy range of
hundreds of teraelectronvolts.
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