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The Tibet-III air shower array and underground water-Cherenkov-type muon detector array have
been successfully operated since 2014, at an altitude of 4,300m in Tibet, China. The gamma-ray
energy and arrival direction are determined by the Tibet AS array, while the MD array enables us
to suppress more than 99.9% of background cosmic rays above 100 TeV, using counting number
of muons in an air shower at 2.4 m underground.

We surveyed gamma-ray emissions in the energy region above 10 TeV from the Cygnus region
in our Galaxy. Two sources were significantly detected in the directions of the Cygnus OB1
and OB2 associations. One of the gamma-ray emissions had an excess of pre-trial(post-trial)
detection significance of 5.307(4.70°) in the direction centered on (R.A., Dec) = (308.04° +
0.08°,41.46°+0.06°), which was associated with Pulsar PSR J2032 + 4127. The obtained spectrum
from 10 TeV to120 TeV can be expressed by a simple power-law as dF /dE = (4.13 + 0.83) x
10719(E /40TeV)3- 12012 TeV~lecm =251, The other had an excess of pre-trial(post-trial) detection
significance of 6.707(6.2¢°) in the direction centered on (R.A., Dec) = (304.99° + 0.11°,36.84° +
0.08°), which was associated mainly with a pulsar wind nebula PWN G75.2+0.1 with the pulsar
moving away from its original birthplace situated around the centroid of the observed gamma-ray
emission. The obtained spectrum from 10 TeV to 200 TeV can be expressed by a simple power-law
as dF /dE = (10.6 + 1.3) x 10719(E /40TeV)>7940-13 TeV~lecm=2s~!, or including an exponential
cutoff as dF /dE = (3.6 +2.0) x 10713 (E /40TeV)! 0003 exp (E /(44 + 21TeV)) TeV-lem 257!
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1. Introduction

The Cygnus region located in the direction of the Cygnus constellation is a huge star-forming
region, and there are many energetic objects such as the Pulsar Nebula, SNR, Wolf-Rayet stars,
open cluster, and OB associations, etc. This region is a natural laboratory to study cosmic-
ray acceleration and transport and has been observed in various wavebands. In particular, the
Cygnus-OB1 and Cygnus-OB2 regions, which have many massive and hot stars, are the sources
of TeV gamma rays. The first reported TeV gamma-ray source from Cygnus OB2 was J2032 +
4130 [1, 2], discovered by the HEGRA Imaging Air Cherenkov Telescope (IACT) and confirmed by
Whipple [3], MAGIC [4], and VERITAS [5, 6]. According to their report, the gamma-ray intensity
is roughly 3% of Crab nebula, and the spread of the source is about 0.1° to 0.2°. On the other
hand, surface air shower array experiments report higher gamma-ray intensities than the IACTs’
results in the multi-TeV energy region [7—11]. The flux discrepancy measured by IACT and the air
shower array may be due to the morphological complexity of this region caused by the presence
of gamma-ray sources such as Cygnus cocoon etc. The Fermi satellite-mounted LAT reported the
existence of a region with strong gamma-ray intensity called "Cygnus cocoon" nearby Cygnus OB2.
This is a star-forming region, and cosmic rays generated by star-forming activity are thought to be
confined and accelerated in the interstellar space [12]. Cygnus Cocoon has a shape that connects
Cygnus OB2 and NGC 6910, which is an open cluster and has a size of about 50 pc. It overlaps
with the region of Cygnus OB2, which complicates morphology. The gamma-ray sources in this
region are considered to be PWNs of PSR J2032+4127 and PSR J2021+4026 or SNR in Cygnus
Cocoon, but the details are under debate.

In the Cygnus OB1 direction, the Milagro experiment discovered the MGRO J2019+37, which
emits gamma rays exceeding 10 TeV [13], and was confirmed in the HAWC [14, 15] experiment.
Also, VERITAS observed the same region above 0.6 TeV and separated the gamma-ray emissions
into two sources: VER J2019+368 and VER J2016+371 [16]. At 0.36° east of the center of gravity
of VER J2019 +368, there is a radio pulsar PSR J2021+3651 [17]. PSR J2021+3651 is one of the
relatively few pulsars with gamma-ray pulsations observed by Fermi-LAT [18], and also appears to
form the pulsar wind nebula referred to as PWN G75.2+0.1 [19]. The radio and X-ray morphologies
of this nebula feature a bright bow-shaped tail extending westwards from the pulsar, indicating that
the pulsar is moving eastwards with its birthplace as far west as the apparent end of the tail at 0.2°
west of the current pulsar position [16, 20]. PSR J2021+3651/PWN G75.2+0.1 is considered to be
the most promising object for VER J2019+368.

The Tibet air shower array has a high sensitivity for gamma rays in the region of 10 TeV or more
and has a wide field of view of about 2 rad. To examine the morphology and the spectrum of
gamma-ray in the higher-energy region, we searched for gamma-ray emissions from the Cygnus
region containing OB1 and OB2 associations with the data measured by the TibetASy experiment.

2. Tibet ASy experiment

The Tibet air-shower (AS) array has been observing cosmic rays and gamma rays above
TeV energies since 1990 at Yangbajing (90.522°E, 30.102°N; 4300 m above sea level) in Tibet,
China [21]. In this work, we use data obtained by the Tibet air shower array combined with the
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muon detector array during 719 live days from 2014 February to 2017 May. Our data analysis
method and data selection criteria as well as the array configuration are the same as described in
our previous papers [22, 23].

3. Data analysis and Results

We used the Equi-Zenith-Angle method [24] to estimate the gamma-ray excess count and the
number of background events. Twenty OFF regions were taken, and the radius of the analysis
window was variable depending on the recorded air-shower size from approximately 0.7° at lower
energies around 10 TeV to a lower limit of 0.5°. The intensity distribution of gamma-ray in an area
of (R.A., Dec.) from (295°, 30°) to (315°, 45°) was examined and two gamma-ray sources were
detected significantly above 10 TeV in the directions of Cygnus OB1 and OB2 respectively.

3.1 Cygnus OB2

Figure 1(a) shows a detection significance map around the gamma-ray source detected by this
work with photon energies above 10 TeV in the direction of Cygnus OB2. The sky is gridded in
0.1° x 0.1° pixels and the significance value of each pixel calculated according to [25] is smoothed
by a circular search window of radius, R,, centered at the pixel. Assuming a symmetrical 2D
Gaussian distribution for the gamma-ray excess, we fit the events within the 4° X 4° region around
the source using the unbinned maximum likelihood method. The centroid of gamma-ray emissions
detected at the pre-trial (post-trial) detection significance of 5.30 (4.70°) above 10 TeV is estimated
at (R.A., Dec.) = (308.04° +0.08°,41.46° = 0.06°). We name this source TASG J2032+414. The
location of TASG J2032+414 is in good agreement with that of the pulsar PSR J2032+4127 and
consistent with that of HAWC J2031+415 [26] at the 1.70 level, while it appears to deviate from
that of TeV J2032+4130 reported in [27] at the 2.80 level.

Figure 1(b) shows the distribution of the number of events observed with photon energies above
10 TeV as a function of the square of the opening angle ¢ between the estimated arrival direction
and the centroid of TASG J2032+414. To estimate a possible source extension, we perform the y>
fitting of the data with the function A exp[—¢>/ Z(O-IZDSF + O-IZEXT)] + Ngg where A and opxT are
two fitting parameters and opgg = 0.36° and Ng = 224.5 are the point spread function (PSF) of
our instrument above 10 TeV and the number of background events estimated from the background
cosmic-ray data, we get cgxT = 0.00° + 0.14°, which is consistent with that obtained from the
maximum likelihood fitting described above. The y?/ndf of the fitting is 33.8/38. With a large error
of 0.14°, the ogxT value above 10 TeV does not indicate whether TASG J2032+414 is extended
or not even though it is consistent with the previous measurements at multi-TeV energies by IACTs,
ARGO and HAWC within the 20 level [2, 4, 6, 9, 26, 27]. Figure 2 shows the differential energy
spectrum of TASG J2032+414. Although there is a discrepancy in flux at multi-TeV energies
as explained in the Introduction, our flux data points above 10 TeV are consistent with previous
measurements of [ACTs when the spill-over of gamma-ray signals outside their integration radius is
taken into account. Our spectrum from 10 TeV to 120 TeV can be expressed by a simple power-law
as dF /dE = No(E /40TeV)™" where Ny = (4.13 + 0.83) x 10~'°TeV~'em 257! is the differential
gamma-ray flux at 40 TeV and " = 3.12 +0.21 is the spectral index (y*/ndf = 1.6/4). Unfortunately,
the time span of our data does not cover the 2017 autumn periastron period of the binary system
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PSR J2032+4127/MT91 213 when a significant flare was detected in the TeV gamma-ray flux [27].
We find no significant flux variability in the time span of our data.
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Figure 1: The gamma-ray emission sources detected above 10 TeV in the directions of Cygnus OB2. The
left figure is a significance map around the source, smoothed by search windows. The point spread function
(PSF) is shown in the inset figure. The red-filled star with a position error circle is the centroid of TASG
J2032+414 obtained by this work, while the magenta open cross is the centroid of VER J2031+415, and the
blue asterisk is that of HAWC J2031+415. The green-filled diamonds show Fermi-LAT sources. The blue
open triangle indicates the centroid of MAGIC J2031+4134. The green-filled diamond coincident with our
gamma-ray emission centroid is the pulsar PSR J2032+4127. The sky-blue contours indicate 1420 MHz radio
emissions provided by the Canadian Galactic Plane Survey, and the pink contours indicate 24 um infrared
emissions by the Cygnus-X Spitzer Legacy Survey [28, 29]. The right figure shows the distribution of the
number of events observed with photon energies above 10 TeV as a function of the square of the opening
angle between the estimated arrival direction and the centroid of TASG J2032+414. The red-filled circles
are the experimental data, with the best fit Gaussian function indicated by the solid line. The blue histogram
is the distribution of events expected by the MC simulation assuming a point-like gamma-ray source.

3.2 Cygnus OB1

Figure 3(a) shows a significance map above 10 TeV in the direction of Cygnus OB1 obtained
by this work. The centroid of gamma-ray emissions is estimated at (R.A., Dec.) =(304.99° +
0.11°36.84° + 0.08°) with the pre-trial (post-trial) detection significance of 6.70 (6.20°). We name
this source TASG J2019+368. The centroid of TASG J2019+368 is consistent with that reported
by HAWC [15] within the 1o level, and by VERITAS [6] within the 20" level. The pulsar PSR
J2021+43651, located 0.23° east of the TASG J2019+368 centroid, has a nebula extending westwards
from the pulsar, PWN G75.2+0.1, which is coincident with the location of TASG J2019+368.
Figure 3(b) shows the angular distribution of the events observed above 10 TeV. The experimental
data can be fitted with a Gaussian function with a source extension of cpxT = 0.28°£0.07° above 10
TeV, consistent with the extension reported by VERITAS [6] (HAWC [14]) at the 2.10 (0.30°) level.
The y?/ndf of the fitting is 49.1/38. Figure 4 shows the differential gamma-ray energy spectrum of
TASG J2019+368, which is in good agreement with the HAWC spectrum and consistently connects
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Figure 2: Differential gamma-ray energy spectra of TASG J2032+414 with 95% C.L. upper limits measured
by this work (red filled squares/arrows). The blue-filled circles/arrows (sky-blue open circles) show the
gamma-ray spectrum reported by VERITAS in 2018 (2014) [5, 6], the gray filled triangle by HAWC [11],
and the dark-green filled circles by ARGO [9]. Additionally, the gold-filled diamonds are reported by
Fermi-LAT cite6, the green open squares by MAGIC [4], and the pink pentagons/arrow by HEGRA [2].

with the VERITAS spectrum reported in 2014. Our spectrum can be expressed either as dF /dE =
No(E J40TeV) T with Ny = (10.6+1.3)x10'® TeV-!em™2s7! and " = 2.70+0.13(y2/ndf = 10.4/5)
, or including an exponential cutoff as dF /dE = No(E/40TeV)™" exp(E/E¢.;) with Ny = (3.6 +
20)x 1075 TeVlem 25!, T = 1.6 £ 0.5 and E,,,; = 44 + 21 TeV (y*/ndf = 3.0/4).

4. Conclusion

Using the Tibet air shower array combined with the underground muon detector array, we have
detected two gamma-ray sources in the direction of the Cygnus region significantly with photon
energies above 10 TeV. The location of TASG J2032+414 is coincident with PSR J2032+4127, and
that of TASG J2019+368 is coincident with PWN G75.2+0.1. We provide for the first time flux
data points from 40 TeV to 120 TeV for the gamma-ray emission region in the direction of Cygnus
OB2, and we confirm the HAWC spectrum up to 100 TeV and provide flux data points from 120
TeV to 200 TeV for the gamma-ray emission region in the direction of Cygnus OB1. For both cases,
the observed gamma-ray emissions likely result from relativistic electrons injected by the pulsar
through the ICS with synchrotron and ambient photons.
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Figure 3: The gamma-ray emission sources detected above 10 TeV in the directions of Cygnus OB1. The
left figure is a significance map around the source. The red-filled star with a position error circle is the
centroid of TASG J2019+368 obtained by this work. The white open circles are NuSTAR X-ray sources [30],
and the gray-filled inverted triangles are Wolf-Rayet stars [31]. The green-filled diamond located at 0.23°
east of our emission centroid is the pulsar PSR J2021+3651. The magenta open cross located at (R.A., Dec.)
= (303.99°, 37.21°) is another VERITAS source VER J2016+371 [6]s, which is not detected significantly
in this work.The right figure shows the distribution of the number of events observed with photon energies
above 10 TeV as a function of the square of the opening angle between the estimated arrival direction and the
centroid of TASG J2019+368.
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Figure 4: Differential gamma-ray energy spectra of TASG J2019+368 with 95% C.L. upper limits measured
by this work (red-filled squares/arrows). The blue-filled circles(sky-blue open circles) show the gamma-ray
spectrum reported by VERITAS in 2018 (2014) [6, 16], the gray open triangles/arrow by HAWC [11, 14],
and dark-green filled arrow by ARGO [9].
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