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We report the observation of gamma-ray emission from the supernova remnant G106.3+2.7 in the
100 TeV energy region with the Tibet air shower array combined with the muon detector array.
The gamma-ray emission is detected at a significance of 6.1𝜎 above 10 TeV. The centroid of
the gamma-ray emission, situated 0.44◦ away from the pulsar PSR J2229+6114 at the north-east
corner of G106.3+2.7, is found to be coincident with the location of a molecular cloud. This
morphological feature favors a hadronic origin via the 𝜋0 decay caused by accelerated relativistic
protons regarding the gamma-ray emission mechanism of G106.3+2.7, over a leptonic one via the
inverse-Compton scattering by relativistic electrons. The differential gamma-ray energy spectrum
can be expressed by a single power law from 6 TeV to 115 TeV as 𝑑𝑁/𝑑𝐸 = 𝑁0 (𝐸/40 TeV)−Γ

with a flux of 𝑁0 = (9.5 ± 1.6) × 10−16 [cm−2 s−1 TeV−1] and an index of Γ = 2.95 ± 0.17. In
the hadronic scenario, we estimate the cut-off energy of parent cosmic-ray particles (protons) to
be around 0.5 PeV.
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1. Introduction

The supernova remnant (SNR) G106.3+2.7 is an extended comet-shaped source discovered in
the northern Galactic Plane survey by the Dominion Radio Astrophysical Observatory [1]. Located
at the northeast edge of G106.3+2.7 is the so-called "Boomerang" pulsar wind nebula (PWN)
G106.65+2.96, which is powered by an energetic ( ¤𝐸 = 2.2 × 1037 erg s−1) pulsar PSR J2229+6114
of age 10.5 kyr [2, 3]. The radio and X-ray pulsations of PSR J2229+6114 were observed with
a period of 51.6 ms [4]. The gamma-ray counterpart of PSR J2229+6114 was detected and
named 0FGL J2229.0+6114 by the Fermi Large Area Telescope [5], and its 𝛾-ray pulsations above
100 MeV were detected by Fermi [6] and AGILE [7]. Upper limits were given on the flux of PWN
G106.65+2.96 between 100 GeV and 1 TeV by the MAGIC experiment [8]. As discussed in [9],
PSR J2229+6114 and SNR G106.3+2.7 could be the result of the same supernova explosion, and
the radial velocity measurements of molecular material and atomic hydrogen suggested a distance
of ∼ 0.8 kpc to the whole system.

The Milagro experiment reported an elongated gamma-ray source MGRO J2228+61 coincident
with PSR J2229+6114 at 35 TeV [10, 11]. Meanwhile, the VERITAS experiment detected gamma-
ray emissions above 1 TeV from the supernova remnant (SNR) G106.3+2.7 with a flux of ∼5%
Crab and named the source VER J2227+608 [12]. Recently the HAWC experiment observed
G106.3+2.7 and reported a best-fit spectrum with an error band above 40 TeV [13]. The centroid
of VER J2227+608, 0.4◦ away from PSR J2229+6114 in the southwest direction, is consistent with
that of MGRO J2228+61 and the HAWC centroid within statistical and systematic uncertainties.
Fermi also observed this source at GeV energies and found that the source location is coincident
with that of the molecular cloud [14].

2. Experiment and Data Analysis

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
[15]. In this work, we use data obtained by the Tibet air shower array combined with the muon
detector array during 719 live days from 2014 February to 2017 May to observe high-energy
gamma-ray emissions from the region around G106.3+2.7. Our data analysis method and data
selection criteria as well as the array configuration are the same as described in our previous papers
[16].

3. Results and Discussions

Figure 1 shows the detection significance map around G106.3+2.7 above 10 TeV, smoothed by
the search window size. The events can be fitted with a symmetrical 2D Gaussian function, and the
centroid of gamma-ray emissions (a red filled star with a red position error circle) is at (R.A., Dec.)
= (336.82◦ ± 0.16◦stat, 60.85◦ ± 0.10◦stat), coincident with a nearby molecular cloud location revealed
by 12CO (𝐽 = 1 − 0) emissions (green contours) [20] overlying the black radio contours [18, 19] of
the SNR and away from PSR J2229+6114 by 0.44◦ in the southwest direction. Our source location
is also consistent with those of VERITAS [12] and HAWC [13]. Given the distance of 800 pc
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from the Earth to both PSR J2229+6114 and SNR G106.3+2.7, the distance from the pulsar to the
source location obtained by this work is estimated at 6 pc. Our source location deviates from the
pulsar location at a confidence level of 3.1𝜎, based on the error of 0.14◦ including both statistical
and systematic errors. The location of the HAWC centroid is consistent with both those of the
Boomerang pulsar and the molecular cloud location, and the centroids of VERITAS and Fermi are
coincident with the location of molecular cloud as well as our source location.

Figure 2 shows the distribution of the number of observed events above 10 TeV as a function of
the opening angle between the measured arrival direction and our source location. Fitting the data
with a Gaussian function 𝐴 exp

(
−𝜙2/(2(𝜎2

PSF + 𝜎2
EXT))

)
+ 𝑁BG where 𝜎PSF = 0.35◦ is our point

spread function above 10 TeV and 𝑁BG = 148 is the number of background events, we estimate the
1𝜎 extent of the source to be 𝜎EXT = 0.24◦ ± 0.10◦stat, consistent with that estimated by VERITAS
of 0.27◦ (0.18◦) along the major (minor) axis.

Figure 3 shows the differential gamma-ray energy spectrum measured by this work (red filled
squares and two red downward arrows for two upper limits). The detection significance above
10 TeV is 6.1𝜎. Our gamma-ray energy spectrum can be fitted by a single power law from 6 to
115 TeV as 𝑑𝑁/𝑑𝐸 = 𝑁0(𝐸/40 TeV)−Γ with 𝑁0 = (9.5 ± 1.6stat) × 10−16 [cm−2 s−1 TeV−1] and
Γ = 2.95 ± 0.17stat (𝜒2/ndf = 2.5/5). The systematic error of 𝑁0 is estimated to be +40%/−31%,
resulting from the 12% uncertainty in the absolute energy scale determination. Our spectrum is
consistent with the HAWC spectrum. The flux data points of VERITAS (blue filled circles) are
raised by a factor of 1.62 to account for the spill-over of gamma-ray signals outside their window size.
Our three flux data points below 20 TeV overlapping the energy range covered by the VERITAS flux
points are statistically consistent with 1.62 times VERITAS’s original best-fit power-law function
reported in their paper [12] at the 1.5𝜎 level.

As to the physical mechanism of the gamma-ray emission we fit the multi-wavelength gamma-
ray energy spectrum using the naima package [21], which allows us to estimate the parent particle
spectrum so as to best reproduce the observed gamma-ray energy spectrum. For the energy
distribution of the parent particles, we assume an exponential cut-off power-law form of 𝑑𝑁/𝑑𝐸 ∝
𝐸−𝛼 exp (−𝐸/𝐸cut). The best-fit parameters are listed in Table 1. In the hadronic model, we get
𝐸cut ∼ 0.5 PeV and 𝛼 ∼ 1.8. The value of 𝛼 falls between that predicted in the standard diffusive
shock acceleration (𝛼 = 2) and the asymptotic limit of the very efficient proton acceleration
(𝛼 = 1.5) [22, 23]. The total energy of protons with energies >1 GeV (>0.5 PeV) is estimated to
be ∼ 5.0 × 1047 erg (3.0 × 1046 erg) for a target gas density of 10 cm−3. One might argue that,
considering the estimated SNR age of 10 kyr, PeV protons escape the SNR much earlier than the
present time in the standard theory of cosmic-ray acceleration. Given that 𝐸cut ∼ 0.5 PeV and that
the maximum energy of protons remaining inside an SNR is proportional to 𝜏−0.5 where 𝜏 is the
SNR age[24], protons should be accelerated up to ∼1.6 PeV at 𝜏 = 1 kyr in the case of G106.3+2.7.
This suggests that the acceleration of protons at G106.3+2.7 should be efficient enough[24] to
push their maximum energy up to ∼1.6 PeV during the SNR free expansion phase. In addition,
G106.3+2.7 has a dense molecular cloud nearby indispensable for accelerated protons to produce
TeV gamma rays via 𝜋0 production. With 𝛼 ∼ 1.8, the proton energy spectrum does not appear
softened, implying that protons may not be able to escape the SNR easily due to the suppression of
the diffusion coefficient. Future observations of G106.3+2.7 could provide useful information for
these theoretical studies on its mechanisms of particle acceleration and confinement.
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In the leptonic model, we get 𝐸cut ∼ 190 TeV, 𝛼 ∼ 2.3 and the SNR magnetic field strength
of ∼ 9 𝜇G. The total energy of relativistic electrons with energies > 10 MeV is estimated to be
∼ 1.4 × 1047 erg. Considering the synchrotron cooling, we estimate that electrons need to be
accelerated freshly within 1 kyr if they originate from the SNR, and that electrons provided by the
Boomerang PWN are not likely to produce the observed gamma-ray emission in view of the energy
budget and the gamma-ray morphology.

Generally, the energy spectrum of hadronically-induced gamma rays rises steeply below
∼200 MeV and approximately follows the energy spectrum of parent particles above a few GeV,
resulting in a characteristic “𝜋0-decay bump” in the gamma-ray spectrum. Hopefully, future multi-
wavelength observations would establish the hadronic origin of gamma-ray emissions from SNR
G106.3+2.7.

Figure 1: Detection significance map around SNR G106.3+2.7 observed by Tibet AS+MD above 10 TeV
[17]. The red filled star with a 1𝜎 statistical position error circle is our source location, while the magenta
open cross, the black X mark and the blue filled triangle are the centroids determined by VERITAS [12], Fermi
[14] and HAWC [13]. The black contours represent 1420 MHz radio emissions from the Dominion Radio
Astrophysical Observatory Synthesis Telescope [18, 19], and the cyan contours represent 12CO emissions
from the Five College Radio Astronomy Observatory survey [20]. The gray filled diamond at the northeast
corner of the black contours indicates the pulsar PSR J2229+6114. The inset figure shows our point spread
function (PSF).
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Figure 2: Projected angular distribution of events observed above 10 TeV [17]. The horizontal axis 𝜙2 is
the square of the opening angle between the estimated event arrival direction and our source location. The
red filled circles are the experimental data with the best-fit black solid curve. The purple histogram is the
expected event distribution by MC simulations assuming a point-like gamma-ray source.

Figure 3: Differential gamma-ray energy spectrum of SNR G106.3+2.7 [17]. Red filled squares (Tibet
AS+MD) represent data measured by this work with two 99% C.L. upper limits (downward red arrows),
VERITAS [12] (deep-blue filled circles), Fermi [14] (sky-blue crosses), Milagro [11] (an orange open
diamond) and HAWC [13] (a purple solid line with a shaded light purple area indicating the 1𝜎 statistical
error band). VERITAS’s data points are raised by a factor of 1.62 from the original values (see text). The
black solid (green dashed) line is the best-fit curve of the hadronic (leptonic) model for the combined data
points of Tibet AS+MD, VERITAS and Fermi.
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Table 1: Best-fit parameters of the energy distribution of parent particles [17]. Electrons (protons) are
assumed for the parent particles of the leptonic (hadronic) model.

𝛼 𝐸cut (TeV) 𝑊‡
𝑒/𝑝 (1047 erg) 𝐵 (𝜇G) 𝜒2/ndf

leptonic 2.30+0.08
−0.07 190+127

−66 1.4+1.8
−0.7 8.6+3.4

−2.5 12.8/15

hadronic 1.79+0.08
−0.09 499+382

−180 5.0+0.7
−0.6 — 13.0/14

‡𝑊𝑒/𝑝 is the total energy above 10 MeV and 1 GeV for electrons and protons, respectively, where
𝑊𝑝 is for a target gas density of 10 cm−3.
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