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ü Introduction

ü The Tibet ASg Experiment

ü First detection of UHE (> 100 TeV) g rays

ü Sub-PeV diffuse g rays from the Milky Way galaxy

ü Other PeVatron Candidates

ü Summary
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v Wide energy range

v Main component is proton

v Rate decreases to 1/100 
when energy is 10 times higher

As an open question,
Did/Do “PeVatrons”  really exist in 
our Galaxy?

PeVatron: Cosmic super-accelerators
can accelerate to Peta electron volt

IntroductionTibet
ASγ

Kulikov & Khristiansen
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Cosmic ray

NASA/ESA/JHU/R.Sankrit & W.Blair

Supernova
Remnant

Earth

4

Cosmic rays from the source 
lost original directions due to magnetic field



Cosmic ray

NASA/ESA/JHU/R.Sankrit & W.Blair

Supernova
Remnant

Sub-PeV gamma rayCosmic rays interact with 
interstellar gas, and produce g rays

p + p à X’s + p± + p 0 à 2g
(g-ray energy is ~10% of cosmic ray’s)
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Cosmic ray

NASA/ESA/JHU/R.Sankrit & W.Blair

Supernova
Remnant

PeV cosmic ray

Sub-PeV gamma ray
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Cosmic rays interact with 
interstellar gas, and produce g rays

p + p à X’s + p± + p 0 à 2g
(g-ray energy is ~10% of cosmic ray’s) à sub-PeV diffuse

Earth
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Air Shower

Tibet Air Shower Array

p Site: Tibet (90.522oE, 30.102oN) 4,300 m a.s.l.

Present Performance
ü # of detectors 0.5 m2 x 597
ü Covering area         ~65,700 m2

ü Angular resolution   ~0.5°@10TeV g
~0.2°@100TeV g

ü Energy resolution ~40%@10TeV g
~20%@100TeV g

àObservation of secondary (mainly e+/-,γ) in AS
Primary energy : 2nd particle densities
Primary direction : 2nd relative timings

Tibet
ASγ

g/CR
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Air Shower ReconstructionTibet
ASγ

circle size    ∝ log(# of detected particles) 
circle color  ∝ relative timing [ns]
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(b) Lateral distribution
fitted by NKG func.

S50

S50 improves E resolutions (10 - 1000 TeV)
à ~40%@10 TeV ,  ~20%@100 TeV

Kawata+, Experimental Astronomy  44, 1 (2017)

Amenomori +, PRL  123, 051101 (2019)Gamma-ray candidate event
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Underground WC Muon Detectors
Measurement of # of µ in AS à g／CR discrimination
DATA: February 2014 - May 2017 Live time: 719 days

~3400m2

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

eγµ

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m

µ

ü 4 pools, 16 units / pool
ü 54 m2 in area ×1.5m in depth / unit
ü 2.4m soil overburden (~515g/cm2 ~9X0)
ü 20”ΦPMT (HAMAMATSU R3600)
ü Concrete pools + white Tyvek sheets

Tibet
ASγ

àSucceeded in rejecting by >99.9% CR events 10



Air shower data analysis.—The arrival direction of an
AS is reconstructed using the relative timing recorded at
each scintillation detector. The color and size of a circle in
Fig. 1(a) represent the relative timing (τ) and the number of
particle density (ρ) measured by each detector in a sample
AS event, respectively. First, we obtain the AS core
location weighted by ρ. The τ’s in the AS front are fitted
by a conical shape, and its cone angle is optimized by the
Monte Carlo (MC) simulations depending on the AS size.
The arrow head and direction indicate the reconstructed
core position and incident direction of the AS, respectively.
The angular resolutions (50% containment) are estimated
to be approximately 0.5° and 0.2° for 10 and 100 TeV
photons, respectively.
The secondary particles in an AS deposit energy propor-

tional to ρ, in a scintillator. At each detector, ρ is obtained
from the PMT output charge divided by the single particle
peak [17], which is monitored every 20 min to correct the
temperature dependence of each detector gain. For
E > 10 TeV, the energy of each AS is reconstructed using
the lateral distribution of ρ shown in Fig. 1(b) as an
example. As an energy estimator, we use S50 defined as
ρ at a perpendicular distance of 50 m from the AS axis in
the best-fit NKG function [18]. The conversion from S50 to
the energy is optimized as a function of the zenith angle by
the MC simulation. The energy resolutions with S50, which
depend on the AS core location and zenith angle (see
Fig. S1 in Supplemental Material [19]), are roughly
estimated to be 40% at 10 TeV and 20% at 100 TeV. At
E < 10 TeV, we estimate the energy directly from Σρ,
which is the sum of the particle density measured by each
scintillation detector, because it is difficult to apply the
NKG fitting due to a limited number of hit detectors. The
energy resolution with Σρ is estimated to be ∼100% at
3 TeV. The absolute energy scale uncertainty was estimated
to be 12% from the westward shift of the Moon’s shadow
center caused by the geomagnetic field [14].
Muons and a part of the hadronic components in an AS

penetrate into the underground MD array, while the
electromagnetic cascade rapidly attenuates in the soil
above. The number of muons detected in an MD (Nμ) is
obtained from the output charge divided by the single muon
peak which is monitored every 20 min. The sum of detected
particles in all 64 MDs (i.e., ΣNμ) is taken as the parameter
to distinguish photons from cosmic rays that generate ASs.
The trigger condition of an AS is issued at any fourfold

coincidence of scintillation detectors within the area
enclosed by the dashed lines in Fig. 1, each recording
more than 0.6 particles. The AS event selections and energy
estimation below 10 TeVare carried out in the same way as
our previous works [14] except for the muon cut. At
E > 10 TeV, the following event selection criteria are
imposed to ensure better energy resolution: (i) the zenith
angle of the arrival direction (θ) is <40°; (ii) the number of
available detectors for the AS reconstruction is ≥16;

(iii) among six detectors recording the largest ρ values,
five are contained in the fiducial area enclosed by the
dashed lines in Fig. 1; (iv) log(S50) is >−1.2; (v) the age
parameter (s) in the best-fit NKG function is between 0.3
and 1.3; (vi) ΣNμ < 2.1 × 10−3ðΣρÞ1.2 or ΣNμ < 0.4 as
indicated by solid lines in Fig. 2. This muon-cut condition
is optimized by the MC simulations for the observation of
the photon-induced ASs (see the next section).
In order to estimate the background contribution from

cosmic rays, we adopt the equizenith angle method which
was used in our previous works [14,20]. The number of
cosmic-ray background events is estimated from the
number of events averaged over 20 off-source windows
located at the same zenith angle as the on-source window
(but at a different azimuth angle). The radius of the on- or
off-source window Rsw is set to RswðΣρÞ ¼ 6.9=

ffiffiffiffiffiffi
Σρ

p
(°)

[20]. In order to efficiently extract signals in the higher
energy region at a low background level, the lower limit of
Rsw is set to 0.5°, corresponding to ∼90% containment of
photons with E > 100 TeV.
MC simulations.—We simulate AS events in the atmos-

phere, using the CORSIKA code v7.4000 [21] with EPOS-
LHC [22] for the high-energy hadronic interaction model
and FLUKA code v2011.2b [23,24] for the low-energy
hadronic interaction model. The differential power-law
index of the photon spectrum is taken to be −3.0 above
0.3 TeV. The AS cores are located randomly within 300 m
from the AS array center. The generated secondary particles
in an AS are fed into the detector simulation of the AS array
developed by using the GEANT4 code v4.10.00 [25]. The
energy deposit and timing at each scintillation detector are
converted to measurable charge and timing values consid-
ering the detector response and the calibrations. The
simulated dataset is analyzed in the same way as the
experimental data to reconstruct the energy and arrival
direction of the primary cosmic rays that initiate ASs.
We verified that our MC simulations reproduce the

(a) (b)

FIG. 2. Distribution of the number of muons (ΣNμ) measured
by the MD array as a function of the sum of the particle density
(Σρ) measured by the AS array for (a) photon signals generated
by the MC simulation and (b) cosmic-ray events extracted from
the real data. The color and the solid lines represent the number of
events and the optimized muon-cut condition, respectively.
ΣNμ ¼ 0 is plotted at logðΣNμÞ ¼ −0.8 on the vertical axis.

PHYSICAL REVIEW LETTERS 123, 051101 (2019)

051101-3

Standard

Tight muon cut : SNµ < 2.1 x 10-3 Sr1.2 à Optimized for the gamma-ray point-like source

Muon Cut Condition (Standard)

Gamma Survival ratio : ~90% by MC sim (>100TeV) CR Survival ratio : ~10-3 (>100TeV)

Standard

Tibet
ASγ

10TeV         100TeV
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(a) E >10 TeV (b) E >100 TeV

FIG. S2. Significance maps around the Crab nebula observed by the Tibet AS+MD array for (a) E > 10 TeV and for (b)
E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ΣNµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the Σρ, where Σρ is roughly proportional to energy, and Σρ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.
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FIG. S3. Relative muon number (Rµ) of the Crab nebula events with E > 100 TeV. Rµ is defined as the ratio of the observed
ΣNµ to the ΣNµ value on the muon cut line in Fig. 2 at the observed Σρ. The leftmost bin indicates the number of events with
Rµ = 0. The black points show the number of observed events from the Crab nebula. The solid red histograms and dashed
blue histograms show the photon MC simulation and the observed cosmic-ray background events, respectively. The central
vertical dashed line indicates the muon cut position at Rµ = 1.
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E > 100 TeV, respectively. The cross mark indicates the Crab pulsar position.

MUON DISTRIBUTION MEASURED BY THE MD ARRAY

In this paper, the total number of particles detected in the MDs (i.e. ΣNµ) is used as the parameter to discriminate
cosmic-ray induced air showers from photon induced air showers. As shown in Fig. 2 in the paper, the muon cut
threshold depends on the Σρ, where Σρ is roughly proportional to energy, and Σρ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ΣNµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ΣNµ = 10 ∼ 30 depending on Σρ. As a result, we successfully suppress 99.92% of
cosmic-ray background events with E > 100 TeV, and observe 24 photon-like events after the muon cut.

Figure S3 shows the relative muon number (Rµ) distribution above 100 TeV for the Crab nebula events. Rµ is
defined as the ratio of the observed ΣNµ to the ΣNµ on the muon cut line in Fig. 2 at the observed Σρ. Three
events among 24 photon-like evens have ΣNµ = 0 which corresponds to the leftmost bin corresponds Rµ = 0 in
Fig. S3. We find a clear bump of muon-less events in Rµ < 1 region, and the relative muon distribution after the
muon cut (Rµ < 1) is consistent with that estimated by the photon MC simulation. This is unequivocal evidence for
the muon-less air showers induced by the primary photons from an astrophysical source.

10-1

100

101

102

103

104

10-2 10-1 100 101 102 103

N
um

be
r o

f e
ve

nt
s

Relative muon number Rµ

Rµ=0

photon MC
Data BG
Data ON
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First Detection of Sub-PeV g (5.6s)

Amenomori et al., PRL 123, 051101 (2019)

24 g rays against 5.5 CR BGs

UHE g-rays from the Crab Nebula (2019)Tibet
ASγ

Other published sources in 100 TeV region
ü G106.3+2.7
ü Cygnus OB1
ü Cygnus OB2
ü HESS J1843-033

Amenomori et al., Nat. Astron, 5, 460 (2021) 

Amenomori et al., PRL, 127, 031102 (2021)

Amenomori et al., ApJ, 932, 120 (2022)

Max. Energy
450 TeV
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Air shower data analysis.—The arrival direction of an
AS is reconstructed using the relative timing recorded at
each scintillation detector. The color and size of a circle in
Fig. 1(a) represent the relative timing (τ) and the number of
particle density (ρ) measured by each detector in a sample
AS event, respectively. First, we obtain the AS core
location weighted by ρ. The τ’s in the AS front are fitted
by a conical shape, and its cone angle is optimized by the
Monte Carlo (MC) simulations depending on the AS size.
The arrow head and direction indicate the reconstructed
core position and incident direction of the AS, respectively.
The angular resolutions (50% containment) are estimated
to be approximately 0.5° and 0.2° for 10 and 100 TeV
photons, respectively.
The secondary particles in an AS deposit energy propor-

tional to ρ, in a scintillator. At each detector, ρ is obtained
from the PMT output charge divided by the single particle
peak [17], which is monitored every 20 min to correct the
temperature dependence of each detector gain. For
E > 10 TeV, the energy of each AS is reconstructed using
the lateral distribution of ρ shown in Fig. 1(b) as an
example. As an energy estimator, we use S50 defined as
ρ at a perpendicular distance of 50 m from the AS axis in
the best-fit NKG function [18]. The conversion from S50 to
the energy is optimized as a function of the zenith angle by
the MC simulation. The energy resolutions with S50, which
depend on the AS core location and zenith angle (see
Fig. S1 in Supplemental Material [19]), are roughly
estimated to be 40% at 10 TeV and 20% at 100 TeV. At
E < 10 TeV, we estimate the energy directly from Σρ,
which is the sum of the particle density measured by each
scintillation detector, because it is difficult to apply the
NKG fitting due to a limited number of hit detectors. The
energy resolution with Σρ is estimated to be ∼100% at
3 TeV. The absolute energy scale uncertainty was estimated
to be 12% from the westward shift of the Moon’s shadow
center caused by the geomagnetic field [14].
Muons and a part of the hadronic components in an AS

penetrate into the underground MD array, while the
electromagnetic cascade rapidly attenuates in the soil
above. The number of muons detected in an MD (Nμ) is
obtained from the output charge divided by the single muon
peak which is monitored every 20 min. The sum of detected
particles in all 64 MDs (i.e., ΣNμ) is taken as the parameter
to distinguish photons from cosmic rays that generate ASs.
The trigger condition of an AS is issued at any fourfold

coincidence of scintillation detectors within the area
enclosed by the dashed lines in Fig. 1, each recording
more than 0.6 particles. The AS event selections and energy
estimation below 10 TeVare carried out in the same way as
our previous works [14] except for the muon cut. At
E > 10 TeV, the following event selection criteria are
imposed to ensure better energy resolution: (i) the zenith
angle of the arrival direction (θ) is <40°; (ii) the number of
available detectors for the AS reconstruction is ≥16;

(iii) among six detectors recording the largest ρ values,
five are contained in the fiducial area enclosed by the
dashed lines in Fig. 1; (iv) log(S50) is >−1.2; (v) the age
parameter (s) in the best-fit NKG function is between 0.3
and 1.3; (vi) ΣNμ < 2.1 × 10−3ðΣρÞ1.2 or ΣNμ < 0.4 as
indicated by solid lines in Fig. 2. This muon-cut condition
is optimized by the MC simulations for the observation of
the photon-induced ASs (see the next section).
In order to estimate the background contribution from

cosmic rays, we adopt the equizenith angle method which
was used in our previous works [14,20]. The number of
cosmic-ray background events is estimated from the
number of events averaged over 20 off-source windows
located at the same zenith angle as the on-source window
(but at a different azimuth angle). The radius of the on- or
off-source window Rsw is set to RswðΣρÞ ¼ 6.9=

ffiffiffiffiffiffi
Σρ

p
(°)

[20]. In order to efficiently extract signals in the higher
energy region at a low background level, the lower limit of
Rsw is set to 0.5°, corresponding to ∼90% containment of
photons with E > 100 TeV.
MC simulations.—We simulate AS events in the atmos-

phere, using the CORSIKA code v7.4000 [21] with EPOS-
LHC [22] for the high-energy hadronic interaction model
and FLUKA code v2011.2b [23,24] for the low-energy
hadronic interaction model. The differential power-law
index of the photon spectrum is taken to be −3.0 above
0.3 TeV. The AS cores are located randomly within 300 m
from the AS array center. The generated secondary particles
in an AS are fed into the detector simulation of the AS array
developed by using the GEANT4 code v4.10.00 [25]. The
energy deposit and timing at each scintillation detector are
converted to measurable charge and timing values consid-
ering the detector response and the calibrations. The
simulated dataset is analyzed in the same way as the
experimental data to reconstruct the energy and arrival
direction of the primary cosmic rays that initiate ASs.
We verified that our MC simulations reproduce the

(a) (b)

FIG. 2. Distribution of the number of muons (ΣNμ) measured
by the MD array as a function of the sum of the particle density
(Σρ) measured by the AS array for (a) photon signals generated
by the MC simulation and (b) cosmic-ray events extracted from
the real data. The color and the solid lines represent the number of
events and the optimized muon-cut condition, respectively.
ΣNμ ¼ 0 is plotted at logðΣNμÞ ¼ −0.8 on the vertical axis.

PHYSICAL REVIEW LETTERS 123, 051101 (2019)

051101-3

Standard Tight

Tight muon cut : SNµ < 2.1 x 10-4 Sr1.2 à One order magnitude tighter than the Crab analysis

Muon Cut Condition (Tight) for Diffuse g

Gamma Survival ratio : ~30% by MC sim (>398TeV) CR Survival ratio : ~10-6 (>398TeV=102.6TeV)

Standard Tight

Tibet
ASγ

10TeV         100TeV
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Data/MC Comparison

ü AS generation: CORSIKA
ü Hadronic int. model:

EPOS-LHC + FLUKA
ü Detectors:   GEANT4 

Reasonable agreement!

*Note: Cosmic-ray MC simulation is
not used for the flux calculation or
for any optimization of the analysis.
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g-ray-like event
Distribution

Blue points: 
Experimental data

Red plus marks: 
known Galactic TeV sources

>398 TeV (102.6 TeV)
38 events in our FoV
23 events in |b| < 10o
16 events in |b| < 5o

Gamma-ray-like events 
after the tight muon cut
in the equatorial coordinates

(a) 100 < E(TeV) < 158

(b) 158 < E(TeV) < 398

(C) 398 < E(TeV) < 1000

Tibet
ASγ

16



Latitude Profile
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üNo excess around known TeV sources
üEvent distribution is consistent with 

diffuse model 10-2
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Isotropic MC
Diffuse Model MC

Data >398TeV

Correlation with known TeV Sources

Correlation between UHE g-rays above 398 TeV 
and 60 galactic sources from TeVCat catalog 
including UNID, PWN , Shell, Binary, SNR…,
excluding GRB, HBL, IBL, LBL, BL Lac, AGN,

Blazar, FSRQ, FRI, Starburst)

ü High-energy e+/− lose their energy quickly.
ü Cosmic-ray protons can escape farther from the source.

Strong evidence for sub-PeV γ rays induced by cosmic rays
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The measured fluxes are overall consistent 
with Lipari’s diffuse gamma model 
assuming the hadronic cosmic ray origin. 

CR + ISM à X’s + p0 ... à 2g

After excluding the contribution from the 
known TeV sources (within 0.5 degrees) 
listed in the TeV source catalog

Energy Spectrum of UHE Diffuse g Rays

Lipari & Vernetto, PRD 98, 043003 (2018) 
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Preliminary Result by LHAASOTibet
ASγ

S. P. Zhao ICRC2021
LHAASO-KM2A Observation 

KM2A(1/2 Array) Detectors DistributionKM2A(Half-Array) Data:

2019/12/27 ~ 2020/11/30

(Z. Cao, 2014)

400,000 m2

Extraction of  Resolved Sources

Region:
Inner Galactic Plane
(25°<𝑙𝑙<100°)

R < 2 p. s. f2 + 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2Masked radius

TeVCat: http://tevcat2.uchicago.edu/

Extraction of  Resolved Sources

Region:
Inner Galactic Plane
(25°<𝑙𝑙<100°)

R < 2 p. s. f2 + 𝜎𝜎𝑒𝑒𝑒𝑒𝑒𝑒2Masked radius

TeVCat: http://tevcat2.uchicago.edu/

Subtracted gamma-ray sources
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Protons and Helium:  direct measurements + EAS array data 

Icetop 2019 

Kascade 
2013 

To connect  direct measurements  with EAS data , a further hardening is necessary 
 

Icetop 2019 

Kascade 
2013 

PROTONS HELIUM 

CR + ISM à X’s + p0 ... à 2g

à Diffuse gamma-ray spectrum
depends on the CR composition

IceTop
KASCADE 

factor 1.5 ‒ 2 difference@~600 TeV

PeV

PeV
Vernetto & Lipari (ICRC2021)

Diffuse gamma rays

PeV
Proton Helium

CRs interact with interstellar gas
(g-ray energy has 10% of CRs)

Composition DependenceTibet
ASγ

4 ev / 10 ev from 
Cygnus cocoon (< 4o)
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PeVatron Candidate: Cygnus Cocoon

4 events above 398 TeV detected within 4o-radius-circle from the
Cygnus cocoon which is claimed as an extended source by the ARGO-
YBJ and HAWC and also proposed as a candidate of the PeVatrons.

E > 398 TeV

Abeysekara et al., 
Nature Astronomy (2021)

Galactic Coordinates

Tibet
ASγ

Cocoon is measured to be ∼2° at 1–100 TeV by HAWC, the
thick pink and orange markers show a more conservative
estimation of the Tibet ASγ flux using the average event
number within the HAWC radius. We caveat that the pink and
orange flux points in Figure 3 are approximate. The actual flux
depends on the γ-ray morphology and the detector exposure.
No high-energy neutrino emission has been detected from the
Cygnus Cocoon. The blue dotted curve shows the gamma-ray
upper limit converted from the IceCube limit on this
source (Kheirandish & Wood 2019). For comparison, we
overlay the continuous model and the burst model from
Abeysekara et al. (2021). In particular, we update here the
maximum proton energy in the burst model from 2 PeV to
10 PeV to accommodate the estimated Tibet ASγ flux. The
other model parameters remain the same. We find that the burst
scenario, hence a PeVatron, would be favored if the flux above
400 TeV reaches 3× 10−13 TeV cm−2 s−1 assuming ∼30%
measurement uncertainty.

3.1.2. Hypernova Remnants

Recent optical observations have revealed that energetic
supernovae with a kinetic energy of � 2 10ej

52 erg are not
negligible as the cosmic-ray energy budget (e.g., Murase &
Fukugita 2019), and their rate is about ∼3% of the core-
collapse supernova rate that is ∼3 per century. Energetic
supernovae, so-called hypernovae (that are mostly broad-line
Type Ibc supernovae), and transrelativistic supernovae, which
are often associated with low-luminosity gamma-ray bursts,
have been widely discussed as cosmic-ray accelerators, and
they may accelerate cosmic rays up to ∼10–100 PeV
energies (e.g., Sveshnikova 2003; Murase et al. 2013; Senno
et al. 2015). It has been argued that the X-ray emission from
the Cygnus region can be attributed to a hypernova
remnant (Kimura et al. 2013; Bluem et al. 2020). The burst

model discussed in the previous subsection is consistent with
such a model. The required cosmic-ray input, ∼1051 erg, is
comparable to the energy amount of cosmic rays accelerated by
a hypernova. Dozens of hypernova remnants are expected to
exist in the Milky Way, and a fraction of IceCube neutrinos
may come from them (Fox et al. 2013). There may be a few
hypernova remnants in regions A and B, and one of them could
be in the Cygnus region. As shown in Figure 1, the
model (Ahlers & Murase 2014) is consistent with the Tibet
ASγ data. This demonstrates the potential relevance of
contributions from discrete sources, and we stress that other
candidate sources are also possible.

3.2. Leptonic Sources

While the sub-PeV γ-ray emission can be plausibly
explained by the decay of neutral pions from hadronuclear
interactions (Amenomori et al. 2021), a leptonic origin may not
yet be excluded. Figure 4 demonstrates such a scenario, where
the Tibet ASγ data can in principle be explained by electrons
that upscatter the CMB. We assume here that relativistic
electrons are injected by discrete Galactic sources such as
pulsar wind nebulae, confined close to the vicinity of the
emission region, while being cooled via synchrotron radiation
in the Galactic magnetic field and inverse-Compton scattering
with the CMB. The steady-state electron distribution is
calculated by solving the transport equation, with B= 3 μG and
uCMB= 0.26 eV cm−3 for the energy density of magnetic field
and the CMB. We note that B near the sources could be higher
than the average interstellar medium (ISM) field strength that
we take. Besides, our example model does not account for the
IR radiation field at the emission sites that could further
contribute to gamma-ray production below ∼10 TeV. At tens
to hundreds of TeV electron energies the cooling timescale is
much shorter than the diffusion timescale; therefore, the
diffusion process is negligible for the calculation. Assuming

Figure 3. Spectral energy distribution of the Cygnus Cocoon measured by
Fermi-LAT (Abdollahi et al. 2020), ARGO-YBJ (Bartoli et al. 2014), and
HAWC (Abeysekara et al. 2021). The light pink and orange flux points indicate
40% of the Tibet ASγ flux of regions A and B (Amenomori et al. 2021). The
thick pink and orange markers additionally scale the fluxes to the HAWC size
of the Cygnus Cocoon. The blue dotted curve shows the limit on the γ-ray flux
based on the nondetection of neutrinos from the region by IceCube
(Kheirandish & Wood 2019). The two γ-ray emission models from Abeysekara
et al. (2021) are shown for comparison. A significant detection of the Cygnus
Cocoon at the estimated flux level may favor the burst model and the presence
of a PeVatron.

Figure 4. Demonstration of a hybrid γ-ray emission model, in which the
inverse Compton of relativistic electrons (gray dashed curve) explains the Tibet
ASγ measurement in the region 25° < l < 100° (red round data points), and π0

decay by Galactic diffuse protons (gray dashed–dotted curve) explains the
lower-energy observations of the same region by EGRET (black plus markers;
Hunter et al. 1997), Fermi-LAT (brown shaded region; scaled from Ackermann
et al. 2012b to the EGRET flux), and ARGO-YBJ (pink triangle data points;
Bartoli et al. 2015). The electrons are assumed to have an intrinsic spectrum

µ -dN dE Ee e
2 and maximum energy =E 3e,max PeV.

5

The Astrophysical Journal, 919:93 (8pp), 2021 October 1 Fang & Murase

Fang & Murase, 
ApJ, 919, 93 (2021)
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package18, which allows us to estimate the parent particle spectrum 
to best reproduce the observed gamma-ray energy spectrum. For 
the energy distribution of the parent particles, we assume an expo-
nential cut-off power-law form of dN=dE / E!α exp !E=Ecutð Þ

I
. 

We provide the best-fit gamma-ray spectra for hadronic and lep-
tonic models (Extended Data Fig. 1) and list the best-fit param-
eters (Supplementary Table 2). In the hadronic model, we obtain 
Ecut ≈ 0.5 PeV and α ≈ 1.8. The value of α falls between that pre-
dicted in the standard diffusive shock acceleration (α = 2) and the 
asymptotic limit of the very efficient proton acceleration (α = 1.5)  
(refs. 19,20). 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 tar-
get 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 that remain inside an SNR is proportional to τ−0.5 where 
τ is the SNR age21, 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 accelera-
tion of protons at G106.3+2.7 should be efficient enough21 to push 
their maximum energy up to ~1.6 PeV during the SNR free expan-
sion phase. In addition, G106.3+2.7 has a dense molecular cloud 
nearby that is indispensable for accelerated protons to produce 
TeV gamma rays via π0 production. With α ≈ 1.8, the proton energy 
spectrum does not appear softened, which implies that protons may 
not be able to escape the SNR easily owing to the suppression of the 
diffusion coefficient (Supplementary Information). Future observa-
tions of the physical parameters of G106.3+2.7 such as the magnetic 
field and the particle density could provide useful information for 
these theoretical studies on its mechanisms of particle acceleration 
and confinement.

Alternatively, the observed gamma-ray emission might result 
from protons accelerated by the SNR up to 0.1 PeV and then 
re-accelerated up to 1 PeV by the adiabatic compression of the 
Boomerang pulsar wind nebula (PWN) inside the SNR22. If the 
adiabatic compression ended at an age of 5 kyr as estimated in ref. 22,  
accelerated PeV protons need to travel a distance of 6 pc from the 
Boomerang PWN to the molecular cloud during the lapse time 
of T = 5 kyr until the present time. The diffusion coeffiicient of a 
0.5 PeV proton in the interstellar medium with a magnetic field of 
3 μG would be D ≈ 2 × 1030 cm2 s−1 (ref. 23), which gives a diffusion 
length of L ! 2

ffiffiffiffiffiffiffi
DT

p

I
 = 380 pc (ref. 24) for T = 5 kyr. As the diffusion 

length around an SNR could be shorter by a factor of 10 or more25, 
we then estimate L ≲ 38 pc. As this is much larger than 6 pc, it would 
be possible for 0.5 PeV protons to diffuse from the Boomerang 
PWN to the molecular cloud and emit TeV gamma rays through π0 
production. This scenario might not be natural, however, consid-
ering that TeV gamma-ray emissions have not been detected from 
other molecular cloud clumps around the source (Fig. 1, green con-
tours) although protons should also be able to diffuse up to them, 
and considering that the proton spectrum needs to be kept hard 
with α ≈ 1.8 after the diffusion of 6 pc for T = 5 kyr.

In the leptonic model, we obtain Ecut ≈ 190 TeV, α ≈ 2.3 and an 
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. 
We estimate (Supplementary Information) that electrons need to be 
newly accelerated 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. The X-ray flux for the 
small 2′-radius region at PSR J2229+6114 has been measured in the 
2−10 keV range6, whereas the X-ray flux for the extended region 
of our gamma-ray emission region with the 1σ extent of 0.24° has 
not been published yet, although X-ray data of the region observed 
by Suzaku, XMM-Newton and Chandra are publicly available 
(https://www.darts.isas.jaxa.jp/astro/suzaku/data/public_list/). We 
point out that a flux upper limit on the synchrotron spectrum at 
the X-ray band would provide important information to rule out 
the leptonic scenario for particle acceleration at the gamma-ray 
source (Supplementary Fig. 1). In a scenario presented in previous  
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Fig. 1 | Significance map around SNR G106.3+2.7 as observed by 
Tibet AS+MD above 10!TeV. The inset figure shows our point spread 
function (PSF). The red star with a 1σ statistical position error circle is 
the centroid of gamma-ray emissions determined by this work, whereas 
the magenta open cross, the black X mark and the blue triangle are the 
centroids determined by VERITAS14, Fermi29 and HAWC15, respectively The 
black contours indicate 1,420!MHz radio emissions from the Dominion 
Radio Astrophysical Observatory synthesis telescope16,17, and the cyan 
contours indicate 12CO emissions from the Five College Radio Astronomy 
Observatory survey3. The grey diamond at the northeast corner of the radio 
emission marks the pulsar PSR J2229+6114.
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simulation assuming a point-like gamma-ray source.
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12CO

ü Spectrum extends beyond 100 TeV (HAWC, Tibet ASg, LHAASO)
ü Shell-type SNR near the pulsar (tage~10kyr?, d=800pc?)
ü Extended g-ray excess (sEXT=0.24o±0.10o)
ü g-ray excess is coincident with the could, not pulsar

Detected by 
VERITAS, 
HAWC, 
Tibet ASg, 
MAGIC, 
LHAASO

pulsar

Tibet ASg

Amenomori et al., Nat. Astron (2021) 

PeVatron Candidate: SNR G106.3+2.7Tibet
ASγ LETTERS NATURE ASTRONOMY

papers26,27, a supernova explosion occurred at or very close to the 
current location of radio pulsar PSR J2229+6114 rather than at 
the centre of SNR G106.3+2.7. Part of the initial shock wave that 
expanded to the north and east encountered a particularly dense H I 
cloud and was quickly decelerated, which gave rise to a strong asym-
metric reverse shock that moved back in the southwest direction. 
Around 6.6 kyr after the supernova explosion, the reverse shock 
crushed and drove away the initial PWN that was forming around 
the pulsar, and afterwards a second nebula was formed, which is the 
current Boomerang PWN aged ~3.9 kyr. In this scenario, electrons 
that were contained in the initial PWN might have been blown away 
by the reverse shock southwestward and somehow re-accelerated 
at the SNR shell up to very high energies, emitting gamma rays via 
inverse Compton scattering. Therefore, this scenario might become 
possible if the reverse shock velocity of 6 pc / 3.9 kyr ≈ 1,500 km s−1 
is attainable at the source. It might also be possible for unknown 
nearby pulsars to contribute to the observed gamma-ray emission.

In addition, a hybrid (leptonic + hadronic) scenario might also 
be possible28. If the birthplace of the pulsar were coincident with 
the location of the molecular cloud, both electrons and protons 
accelerated during the early age of the pulsar could contribute to the 
observed TeV gamma-ray emission via inverse Compton scatter-
ing and π0 decay (p + p → π0 → 2γ), respectively. This scenario might 
not be natural, however, as no enhancement of gamma-ray emis-
sion was observed by Fermi at the current location of the pulsar29, 
although VERITAS detected some gamma-ray excess events there14. 
If this scenario applies, the pulsar moved ~0.4° towards its current 
location with a transverse velocity of ~570 km s−1 over a duration of 
10 kyr. Future measurements of the pulsar velocity would be impor-
tant to investigate the validity of this scenario.

The energy spectrum of hadronically induced gamma rays is 
known to rise steeply below ~200 MeV and follow approximately 
the energy spectrum of parent particles above a few GeV, which 
results in a characteristic ‘π0-decay bump’ in the gamma-ray spec-
trum. We hope that further multi-wavelength observations in the 
future will establish the hadronic origin of gamma-ray emissions 
from SNR G106.3+2.7.

Methods
Experiment. !e Tibet air shower array has been in operation since 1990 at 
Yangbajing (90.522° E, 30.102° N; 4,300 m above sea level) in Tibet, China,  
to observe cosmic rays and gamma rays above TeV energies30. Currently  
the air shower array covers an area of ~65,700 m2 with 597 plastic scintillation 
counters placed on a grid of 7.5 m squares. An event trigger signal is issued on 
condition that any fourfold coincidence occurs among the counters that record 
more than 0.6 particles each. !e muon detector array has been in operation since 
2014, and covers an area of 3,450 m2 with 64 water cells constructed approximately 
2.4 m under the surface air shower array. Air shower muons with energies of 
≳1 GeV penetrate the soil overburden (~19 radiation lengths), whereas the  
soil shields electromagnetic components (e± and γ) in air showers. Each water cell 
is "lled with clear water to a depth of 1.5 m and its inner walls are covered with 
white Tyvek sheets. A 20-inch downward-facing photomultiplier tube placed on 
the ceiling of each cell detects Cherenkov photons that are emitted by penetrating 
air shower muons and re#ected by the inner walls. Essentially, the muon detector 
array measures the number of muons in air showers that have triggered the air 
shower array. !e muon shower array records charge and timing information 
from the water cells in synchronization with event trigger signals issued by the 
air shower array. By using the muon detector array, we can dramatically reduce 
background cosmic-ray events in gamma-ray observation by selecting muon-poor 
air shower events, as air showers induced by background cosmic rays contain many 
more muons than those induced by primary gamma rays. Details are provided 
in our recent paper31, which reports the detection of cosmic gamma rays beyond 
100 TeV.

Monte Carlo simulation. Air showers are generated along the orbit of SNR 
G106.3+2.7 within a zenith angle range of θ < 60°, assuming a gamma-ray energy 
spectrum with a power-law index of −2.9 above 0.3 TeV. CORSIKA v7.4000 (ref. 32) 
is used for air shower generation, with EPOS LHC33 for the high-energy hadronic 
interaction model and FLUKA v2011.2b (refs. 34,35) for the low-energy hadronic 
interaction model. The generated air shower particles are fed into the detector 
response simulation of the air shower array and the muon detector array developed 
by GEANT v4.10.00 (ref. 36). Detailed simulation procedures can be found in our 
previous papers31,37.

Data analysis. We estimate the arrival direction of a primary particle based on the 
relative timing information of the air shower counters assuming a cone-shaped air 
shower front. The slope of the cone is optimized by the Monte Carlo simulation for 
gamma-ray observation. The angular resolution (50% containment) is estimated 
to be 0.5° and 0.2° for 10 TeV and 100 TeV gamma rays, respectively. The energy of 
a primary particle is reconstructed from the detected particle densities of the air 
shower counters. Above 10 TeV, the lateral distribution of particle densities is fitted 
by the Nishimura–Kamata–Greisen (NKG) function, and then the particle density 
50 m away from the air shower axis (S50) is calculated from the best-fit NKG 
function. The reconstructed energy of the primary photon Erec is thus obtained as 
a function of S50 and the zenith angle. The energy resolution is estimated to be 
40% at 10 TeV and 20% at 100 TeV for primary gamma rays38. The purity of Erec 
bins for 10–16 TeV, 40–63 TeV and 100–158 TeV is 34%, 45% and 55%, respectively, 
whereas the contamination from lower (higher) energies is 39% (27%), 34% (21%) 
and 30% (15%), respectively. Below 10 TeV, the energy of a primary photon is 
reconstructed from Σρ, which is the sum of detected particle densities of all air 
shower counters. The uncertainty in the absolute energy scale is estimated to be 
12% (ref. 39). We evaluate our pointing precision at the declination of G106.3+2.7 
by re-analysing the source location of the Crab Nebula. After thinning out air 
shower events so that the zenith angle distribution of events is adjusted to that 
of G106.3+2.7, we fit the events in the manner described below. As a result, we 
obtain Crab’s position as (RA, dec.) = (83:636! ± 0:137!stat

I
, 21:991! ± 0:099!stat
I

), and 
the deviation from the location of the Crab pulsar as 0:003! ± 0:137!stat

I
 in RA and 

0:024! ± 0:099!stat
I

 in dec. Therefore, we estimate the systematic pointing error for 
G106.3+2.7 as 0.10° in angular distance, although we expect that, as we accumulate 
statistics, the pointing error would be reduced to 0.023° (from our observation 
of the Crab Nebula31) and further reduced to <0.011° (from the analysis of the 
cosmic-ray shadow of the Moon39).

The single peak of each muon detector cell is defined as the peak of the charge 
distribution of air shower events that have triggered the air shower array. The 
number of muons Nμ is calculated for each muon detector cell by dividing the 
recorded charge by the single peak, and then the total sum ΣNμ is obtained for each 
air shower event by summing the Nμ values from all the muon detector cells.
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Fig. 3 | Differential energy spectrum of gamma-ray emissions from SNR 
G106.3+2.7. Red squares (Tibet AS+MD) represent data measured in 
this work with two 99% confidence upper limits (red downward arrows), 
VERITAS14 (deep-blue circles), Fermi29 (sky-blue crosses), Milagro13 (orange 
open diamond) and HAWC15 (purple line with a shaded light-purple area 
indicating the 1σ statistical error band). The error bars represent the 1σ 
statistical uncertainty. VERITAS’s data points are raised by a factor of 1.62 
from the original values (Methods). 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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PeVatron Candidate: HESS J1943-033Tibet
ASγ

and shows that the position of TASG J1844–038 is statistically
consistent with those of HESS J1843–033, eHWC J1842–035,
and LHAASO J1843–0338. On the other hand, TASG J1844–038
deviates from HESS J1844–030 and HESS J1846–029 at the 3.2σ
and 4.5σ levels, respectively, making its associations with these
sources unlikely.

Figure 2 presents the distribution of events above 25 TeV
around the center of TASG J1844–038. The horizontal axis f2

denotes the square of the angle between the center of TASG
J1844–038 and the incoming direction of events. The blue
histograms are constructed from background events in OFF

regions plus Monte Carlo gamma-ray events from a hypothe-
tical point source normalized to the number of excess counts in
the ON-source region. The source extension is estimated by
fitting the following Gaussian function to the observed number
of events:

( )
( )

( )f s
f

s s
= -

+
+G A A N; , exp

2
, 12

ext

2

ext
2

psf
2 bg

⎛⎝⎜ ⎞⎠⎟
where A is a normalization constant, σext the extension of
TASG J1844–038, σpsf= 0°.28 the radius of the point-spread

Figure 1. Significance map of TASG J1844–038 above 25 TeV smoothed with the PSF. The black cross shows the source center and its statistical errors in R.A. and
decl., and the source extension (σext; see the text) is denoted by the black circle. The Galactic plane is drawn by the white dashed line. The inset in the lower left corner
denotes the PSF above 25 TeV. Positions and extensions of nearby sources listed in the right legend are indicated in the same way as for TASG J1844–038. For HESS
J1843–033 and eHWC J1842–035, the statistical errors on their positions are also shown. Data of H.E.S.S. sources are taken from H.E.S.S. Collaboration (2018a),
HAWC sources from Abeysekara et al. (2017b, 2020), LHAASO J1843–0338 from Cao et al. (2021), 4FGL sources from Abdollahi et al. (2020), PSR J1844–0346
from Clerk et al. (2017), AX J1843.8–0352 from Bamba et al. (2001), and SNRs (and candidates) from Anderson et al. (2017).

Table 1
Positions and Extensions of TASG J1844–038 and Nearby Gamma-Ray Sources

Source Name α (deg) δ (deg) R0.68 (deg) Extension (deg) Angular Distance to
TASG J1844–038 (deg)

TASG J1844–038 281.09 −3.76 0.21 0.34 ± 0.12 L
HESS J1843–033 280.95 −3.55 0.12 0.24 ± 0.06 0.25 (1.0σ)
HESS J1844–030 281.17 −3.10 0.023 0.02 ± 0.013 0.67 (3.2σ)
HESS J1846–029 281.60 −2.97 0.015 0.01 ± 0.013 0.94 (4.5σ)
eHWC J1842–035 280.72 −3.51 0.30 0.39 ± 0.09 0.44 (1.2σ)
LHAASO J1843–0338 280.75 −3.65 0.16 La 0.35 (1.4σ)

Notes. α and δ are R.A. and decl., respectively, in the J2000 equatorial coordinates. R0.68 denotes the error radius of a source position at the 68% confidence level (see
Appendix B). For the source extension of TASG J1844–038, see the text. Numbers enclosed in parentheses in the last column denote the significance of a positional
deviation between TASG J1844–038 and a source evaluated with their R0.68 values. Data of the nearby sources are taken from H.E.S.S. Collaboration (2018a),
Abeysekara et al. (2020), and Cao et al. (2021).
a The source extension is not published.
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function (PSF) for gamma rays above 25 TeV that follow a
power-law energy spectrum with an index of 3.0, and
Nbg= 29.4 the number of background events. The best-fit
result is shown by the black curve in Figure 2, leading to
σext= 0°.34± 0°.12 with a reduced χ2 of χ2/dof= 39.5/38.

Figure 3 shows the gamma-ray energy spectrum measured in
this work. A gamma-ray flux is calculated only if the statistical
significance of gamma-ray detection in each energy bin
exceeds 2σ; otherwise, a 95% upper limit is calculated.
Our results in 25 TeV< E< 130 TeV can be fitted with a

Figure 2. Distribution of events above 25 TeV around the center of TASG J1844–038. The horizontal axis f2 denotes the square of the angle between the center of
TASG J1844–038 and the incoming direction of events. The blue histograms are constructed from background events in OFF regions plus Monte Carlo gamma-ray
events from a hypothetical point source normalized to the number of excess counts in the ON-source region. The solid black curve shows the best-fit function to the
data formulated as Equation (1).

Figure 3. Differential gamma-ray energy spectrum measured in this work (red). Vertical bars and downward-pointing arrows denote 1σ statistical errors and the 95%
upper limits, respectively. The black dashed line shows the best-fit power-law function to our results in 25 TeV < E < 130 TeV. Also shown are the flux points of
HESS J1843–033 (black; H.E.S.S. Collaboration 2018a), eHWC J1842–035 (light green; Abeysekara et al. 2020), and LHAASO J1843–0338 (blue; Cao et al. 2021).
The flux of eHWC J1842–035 is calculated from the integral flux above 56 TeV assuming a differential spectral index of −2.7. The magenta dotted curve shows the
best-fit power-law function with an exponential cutoff fitted to the combined spectra of HESS J1843–033, LHAASO J1843–0338, and TASG J1844–038.
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(Abeysekara et al. 2017a), the timescale of the electrons
diffusing up to the size of TASG J1844–038 (;26 pc at the
assumed distance to PSR J1844–0346 of 4.3 kpc) is estimated
at ∼8 kyr, which is within the characteristic age of PSR
J1844–0346 and the cooling time of ∼11 kyr owing to the
synchrotron emission and ICS estimated from Equations (5)
and (7) of Hinton & Hofmann (2009). Similarly, the extension
of HESS J1843–033 in the TeV range can be explained by ICS
off the CMB photons by ;10 TeV electrons diffusing for ∼8
kyr. Devin et al. (2021) found no radio or X-ray emission that
indicates the existence of a PWN. Given the characteristic age
of PSR J1844–0346, synchrotron emission from the PWN
would not be bright enough to be observed owing to the decay
of the magnetic field (Tanaka & Takahara 2010). Future studies
with wide-field-of-view and high-sensitivity observations of
X-rays will be a key to constraining the TeV PWN scenario.

It should be noted that there are additional SNR candidates
near TASG J1844–038 discovered by THOR (Anderson et al.
2017). Out of these candidates, G28.56+0.00, G28.64+0.20,
and G28.78–0.44 overlap with TASG J1844–038, and future
research on these SNRs is expected. Moreover, as pointed out
by Devin et al. (2021), the star-forming region N49 (Dirienzo
et al. 2012) is also located within TASG J1844–038 (see
Figure 4). Several observations support the acceleration of
cosmic rays in star-forming regions (see, e.g., Ackermann et al.
2011; Aharonian et al. 2019), and detailed morphological
studies of the gamma-ray emission of TASG J1844–038 by
imaging atmospheric Cerenkov telescopes and its comparison
with the stellar and gas distributions observed in other
wavelength ranges will be needed to discuss a possible
association with N49.

5. Conclusion

A gamma-ray source TASG J1844–038 is detected above
25 TeV near HESS J1843–033 with a statistical significance of
6.2σ using the data recorded by the Tibet AS array and the MD
array. Its extension is estimated at 0°.34± 0°.12, and the center
(α, δ)= (281°.09± 0°.10, −3°.76± 0°.09) is statistically con-
sistent with those of HESS J1843–033, eHWC J1842–035, and
LHAASO J1843–0338. The gamma-ray energy spectrum is
measured beyond 100 TeV for the first time and is found to be
smoothly connected to that of HESS J1843–033. The combined
spectra of HESS J1843–033, LHAASO J1843–0338, and
TASG J1844–038 are well fitted with a power-law function
with the exponential cutoff energy of 49.5± 9.0 TeV.
The origin of TASG J1844–038 is also discussed in detail for

the first time assuming its associations with SNR G28.6-0.1
and PSR J1844–0346. If SNR G28.6-0.1 is assumed to be the
counterpart, the nature of TASG J1844–038 can be explained
by π0-decay gamma rays generated in hadronic interactions
between adjacent molecular clouds and cosmic-ray protons
with E 500 TeV that are accelerated by the SNR and
diffusely propagate through the clouds. Given the similarities
with SNR G106.3+2.7 in terms of the maximum energy of
accelerated protons, the partial overlap of the gamma-ray
distribution with molecular clouds, and the SNR’s age, SNR
G28.6–0.1 could have been a PeVatron and accelerating
cosmic-ray protons up to the PeV energy range in the past. On
the other hand, if associated with PSR J1844–0346, TASG
J1844–038 can be explained by the gamma-ray emission from
a TeV PWN generated by ICS off the CMB photons by high-
energy electrons. Other nearby sources, including SNR
candidates and the star-forming region N49, should also be

Figure 4. Integrated intensity map of 12CO (J = 1 − 0) line emission in the velocity range from 75 to 95 km s−1 reconstructed from the public FUGIN data (Umemoto
et al. 2017). The color scale shows the main-beam brightness temperature. The solid and dashed white circles denote the extension of TASG J1844–038 with a radius
of σext and the positional uncertainty at the 68% confidence level with a radius of R0.68, respectively (see Table 1). Positions and extensions of nearby sources are
shown in the same way as in Figure 1 except that the orange hexagon denotes the star-forming region N49 (Dirienzo et al. 2012).
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Candidate sources
ü Shell-type SNR G28.6+0.1?
ü PSR J1844-00346?
ü g-ray excess is coincident with the could and pulsar

12CO(J=1-0)

Amenomori et al., ApJ, 932, 120 (2022)
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ü Tibet ASg experiment opened a new 
energy window UHE (>100 TeV).

ü A dozen of UHE g-ray sources discovered 
(Tibet ASg, HAWC, LHAASO) in northern sky.

à UHE g-ray observatories 
necessary in southern hemisphere

UHEガンマ線天⽂学 (E > 100 TeV)UHE g-ray astronomy E > 100 TeV (ICRC2021)Tibet
ASγ
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à New field
Out of sight at Tibet

Projects in the Southern Hemisphere Tibet
ASγ

(e.g., ALPACA [2022-24], Mega ALPACA, SWGO, CTA, …) & Neutrinos

üHot gas bubble
around the Galactic centerüPeVatron hunting in 

Northern/Southern hemispheres

üBlackhole at the Galactic center 
( A candidate of PeVatron)

ü Survey heavy dark matter search
27



üWe successfully observed the galacfc diffuse gamma rays in 100 TeV < E < 1 PeV
for the first fme.

üThe highest energy of observed gamma-ray candidate is 957 TeV.
üUHE gamma-ray candidates above 400 TeV are spafally separated from known

TeV gamma-ray sources beyond our angular resolufon as is expected from the
diffuse gamma-ray scenario.

üThe measured fluxes are overall consistent with a recent model assuming the
hadronic cosmic-ray origin.

ConclusionsTibet
ASγ

These facts indicate strong evidence that cosmic rays are accelerated
beyond PeV energies in our Galaxy and spread over the Galactic disk.
à Search for current active PeVatrons! à Go South!
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icrc2023.org

Registration is now open! 
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