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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 ques+on,
Did/Do “PeVatrons”  really exist in 
our Galaxy?

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

Introduc6onTibet
ASγ

Kulikov & Khristiansen
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Cosmic ray

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

Supernova
Remnant

Earth
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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) à sub-PeV gamma rays
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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 Reconstruc0onTibet
ASγ

circle size    ∝ log(# of detected particles) 
circle color  ∝ relative timing [ns]
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S50 improves E resolu?ons (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 20”ΦPMT (HAMAMATSU R3600)
ü Concrete pools + white Tyvek sheets
ü 2.4m soil overburden (~515g/cm2 ~9X0)

Tibet
ASγ

àSucceeded in rejecting by >99.9% CR events 9



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

Standard 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

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.

0 0.5 1 1.5 2 2.5 3

N
um

be
r o

f e
ve

nt
s

0
50

100
150
200
250
300
350
400

  MC
  Data>10 TeVE(a) 

)2 (deg2φ
0 0.5 1 1.5 2 2.5 3

N
um

be
r o

f e
ve

nt
s

0

2

4

6

8

10

12

14
>100 TeVE(b) 

>10TeV >100TeV

Data vs MC

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 detected sources in 100 TeV region
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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 Condi6on (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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g-ray-like event
                   Distribu6on

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
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The measured fluxes are overall consistent 
with Lipari’s diffuse gamma model 
assuming the hadronic cosmic ray origin. 
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listed in the TeV source catalog
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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/HAWC/LHAASO and also proposed as a candidate of the PeVatrons.

E > 398 TeV

Abeysekara et al., 
Nature Astronomy (2021)

Galac?c 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)

16

Amenomori et al., PRL 126, 141101 (2021)

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.051101


LHAASO Diffuse Gamma RaysTibet
ASγ

17

K. Fang & K. Murase, ApJ, 957, L6 (2023)Z. Cao et al. (LHAASO Collob.) PRL, 131, 151001 (2023)
4

102 103 104 105 106

E� [GeV]

10�7

10�6

10�5

10�4

E
2.

5
�

�
� �

[G
eV

1.
5
cm

�
2
s�

1
sr

�
1 ]

25� < l < 100�, |b| < 5�

3HWC

4FGL

WCDA

KM2A

Tibet

Fermi-LAT

ARGO-YBJ

LHAASO inner Galaxy

102 103 104 105 106

E� [GeV]

10�7

10�6

10�5

10�4

E
2.

5
�

�
� �

[G
eV

1.
5
cm

�
2
s�

1
sr

�
1 ]

50� < l < 200�, |b| < 5�

3HWC

4FGL

WCDA

KM2A

Tibet

Fermi-LAT

102 103 104 105 106

E� [GeV]

10�7

10�6

10�5

10�4

E
2.

5
�

�
� �

[G
eV

1.
5
cm

�
2
s�

1
sr

�
1 ]

125� < l < 235�, |b| < 5�

3HWC

4FGL

WCDA

KM2A

LHAASO

Figure 2. Comparison of intensities of � rays from resolved sources (cold colors) and GDE (warm colors) in three sky regions
including (1) Tibet Regions A, (2) Tibet Region B, and (3) LHAASO Outer Galaxy region. The source emissivity is evaluated
based on a) 3HWC catalog (Albert et al. 2020), which includes 38, 32, and 10 sources, b) 4FGL catalog (Abdollahi et al. 2022),
which includes 81, 73, and 25 sources, c) 1LHAASO catalog (Cao et al. 2023b), which includes 37, 34, and 9 sources detected by
WCDA, and 40, 37, and 10 sources detected by KM2A in the three sky regions, respectively. The total source flux is averaged
over the solid angle of the corresponding sky regions. For the GDE, the error bars of Tibet AS� observations correspond to
1� statistical errors and those of the LHAASO flux points correspond to the quadratic sum of the statistical and systematic
errors. In the last energy bin of the Tibet AS� GDE flux, the fainter data points indicate the residual intensity after removing
the events relevant to Cygnus Cocoon (40%). In the Tibet Region A plot, the LHAASO flux points correspond to a similar but
larger sky region, the LHAASO inner Galaxy region defined as 15� < l < 125� and |b| < 5�.

4FGL: Between 50 MeV and 1 TeV, the fourth
Fermi Large Area Telescope catalog (4FGL) reports
6659 sources based 12 years of Fermi-LAT data (Abdol-
lahi et al. 2022). We count both “identified” and “as-
sociated” source classes, yielding a total of 539 Galac-
tic sources that can be decomposed into the following
groups with corresponding designators: 1) 257 pulsars,
including 137 young (‘PSR’ and ‘psr’) and 120 millisec-
ond pulsars (‘MSP’), 2) 20 PWNe (‘PWN’ and ‘pwn’),
3) 43 SNRs (‘SNR’ and ‘snr’) 4) composite SNRs (‘spp’),
5) 5 star-forming regions (‘SNR’ and ‘sfr’), 6) 26 binaries
(‘HMB’, ‘hmb’, ‘LMB’, ‘lmb’, ‘BIN’, ‘bin’), 7) 4 novae
(‘NOV’), 8) 35 globular clusters (‘glc’), and 9) Galactic
center (‘GC’). For each source, we evaluate the di↵eren-
tial flux between 0.1 and 1 TeV based on the parameters
for the reported SpectrumType, which can be a power
law, log-parabola, or power law with a super exponen-
tial cuto↵. The errors of the fluxes include systematic
uncertainties associated with the detector e↵ective area
and Galactic interstellar emission model.

2.2. Galactic Di↵use Emission

The GDE measurements by various air shower �-ray
observatories are summarized in Table 2 and described
below.
ARGO-YBJ measured the GDE by subtracting a

background map from the event map (Bartoli et al.
2015). Known sources from the TeVCat were excluded
using a 4� ⇥ 4�/ cos(b) mask, where b is the latitude.

Faint sources were not masked but expected to con-
tribute to 2.5%.
Tibet AS� detected the GDE at 5.9 � by compar-

ing the number of �-ray-like events from the on region,
defined as |b| < 10�, and the o↵ region, |b| > 20�.
By identifying �-ray-like events within 0.5� of TeVCat
sources, Amenomori et al. (2021) concludes that the
fractional source contribution to the di↵use component
within |b| < 5� is 13% above 100 TeV. The events above
398 TeV are likely of a di↵use origin since they neither
have accompanying signal at lower energies nor come
from directions within ⇠ 0.5� of known sources. The er-
ror bars in the top panels of Figure 2 correspond to 1�
statistical error. In addition, a systematic error of 30%
is expected due to the uncertainty of absolute energy
scale (Amenomori et al. 2021).
LHAASO detected the GDE from the inner and

outer GP at 29.1� and 12.7� (Cao et al. 2023a). Sources
detected by KM2A and additional known sources in
TeVCat are masked with a Gaussian width that is 2.5
times of the quadratic sum of the point spread func-
tion (PSF) of the detector and the source extension.
The contribution from remaining resolved sources is es-
timated to be < 10%. The GDE flux of the inner Galaxy
measured by LHAASO is lower than that of Tibet AS�
as a result of their more and larger source masks. In
addition, the innermost Galactic disk at 15� . l . 90�

and |b| . 1.5� is mostly masked in the study of Cao
et al. (2023a), which could have caused an underesti-

LHAASO flux: a few ?mes lower than Tibet flux,
but not directly compared, due to the large 
masked regions by LHAASO.

indicating that our background estimate is reasonable
(Fig. S2 of Supplemental Material [39]). The total signifi-
cance of the inner (outer) Galaxy region is 29.1σ (12.7σ).
No significant pointlike sources are present in the signifi-
cance maps after the mask, except for some hot spots,
which need more data to confirm whether they are pointlike
sources or diffuse emissions. The LHAASO results give the
first measurement of diffuse emission in the outer Galaxy
region in the VHE UHE domain.
Figure 2 shows the derived fluxes of the diffuse emission

in the two regions. The fluxes in different energy bins are
tabulated in Tables S2 and S3 of Supplemental Material [39].
From Fig. 1 we can see that considerable regions along the
innermost Galactic disk are masked for the inner Galaxy
region. Since the expected diffuse emission is nonuniform,
the current measurements are thus not equivalent to the
total average emission in the ROIs. As an estimate, we
find that the average diffuse emission in the ROIs without
any masking will be higher by ∼61% and ∼2% than our
measurements assuming a spatial template of the PLANCK
dust opacity map in the inner and outer Galactic regions,
respectively.
We fit the measured spectrum using a power-law

function, finding that the index is −2.99! 0.04stat for
the inner Galaxy region and −2.99! 0.07stat for the outer
Galaxy region (see Table I). Possible spectral structures
deviating from power laws are not significant, and more
data statistics are needed to further address such issues. As
a comparison, the power-law fitting to the spectrum without
subtracting the residual source contamination as given in
Table S1 obtains −3.01! 0.04stat for the inner region and
−2.99! 0.07stat for the outer region, indicating that the
effect due to residuals of known sources is minor.

In Fig. 3, we present the longitude and latitude profiles
for the two sky regions, for energy bands of 10–63 TeVand
63–1000 TeV. The latitude integration range when deriving
the longitude profile is from −5° to þ5°, and the longitude
integration ranges for the latitude profiles are the same as
the definitions of the ROIs. The diffuse emission shows a
clear decrease from the inner Galaxy to the outer Galaxy
and a concentration in the low Galactic latitudes. We fit the
longitude and latitude distributions using the gas template
traced by the PLANCK dust opacity map, as shown by the
solid line in each panel. The results show that the measured
latitude distributions generally agree with the gas distribu-
tion, except for a slight deviation for 10–63 TeV profile in
the outer region (the p value of the fitting is about 0.03). We
can see a clear deviation of the data from the gas template
for the longitude distribution. The fitting gives χ2=dof ¼
157.3=21 and 67.4=21 for 10–63 TeV and 63–1000 TeV
energy bands, corresponding to p values of about 7 × 10−23

and 10−6, respectively. The results indicate that the gas
distribution may not well trace the diffuse γ-ray emission
at very high energies. We calculate the angular power
spectrum of the relative γ-ray flux map with E > 25 TeV,
and find that it is consistent with the angular power
spectrum of the gas distribution for multipole l > 10 but
shows slightly higher power for smaller l, which may
indicate that the data are more clumpy than the gas
distribution. See Fig. S3 of Supplemental Material [39].
We also fit the latitude profiles by adding a Gaussian
latitude distribution centered at b ¼ 0 to the gas template
but find only slight improvements in the goodness of fit (see
Fig. S4 of Supplemental Material [39]).
Systematic uncertainties.—The event rate varies during

the operation due to the variation of temperature and
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FIG. 1. The significance maps in Galactic coordinate of the inner Galaxy region [panel (a)] and outer Galaxy region [panel (b)] above
25 TeV after masking the resolved KM2A and TeVCat sources.
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Tibet Galac?c diffuse gamma rays above 400 TeV: 
do NOT originate from 1LHAASO UHE (>100 TeV) sources. 

Tibet E > 400 TeV  ○ 1LHAASO UHE sources (95% containment radius)●

Kato et al. ApJ, 961, L3 (2024)

2.2. Positions of the T-GDE Events and the Sub-PeV LHAASO
Sources

Vecchiotti et al. (2022) propose that ;50% of the diffuse
gamma-ray flux above 398 TeV measured by the Tibet ASγ
experiment could be the contributions from gamma-ray sources
unresolved by the Tibet ASγ experiment. This means that
∼50% of the T-GDE events come from unresolved sources. If
the 1LHAASO catalog sources detected above 100 TeV
(hereafter simply called sub-PeV LHAASO sources) are the
origins of the T-GDE events, about 10 sources should overlap
the T-GDE events under the picture proposed by Vecchiotti
et al. (2022). Is that the case?

Figure 1 shows the incoming directions of the T-GDE events
(red points) and the positions and extensions of the sub-PeV
LHAASO sources (blue circles; Cao et al. 2023). Assuming a
two-dimensional Gaussian morphology, the extensions of 95%
containment radii are calculated from the published extensions
of the 39% containment radii (Cao et al. 2023). For point-like
sources, the 95% upper limits on the extensions are shown.
Surprisingly, no T-GDE events have their arrival directions
within the extensions of the sub-PeV LHAASO sources. This
means that none of the sub-PeV LHAASO sources is the origin
of the T-GDE events.

2.3. Statistical Consistency of the Observations by the Tibet
ASγ Experiment and LHAASO

One may think of the accidental positional overlap of the
T-GDE events with the sub-PeV LHAASO sources. The sum of
the extensions (in terms of 95% containment radii) of the sub-
PeV LHAASO sources located in the area of interest shown in
Figure 1 covers ;3.7% of the area of interest, and the expected
number of the T-GDE events that accidentally overlap the sub-
PeV LHAASO sources is estimated to be ;0.037× 23= 0.86.
Therefore, it is natural to see no accidental overlap between the
T-GDE events and the sub-PeV LHAASO sources, as observed.

In the Tibet ASγ diffuse-gamma-ray analysis performed by
Amenomori et al. (2021), they masked the gamma-ray sources
listed in the TeVCat catalog as of 2021. Twenty out of the

43 sub-PeV LHAASO sources are associated with the TeVCat
catalog sources masked in the analysis of Amenomori et al.
(2021), while the remaining 22 sources are not; hereafter such
sources are called newly reported sub-PeV LHAASO sources,
listed in Table 1. The statistical consistency of the nondetection
of gamma-ray events by the Tibet ASγ experiment from these
sources should be studied. The number of gamma-ray events n
above 398 TeV from each of the newly reported sub-PeV
LHAASO sources can be estimated as

n F
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Here F(>398 TeV) is the integral gamma-ray flux above
398 TeV of the source. F(>398 TeV) is estimated from
differential flux and spectral index determined from the
LHAASO KM2A measurement above 25 TeV, because Cao
et al. (2023) do not present the integral gamma-ray fluxes above
398 TeV for the sub-PeV LHAASO sources. D (=65,700 m2) is
the geometrical area of the Tibet ASγ experiment and SMD

(=0.3) is the survival ratio of gamma rays above 398 TeV due to
the event selection using the underground muon detector array
(Amenomori et al. 2021). The time integrals are performed for
the period in a sidereal day in which a source of interest resides
in the zenith-angle (θ) range within 40° employed in the Tibet
ASγ data analysis. The term enclosed with the parenthesis thus
calculates the effective detection area for gamma-ray events by
integrating the geometrical area of the AS array projected to the
time-dependent source direction. Tθ<40° is the total period in
which the source resides in θ< 40° over the live time (719 days)
of the data set used in the Tibet ASγ data analysis. The results of
the nʼs for the newly reported sub-PeV LHAASO sources are
shown in Figure 2 as a function of decl. δ. Since the newly
reported sub-PeV LHAASO sources with δ<−10° or δ> 70°
do not culminate in θ< 40° at the site of the Tibet ASγ
experiment (30°.102N), they have n= 0 and are not shown in

Figure 1. Incoming directions of the Galactic diffuse gamma-ray events above 398 TeV observed by the Tibet ASγ experiment (red points) and the positions and
extensions of the sub-PeV LHAASO sources: the gamma-ray sources detected by LHAASO above 100 TeV (blue circles; Cao et al. 2023) in the Galactic coordinates.
The extensions of the sub-PeV LHAASO sources have 95% containment radii assuming a two-dimensional Gaussian morphology. For point-like sources, the 95%
upper limits on the extensions are shown. The green dashed circle with a 6° radius encloses the Cygnus region centered at (l, b) = (79°. 62, 0°. 96), the position of
HAWC J2030 + 409 (Abeysekara et al. 2021). Note that some of the sub-PeV LHAASO sources have |b| > 10° and thus are not shown in the plot.
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IceCube n flux smoothly connects to the n flux estimated from 
the Tibet sub-PeV g-ray flux, assuming p0 -model best-fit flux 
supporting cosmic-ray origin of Tibet sub-PeV galactic diffuse g rays. 

provides flux normalization, while keeping the
spectrum fixed to the model. Results for each
model are summarized inTable 1.We rejected the
background-only hypothesis with significances
of 4.71s, 4.37s, and 3.96s for the p0, KRA5

g , and
KRA50

g models, respectively. Although these
three hypotheses are correlated, we applied a
conservative trial factor of 3 to the most signif-
icant of these values, leading to a trial-corrected
P value equivalent to a significance of 4.48s.
The best-fitting fluxes are also listed inTable 1.

The flux normalization of the p0 model is
quoted at 100 TeV, assuming a single power
law; however, the KRAg models have a more
complex spectral prediction and are therefore
quoted as multiples of the predicted model
flux. These fluxes correspond to best-fitting
values of 748, 276, and 211 signal events (ns)
in the IceCube dataset for the p0, KRA5

g , and

KRA50
g models, respectively. A visualization

of the template results is shown in Fig. 3, A
to C, in the form of a map of the per-steradian
contribution to the results in the sky region
near the Galactic Center for each of the Ga-
lactic plane models. Similar maps for a ran-
domly selected mock experiment are also
shown for comparison (Fig. 3, D to F).
An all-sky point source search was also per-

formed (supplementary text), in which the sky
was divided into a grid of equal solid-angle
bins, spaced 0.45° apart, and each point was
tested as a neutrino point source. The resulting
significances are shown in Fig. 4. Some loca-
tions have excess emission over the background
expectations, including some in spatial coinci-
dencewith known gamma-ray emitters, such as
the Crab Nebula, 3C 454.3, and the Cygnus X
region. However, after accounting for trial fac-

tors, no single point in the map is statistically
significant (Table 1). This also implies that the
emission that is present in theGalactic template
analyses is not due to a single point source.

Searches using catalogs of Galactic sources

The total gamma-ray signal from the Galactic
plane includes a contribution from several
strong gamma-ray point sources (1). We there-
fore searched for correlated neutrino emission
from three distinct catalogs of Galactic sources.
Previous work had classified each source as a
supernova remnant (SNR), pulsar wind nebula
(PWN), or other unidentified (UNID) Galactic
source, based on observations in tera–electron
volt gamma rays (34, 35). Under the assump-
tion that multiple sources in each class emit
neutrinos, stacking these sources in a single
analysis provides higher sensitivity compared

IceCube Collaboration, Science 380, 1338–1343 (2023) 30 June 2023 4 of 6
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Fig. 3. Galactic plane test-statistic contributions. The contribution to the test-statistic t is shown in galactic coordinates (longitude l and latitude b) for each of
the three tested Galactic plane models. The overall test-statistic value was obtained through integration over the whole sky. (A to C) The contributions of each
model for the observed data. (D to F) The contributions of each model for a single randomly selected mock experiment by using scrambled data. In (A) to (F),
contours enclose 20% (white) and 50% (gray) of the predicted model flux; for the p0 model, these are the same as in Fig. 1, D and E. The 50% contours contain about

1.64, 0.70, and 0.65 sr for the p0, KRA5g , and KRA50g models, respectively.

Fig. 4. All-sky point source search. A map of
the best-fitting pretrial significance for the all-sky
search, shown on an Aitoff projection of the celestial
sphere, in equatorial coordinates (J2000 equinox).
The Galactic plane is indicated with a grey curve,
and the Galactic Center is indicated with a gray
dot. Although some locations appear to have
significant emission, the trial factor for the number
of points searched means that these points are
all individually statistically consistent with
background fluctuations.
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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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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. The 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. The 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 filled 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 reflected by the inner walls. Essentially, the muon detector 
array measures the number of muons in air showers that have triggered the air 
shower array. The 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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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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PeVatron Candidate: HESS J1843-033Tibet
ASγ

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? or PSR J1844-00346?
ü Extended g-ray excess (sEXT=0.34o±0.12o)
ü g-ray excess is coincident with the MCs
ü Proton cutoff: ~500 TeV assuming the Hadronic model
Wp = ~6 x 1049 erg (>1TeV)

12CO(J=1-0)

Amenomori et al., ApJ, 932, 120 (2022)
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100 TeV, the pixel with the maximum significance (let us call it
“the brightest pixel”) is found at (α, δ)= (282°.33, 0°.08),
deviating by 0°.15 from HESS J1849−000. A toy MC
simulation shows that the 68% statistical uncertainty in the
brightest pixel’s orientation is 0°.18. The pointing systematics
of the experiment along R.A. and decl. are also estimated as
0°.058 and 0°.055, respectively, from a data analysis of the
gamma rays coming from the Crab Nebula; see Appendix C.
From the above statistical and systematic uncertainties, the total
uncertainty in the center position of the observed gamma-ray
emission at the 68% confidence level is estimated as 0°.22
following the methodology used in previous studies (H.E.S.S.
Collaboration 2018a; Amenomori et al. 2022). Therefore, the
center position of the sub-PeV gamma-ray emission observed
in this study is consistent with that of HESS J1849−000. On
the other hand, HESS J1852−000 (H.E.S.S. Collaboration
2018a) deviates by 0°.74 in angular distance from the brightest

pixel, and the deviation corresponds to a 3.0σ significance
taking into account both the uncertainty in the center position
of the observed sub-PeV gamma-ray emission (0°.22) and that
in the position of HESS J1852−000. The result thus disfavors
HESS J1852−000 as the origin of the observed sub-PeV
gamma rays.

3.2. Energy Spectrum

The energy spectrum of gamma rays from HESS J1849−000
is measured for the first time in the energy range between
40 TeV< E< 320 TeV as shown with the red points in
Figure 2. The differential energy flux in each energy bin is
calculated only if the detection significance of gamma
rays exceeds 2σ, otherwise, the 99% upper limit on the flux
is calculated. Table 1 summarizes the result of the
calculation. A simple power-law (PL) function can be

Figure 1. Top: significance map of the HESS J1849−000 region above 25 TeV, pixelized by 0°. 05 × 0°. 05 pixels and smoothed with the PSF. The white dashed line
indicates the Galactic plane. The positions of nearby celestial objects in the sky region, including Galactic SNRs (and candidates), PSR J1849−0001, and gamma-ray
sources, are plotted with symbols as presented in the right legend, and their extensions (if they have) are indicated with circles with the same colors as the symbols.
The data of these nearby objects are cited from H.E.S.S. Collaboration (2018a; H.E.S.S.); Abeysekara et al. (2017), Albert et al. (2020), and Abeysekara et al. (2020;
HAWC); Cao et al. (2021b; LHAASO); Abdollahi et al. (2020; 4FGL sources and Fermi-LAT); Anderson et al. (2017; SNRs); and Manchester et al. (2005; PSR
J1849−0001). The green contours show the 12CO (J = 1–0) line emission which is found near HESS J1849−000 in an analysis of archive data published by the
FUGIN survey (Umemoto et al. 2017). The emission is integrated with the velocity range of 93–100 km s−1 and the contour levels are 20, 30, 40, and 50 K km s−1.
The lower-left inset shows the PSF. Bottom: significance map above 100 TeV smoothed with the PSF.
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PeVatron Candidate: HESS J1849-000Tibet
ASγ

Amenomori et al., ApJ, 954, 200 (2023)
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fitted to the measured spectrum and the best-fit result is
=  ´ - -  - - -dN dE E2.86 1.44 10 40 TeV TeV cm s16 2.24 0.41 1 2 1( ) ( ) with

a χ2 per degree of freedom of 0.47/3. The experiment’s
absolute energy scale uncertainty of 12% (Amenomori et al.

2009) dominates the systematic uncertainty in the flux
normalization of ;27%. The fraction of contamination to the
number of events above 100 TeV from the lower energy range
due to the finite energy resolution is estimated as ;20%.
Furthermore, there may be a spillover of gamma rays from the
nearby gamma-ray source HESS J1852−000 into the ON-
source window (see also Figure 1). Assuming a two-
dimensional Gaussian with a 0°.28 extension for the morph-
ology of HESS J1852−000 (H.E.S.S. Collaboration 2018a),
the 95% upper limit on its integral gamma-ray flux above
100 TeV is calculated as 2.08× 10−15 cm−2 s−1 if the spectrum
extends beyond the sub-PeV range in a PL manner. The
spillover into the ON-source window is thus estimated as
<3.65× 10−16 cm−2 s−1, which is less than 20% of the integral
flux of HESS J1849−000 above 100 TeV, ´-

+1.93 0.65
0.85

- - -10 cm s15 2 1. According to Vernetto & Lipari (2016), the
attenuation of gamma rays due to interactions with interstellar
radiation on the way to Earth is ;12% at 150 TeV if the
distance to HESS J1849−000 is assumed as 7 kpc (H.E.S.S.
Collaboration 2018a, 2018b).

4. Discussion

4.1. Leptonic Scenario

The gamma-ray energy spectrum from the sub-TeV
(E< 1 TeV) to the sub-PeV ranges observed by Fermi-LAT
(Acero et al. 2013), H.E.S.S. (H.E.S.S. Collaboration 2018a),
LHAASO (Cao et al. 2021b), and this work is modeled with
the leptonic scenario using Naima (Zabalza 2015). In this
scenario, gamma rays are generated from inverse Compton
scattering (ICS) off interstellar radiation by high-energy
electrons (Khangulyan et al. 2014). The target radiation field
is assumed to consist of the cosmic microwave background and
near-infrared (temperature of 20 K and energy density of
0.75 eV cm−3) and far-infrared blackbody components (3000 K
and 1.26 eV cm−3) whose energy densities are determined
using GALPROP (Porter et al. 2017). The distance to HESS
J1849−000 is assumed as 7 kpc, the same as that assumed for
PSR J1849−0001 in previous studies (Gotthelf et al. 2011;
H.E.S.S. Collaboration 2018b). The energy spectrum of parent
electrons is assumed to follow a simple PL function:

=
a-

-dN
dE

A
E

10 TeV
eV , 1e

e
1

e⎛⎝ ⎞⎠ ( )

where the normalization constant Ae and the spectral index αe

are free parameters. Under the above model assumptions,
Naima computes the posterior distributions of the parameters
and gives the median value and its uncertainty covering the
central 68% range of each distribution. The best-fit result of the
modeling is shown with the black curve in the top panel of
Figure 2 and the spectral parameters are estimated as

= -
+Alog 31.9810 e 0.07

0.06 and a = -
+2.46e 0.07

0.08. Assuming a PL
function with an exponential cutoff (ECPL) for the electron
spectrum does not improve the goodness of fit, and the 95%
lower limit on the cutoff energy is estimated as 740 TeV. The
obtained limit is extremely high but is not implausible because
the acceleration of PeV electrons takes place in the Crab
Nebula (Cao et al. 2021a). A broken PL function is not
significantly preferred for the electron spectrum either and the
current gamma-ray observations can be well explained with
ICS by electrons following a simple PL spectrum.

Figure 2. Top: gamma-ray energy spectrum of HESS J1849−000 modeled
with the leptonic scenario using Naima (Zabalza 2015). The red data points are
the result obtained in this work and the other points are cited from Acero et al.
(2013; Fermi-LAT, cyan), H.E.S.S. Collaboration (2018a; H.E.S.S., blue), and
Cao et al. (2021b; LHAASO, green). The error bars of the data points show 1σ
statistical uncertainties and the downward arrows present 99% upper limits.
The black curve shows the best-fit result to the whole spectrum, and the thick
and thin gray bands show the 1σ and 2σ confidence intervals of the fit,
respectively. Bottom: gamma-ray energy spectrum modeled with the hadronic
scenario. For detailed descriptions, see Sections 4.1 and 4.2.

Table 1
Differential Energy Flux or the 99% Upper Limit on the Flux Calculated for

Each Energy Bin

E (TeV) Flux (TeV−1 cm−2 s−1) Significance (σ)

29.4 <1.96 × 10−15 1.7
48.2 ´-

+ -2.10 101.11
1.31 16 2.1

76.4 ´-
+ -4.97 102.71

3.65 17 2.3
121 ´-

+ -2.82 101.13
1.57 17 3.8

194 ´-
+ -6.83 103.80

6.26 18 2.8
316 ´-

+ -2.84 101.73
3.09 18 2.7

Note. The third column presents the significance of the event excess in the ON-
source window over the background calculated with Equation (17) of Li & Ma
(1983), which corresponds to the detection significance of gamma rays from
HESS J1849−000.
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ü A middle-aged PWN
ü g-ray excess is coincident with the MCs

ü Proton cutoff ~5 PeV
assuming the Hadronic model
Wp = ~1.1 x 1049 erg (>1TeV)

ü Spectrum can be also modeled 
with the Leptonic scenario (IC)

(Tage=42.9kyr, d=7kpc)



à New field
Out of sight at Tibet

Projects in the Southern Hemisphere Tibet
ASγ

Go South!
(e.g., ALPACA [2022-24], Mega ALPACA, SWGO, CTA, …) & Neutrinos
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>40 UHE sourcesUHE diffuse gamma rays



üTibet ASg experiment successfully observed UHE gamma rays from the Crab Nebula 
for the first time and opened new energy window. (Now >40 UHE g ray sources 
detected by LHAASO, HAWC, H.E.S.S. and Tibet ASg )

üTibet ASg experiment successfully observed Galactic diffuse gamma rays between 
100 TeV and 1 PeV for the first time.

üTibet UHE events (>400 TeV) do not originate from LHAASO UHE (>100 TeV) sources.
ü IceCube diffuse neutrino flux smoothly connects to Tibet ASg diffuse gamma-ray flux 

assuming p0 best-fit model supporting the cosmic-ray origin.
üTibet ASg experiment found a few PeVatron candidates associated with the molecular 

clouds.

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 more PeVatron candidates! à Go South!
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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)

Composi6on DependenceTibet
ASγ

4 ev / 10 ev from 
Cygnus cocoon (< 4o)
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UHE g-rays from the Crab Nebula (2019)Tibet
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   inverse Compton model 
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üNo excess around known TeV sources
üEvent distribution is consistent with 

diffuse model 10-2

10-1
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Distance to the closest TeV source [deg.]

Isotropic MC
Diffuse Model MC

Data >398TeV

Correla6on 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

Tibet
ASγ
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Data/MC Comparison

ü AS genera+on: 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.

Tibet
ASγ
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3

ANGULAR RESOLUTION RECONSTRUCTED BY THE AS ARRAY

In this Letter, we focus on the energy region above 100 TeV where the good angular resolution enables us to
resolve the contribution from the point-like sources to the diffuse emissions. The point spread functions for gamma
rays for 10 TeV and 100 TeV have been verified by the Crab Nebula observation [S8]. Figure S3 shows the angular
resolution evaluated by the gamma-ray MC simulation. Content rates within the search window circle are shown in
three different energy bins. The 50% and 95% content angular resolutions of gamma rays between 398 and 1000 TeV
are estimated to be 0.16◦ and 0.5◦, respectively.
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FIG. S3. Angular resolutions of the Tibet AS+MD array evaluated by the gamma-ray MC simulation. Content rates within
the search window circle are shown in three different energy bins.

DATA TABLES

TABLE S1. Number of events observed by the Tibet AS+MD array in the direction of the galactic plane. The galactic
longitude of the arrival direction is integrated across our field of view (approximately 22◦ < l < 225◦). The ratios (α) of
exposures between the ON and OFF regions are 0.135 for |b| < 5◦ and 0.27 for |b| < 10◦, respectively.

|b| < 5◦ |b| < 10◦

Energy bin NON NBG Significance NON NBG Significance
(TeV) (= αNOFF) (σ) (= αNOFF) (σ)

100− 158 513 333 8.5 858 655 6.6
158− 398 117 58.1 6.3 182 114 5.1
398− 1000 16 1.35 6.0 23 2.73 5.9

TABLE S2. Galactic diffuse gamma-ray fluxes measured by the Tibet AS+MD array.

Energy bin Representative E Flux (25◦ < l < 100◦, |b| < 5◦) Flux (50◦ < l < 200◦, |b| < 5◦)
(TeV) (TeV) (TeV−1 cm−2 s−1 sr−1) (TeV−1 cm−2 s−1 sr−1)

100− 158 121 (3.16 ±0.64) ×10−15 (1.69 ±0.41) ×10−15

158− 398 220 (3.88 ±1.00) ×10−16 (2.27 ±0.60) ×10−16

398− 1000 534 (6.86 +3.30
−2.40) ×10−17 (2.99 +1.40

−1.02) ×10−17

Data TableTibet
ASγ
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Angular/Energy Resolu0ons

3

ANGULAR RESOLUTION RECONSTRUCTED BY THE AS ARRAY

In this Letter, we focus on the energy region above 100 TeV where the good angular resolution enables us to
resolve the contribution from the point-like sources to the diffuse emissions. The point spread functions for gamma
rays for 10 TeV and 100 TeV have been verified by the Crab Nebula observation [S8]. Figure S3 shows the angular
resolution evaluated by the gamma-ray MC simulation. Content rates within the search window circle are shown in
three different energy bins. The 50% and 95% content angular resolutions of gamma rays between 398 and 1000 TeV
are estimated to be 0.16◦ and 0.5◦, respectively.
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longitude of the arrival direction is integrated across our field of view (approximately 22◦ < l < 225◦). The ratios (α) of
exposures between the ON and OFF regions are 0.135 for |b| < 5◦ and 0.27 for |b| < 10◦, respectively.

|b| < 5◦ |b| < 10◦

Energy bin NON NBG Significance NON NBG Significance
(TeV) (= αNOFF) (σ) (= αNOFF) (σ)

100− 158 513 333 8.5 858 655 6.6
158− 398 117 58.1 6.3 182 114 5.1
398− 1000 16 1.35 6.0 23 2.73 5.9

TABLE S2. Galactic diffuse gamma-ray fluxes measured by the Tibet AS+MD array.

Energy bin Representative E Flux (25◦ < l < 100◦, |b| < 5◦) Flux (50◦ < l < 200◦, |b| < 5◦)
(TeV) (TeV) (TeV−1 cm−2 s−1 sr−1) (TeV−1 cm−2 s−1 sr−1)

100− 158 121 (3.16 ±0.64) ×10−15 (1.69 ±0.41) ×10−15

158− 398 220 (3.88 ±1.00) ×10−16 (2.27 ±0.60) ×10−16

398− 1000 534 (6.86 +3.30
−2.40) ×10−17 (2.99 +1.40

−1.02) ×10−17

Supplemental Material for
First Detection of Photons with Energy Beyond 100 TeV

from an Astrophysical Source
(The Tibet ASγ Collaboration)

(Dated: May 21, 2019)

ENERGY RESOLUTION RECONSTRUCTED BY THE AS ARRAY

The energy resolution is an important performance to unfold the energy spectrum. Especially at the high-energy
end of the spectrum, we have to carefully estimate the contamination of events from the lower energies due to the
smearing by the energy resolution, because the steep photon spectrum at TeV energies has a negative power-law
index.

In this paper, the primary energy is reconstructed using the lateral distribution of particle density (ρ) in an air
shower. 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. The conversion from S50 to energy is optimized as a function of zenith angle by the MC
simulation. The averaged energy resolutions with S50 are estimated to be 40% at 10 TeV and 20% at 100 TeV,
respectively. The energy resolution depends on AS core location (rcore) and zenith angle (θ). Figure S1 shows the
energy resolution (σln∆E) as a function of reconstructed energy for different zenith angles (a) and core distances from
the array center (b), respectively, where σln∆E denotes the standard deviation by the natural logarithmic Gaussian
fitting to the energy distribution. It is seen that the 449 TeV event listed in Table 1 has a larger uncertainty in energy
than the others due to its large zenith angle.
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FIG. S1. Energy resolution (σln∆E) as a function of reconstructed energy for different zenith angles (a) : 1.0 < secθ ≤ 1.1 (red
squares), 1.1 < secθ ≤ 1.2 (blue circles), 1.2 < secθ ≤ 1.3 (green triangles), and for different core distances from the array
center (b) : 0 < rcore ≤ 60 m (red squares), 60 < rcore ≤ 90 m (blue circles), 90 < rcore ≤ 120 m (green triangles).

PHOTON IMAGES AROUND THE CRAB NEBULA

Figure S2 shows the significance map around the Crab nebula observed by the Tibet AS+MD array in (a) E >
10 TeV and (b) E > 100 TeV, respectively. The events are smoothed by circles with the optimal window radius
Rsw(Σρ) = 6.9/

√
Σρ (◦) for a point source, where Σρ is the sum of particle density measured by each scintillation

detector. The distribution of excess is consistent with a point source within our angular resolution, as presented in
Fig. 3 in this paper. The photon image above 100 TeV in Fig. S2 looks apparently extended due to low statistics and
smoothing effect.

The central location of the excess observed by the Tibet AS+MD array is estimated to be (R.A.,Dec.) = (83.653◦±
0.024◦, 22.030◦ ± 0.023◦) for E > 10 TeV and (R.A.,Dec.) = (83.577◦ ± 0.066◦, 22.109◦ ± 0.060◦) for E > 100 TeV,
respectively, by the maximum likelihood method assuming a 2D Gaussian function. These excess locations are
consistent with the Crab pulsar position (R.A. = 83.633◦,Dec. = 22.015◦) within statistical errors.

Tibet
ASγ
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FIG. 3.ÈMuon content distribution) for all CASA-MIA air-shower(rkevents arriving from the direction of the Galactic plane ( o b o \ ^5¡) are
shown in the top panel. Points with error bars represent the on-source
distribution, while histogram lines represent the o†-source distribution.
The bottom panel indicates the on-source minus o†-source residuals
(sigmas per bin). Evidence for the presence of ultraÈhigh-energy gamma
rays would be indicated by an excess of muon-poor events. A statistically
insigniÐcant excess (1.63 p) is seen.

di†use source events within the Galactic plane (^5¡) is
plotted against the distribution for the o†-source back-rkground region. Analysis of residuals shows no major di†er-
ences between the source and background distributions,
and gives us conÐdence that the systematics have largely
been removed. We attribute the excess in the s2 (sl2\ 1.25,
l \ 51 dof ) to either an unremoved systematic e†ect or the
marginal presence of a possible signal. If there were a
detectable Ñux of gamma rays from this region of the Galac-
tic plane, would have shown an excess of signalFigure 3
events over background on the left-hand side of the plot.
Indeed, there is an excess (1.63 standard deviations in the
plot shown) that, while consistent with the expected Ñux, is
not signiÐcant enough to claim as a detection.

3. RESULTS

We apply this analysis technique to search for evidence of
gamma rays from the Galactic plane region in the energy
range from 140 to 1300 TeV. No signiÐcant evidence for
di†use emission is found. Upper limits to di†use Ñux from
the plane of the Galaxy are calculated, taking into account
the slight loss in sensitivity (\10%) due to the Ðnite angular
resolution of CASA (D1¡). In we present 90%Table 1,
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Diffuse Model

panel of the figure shows the (angle integrated) energy
distributions of the target photons in the vicinity of the solar
system according to [22]. The distribution is the super-
position of three main components: the cosmic microwave
background radiation (CMBR), infrared emission, and
stellar light. A minor contribution is given by the extra-
galactic background light (EBL).
The CMBR fills homogeneously all space with an

isotropic blackbody spectrum of temperature TCMBR ¼
2.7255 Kelvin; this corresponds to a total number density
Nγ ≃ 410.7 cm−3 of photons with average energy hεi≃
6.3 × 10−4 eV.
Infrared photons are radiated by interstellar dust heated

by stellar light. This emission can be reasonably well
described as a diluted, and distorted blackbody spectrum
[nγðεÞ ∝ nbbγ ðε; TÞε−β] with a temperature T of approxi-
mately 20 Kelvin and a distortion parameter β of order 1.5–
1.7. At high energy (ε≳ 0.03 eV) the spectral shape
deviates from this form because of the contribution of
an ensemble of emission lines radiated by the smallest dust
grains that are not in thermal equilibrium. The infrared
radiation has an average energy of order 0.008 eV, and a
number density ≃25 cm−3.
Stellar light can be described as the superposition of

diluted blackbody spectra with temperatures between 3000
and 8000 Kelvin, plus a small contribution in the ultra-
violet range from young hot stars. In the vicinity of the
solar system the stellar light radiation field has a total
number density of order 0.5 cm−3 of photons with average
energy hεi ≃ 1 eV. The infrared and stellar light compo-
nents of the radiation field have nontrivial space and
angular distributions that reflect the disk structure of the
Galactic sources.
The bottom panel of Fig. 1 shows the angle averaged

absorption probability in the solar neighborhood. The
energy dependence of this absorption probability reflects
the spectral shape of the target photon distribution. The
maximum at E ≃ 2.2 PeV, and the two shoulders at 150
and 1.6 TeV correspond to interactions with the photons of
the three main components (CMBR, dust and star emission)
of the target radiation field. The probability of interactions
with the photons of a single component has a maximum for
a gamma-ray energy of order Eγ · hεi ≈m2

e, which corre-
sponds to the c.m. energy of the photon-photon collisions
just above the kinematical threshold, where the pair
production cross section has its maximum value σγγ ≃
σTh=4 (where σTh ≃ 6.65 × 10−25 cm2 is the Thomson
cross section). At the maximum, the absorption probability
takes the value K ≈ σThNγ=4, where Nγ is the total number
density of target photons that form the component.
Numerically this corresponds to minimum interaction

lengths (in the solar neighborhood) of order λabs ¼ K−1 ≈
7 kpc at energy Eγ ≃ 2.2 PeV for absorption by the CMBR,
λabs ≈ 100 kpc at Eγ ≃ 150 TeV for absorption by the

infrared dust emission, and λabs ≈ 7 Mpc at Eγ ≃
1.6 TeV for absorption by starlight.
The calculation of the optical depth requires a knowledge

of the target radiation field in the entire volume of the
Galaxy; however, for a qualitative understanding, one can
note that the spectra of the target photons have a similar
shape in all points of the Galaxy. The absorption generated
by interactions with the CMBR, with an absorption length
of order 10 kpc, that is of same order of the linear size of the
Galaxy is very important for the propagation of photons in
the PeV energy range. The effects of absorption by dust
emitted infrared photons, with a (space and direction
dependent) absorption length 10 times longer (of order
100 kpc), are smaller but not entirely negligible. The effects
of absorption on stellar light remain always small.

III. THE LOCAL DIFFUSE γ-RAY EMISSION

As a first step, in this section we will calculate the local
diffuse gamma-ray emission, that is the emission in the
vicinity of the solar system. This calculation requires three
elements: (a) a knowledge of the CR fluxes that are directly
observable at the Earth, (b) a description of the relevant
targets (gas and radiation) for CR interactions, and (c) a
model for the interaction cross sections. The crucial point is
that the calculation does not need to model the space
dependence of the CR spectra.
In the following we will discuss separately the two main

(hadronic and leptonic) emission mechanisms.

A. Hadronic emission

The calculation of the hadronic emission requires a
description of the nuclear components of the CR flux.
Figure 2 shows our fit to the observed spectra of protons
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FIG. 2. Model of the cosmic ray fluxes at the Earth used in this
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due to protons, helium, and nuclei with Z > 2. The data points
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order 5–10) lower energy. This can be easily understood
noting that photons with energy Eγ are generated by the
interactions of primary nucleons with in a broad range of
energy, with an order of magnitude extension and a median
value E0 ∼ 6Eγ (the precise value depends on the spectral
index).

B. Leptonic emission

The calculation of the leptonic emission requires a
description of the flux of electrons plus positrons. Our
fit to the (e− þ eþÞ is shown in Fig. 3 together with some of
the measurements. The flux is accurately measured for
Ee ≲ 500 GeV by the observations of detectors on satellites
like PAMELA [36–38] Fermi [39] and AMS02 [40]. The
observations of HESS [41–43], and later by MAGIC [44],
VERITAS [45], and more recently by DAMPE [46] have
shown that the spectrum has a break at E ≈ 900 GeV where
the spectrum steepens from a spectral index of order 3.1 to
an index of order 3.8.
Two mechanisms contribute to the leptonic emission. In

bremsstrahlung the target (interstellar gas) is identical to the
one discussed for the hadronic emission. For Compton
scattering the targets are the photons of the interstellar
radiation fields discussed in Sec. II A. For our calculations
we have used the model of [22].
The leptonic mechanisms for gamma-ray production are

purely electromagnetic and therefore have exactly calcu-
lable cross sections (see e.g., [47]).
The leptonic emission, separated into the contributions

of bremsstrahlung and Compton scattering, is shown in
Fig. 4. The results can be easily understood qualitatively. In
the case of bremsstrahlung, the e∓ radiates photons with an
energy independent cross section and the final state photon
has an energy distribution that depends only on the ratio

Eγ=Ee. If the primary e∓ have a power law spectrum, the
emission is then also a power law with the same spectral
index (of order αe ≈ 3.1 for E≲ 300 GeV). The brems-
strahlung spectrum softens at higher energy because of the
break in the (e− þ eþÞ spectrum at Ee ≈ 1 TeV.
The Compton scattering component of the emission has

initially a hard spectrum (a spectral index of order 2). This
reflects the well-known fact that when the eγ interactions
are in the Thomson regime (that is when the product of
the energies of the interacting particles is sufficiently
small: Eeεi ≲m2

e) the spectral indices of the Compton
emission and the primary electron flux are related by
αγ ≃ ðαe þ 1Þ=2. This behavior however stops for Eγ ≳
100 GeV when most of the eγ interactions are in the Klein-
Nishina regime. The Compton emission suffers more
suppression at higher energy also because of the softening
of the e∓ spectra above 1 TeV. The result is that the local
Compton emission of gamma rays gives a maximum
contribution of order 5% with respect to the hadronic one.
It should be noted that the estimate of the contribution of

the leptonic mechanisms to the observed gamma-ray flux
(that is the result of the emission from the whole Galaxy) is
a more difficult task, because it requires to compute the
emissions in different regions of the Galaxy, where the
densities of the primary particles (electrons, protons and
nuclei) and of the relevant targets (gas and radiation) can be
different. In particular it is possible, and indeed likely, that
the Compton mechanism can be a significant component of
the flux for directions that point away from the Galactic
equator. This is because the interstellar gas density (the
target for hadronic emission) is exponentially suppressed
for large jzj, while the density of the radiation fields (the
target for Compton scattering) falls more gradually with jzj
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FIG. 3. Flux of electrons plus positrons observed at the Earth.
The line is our fit to the spectrum. The data points are from Fermi
[39], AMS02 [40], DAMPE [46], HESS [41–43], MAGIC [44]
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order 5–10) lower energy. This can be easily understood
noting that photons with energy Eγ are generated by the
interactions of primary nucleons with in a broad range of
energy, with an order of magnitude extension and a median
value E0 ∼ 6Eγ (the precise value depends on the spectral
index).

B. Leptonic emission

The calculation of the leptonic emission requires a
description of the flux of electrons plus positrons. Our
fit to the (e− þ eþÞ is shown in Fig. 3 together with some of
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observations of HESS [41–43], and later by MAGIC [44],
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shown that the spectrum has a break at E ≈ 900 GeV where
the spectrum steepens from a spectral index of order 3.1 to
an index of order 3.8.
Two mechanisms contribute to the leptonic emission. In

bremsstrahlung the target (interstellar gas) is identical to the
one discussed for the hadronic emission. For Compton
scattering the targets are the photons of the interstellar
radiation fields discussed in Sec. II A. For our calculations
we have used the model of [22].
The leptonic mechanisms for gamma-ray production are

purely electromagnetic and therefore have exactly calcu-
lable cross sections (see e.g., [47]).
The leptonic emission, separated into the contributions

of bremsstrahlung and Compton scattering, is shown in
Fig. 4. The results can be easily understood qualitatively. In
the case of bremsstrahlung, the e∓ radiates photons with an
energy independent cross section and the final state photon
has an energy distribution that depends only on the ratio

Eγ=Ee. If the primary e∓ have a power law spectrum, the
emission is then also a power law with the same spectral
index (of order αe ≈ 3.1 for E≲ 300 GeV). The brems-
strahlung spectrum softens at higher energy because of the
break in the (e− þ eþÞ spectrum at Ee ≈ 1 TeV.
The Compton scattering component of the emission has

initially a hard spectrum (a spectral index of order 2). This
reflects the well-known fact that when the eγ interactions
are in the Thomson regime (that is when the product of
the energies of the interacting particles is sufficiently
small: Eeεi ≲m2

e) the spectral indices of the Compton
emission and the primary electron flux are related by
αγ ≃ ðαe þ 1Þ=2. This behavior however stops for Eγ ≳
100 GeV when most of the eγ interactions are in the Klein-
Nishina regime. The Compton emission suffers more
suppression at higher energy also because of the softening
of the e∓ spectra above 1 TeV. The result is that the local
Compton emission of gamma rays gives a maximum
contribution of order 5% with respect to the hadronic one.
It should be noted that the estimate of the contribution of

the leptonic mechanisms to the observed gamma-ray flux
(that is the result of the emission from the whole Galaxy) is
a more difficult task, because it requires to compute the
emissions in different regions of the Galaxy, where the
densities of the primary particles (electrons, protons and
nuclei) and of the relevant targets (gas and radiation) can be
different. In particular it is possible, and indeed likely, that
the Compton mechanism can be a significant component of
the flux for directions that point away from the Galactic
equator. This is because the interstellar gas density (the
target for hadronic emission) is exponentially suppressed
for large jzj, while the density of the radiation fields (the
target for Compton scattering) falls more gradually with jzj
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asymptotic behavior ∝ R−3=2β with β ≃ 0.71, and our
model for the other components, we find that the hot
gas becomes dominant for R of order 40 kpc. This implies
that the new component, if it extends to large distances, can
be a very important (or even the main) component of the
Galactic baryonic mass, however it gives only a negligible
contribution to the generation of gamma rays. This is
because most of the emission occurs at large distances from
the solar system, so that the corresponding observable flux
is suppressed, in addition at large R the CR density
becomes small.

V. FERMI OBSERVATIONS OF THE DIFFUSE
GALACTIC GAMMA-RAY FLUX

As a starting point for a model of the gamma-ray diffuse
emission at TeV–PeV energies, we use the existing data in
the GeV energy range.
The latest and most accurate measurements of the diffuse

flux in the energy range 0.1–100 GeV have been obtained
in the past few years by the Fermi telescope. The Fermi
collaboration published in 2012 a dedicated paper about the
diffuse Galactic emission [5], however a significant amount
of data has been obtained after that, and the methods of
analysis have also significantly improved. Some of these
new results are discussed in [6].
The Fermi data are public, and several authors (e.g.,

[20,21]) have performed independent studies of the Galactic
diffuse flux. In the present work we will not perform an
independent analysis of the Fermi data, to estimate the
diffuse gamma-ray flux. This is a very important but difficult
task that is postponed to a future work.
The Fermi collaboration has made available a template of

the diffuse Galactic gamma-ray flux to be used as a
background model for the search of point sources [55].
This background model gives tables of the angular

distribution of the flux (in bins equispaced in Galactic
latitude and longitude with a linear size 0.125°) for a
discrete set of 30 energies (equispaced in logE) between
58.5 MeV and 513 GeV.
In this paper we will use the Fermi background model as

a first order approximation of the Galactic diffuse flux. We
have chosen the map at the energy E! ¼ 12 GeV (more
precisely 11.98 GeV) as a template of the angular dis-
tribution of the real diffuse flux at the same energy. This
template will be used here as a “boundary condition” for
extrapolations to higher energies. The reference energy E!

has been chosen as a reasonable optimum choice on the
basis of the following considerations:

(i) The energy must be sufficiently high, so that the
contributions of the leptonic mechanisms to the
gamma-ray flux are small (see discussion in Sec. III).

(ii) The energy must be sufficiently low, so that the
diffuse flux is measured with good statistical accu-
racy. A low value of E! is also desirable because it
allows to study the evolution of the diffuse flux in a
broader energy range, when constructing different
models for the extrapolation to very high energy.

A natural and important question is if the results
discussed is this work depend on the choice of the reference
energy E!. This question can be investigated quantitatively
repeating our study for different choices for the energy E!.
The result of these tests is that if the energy E! is chosen in
a broad interval between 3 and 50 GeV all the conclusions
presented in this work remain valid (see discussion in the
next section).

VI. MODEL 1: SPACE INDEPENDENT
CR SPECTRA

In the most commonly accepted models for Galactic
cosmic rays, the spectral shape of the nuclear components
(protons and nuclei) is identical in the entire volume of the
Milky Way. This result emerges in a large class of models
where the following conditions are satisfied:
(1) The populations of CR in the Galaxy are in a

stationary state, with the sources that compensate
the losses due to escape and other effects. The
spectra are not significantly distorted by the con-
tributions of near sources that are still active or have
been active in the recent past (time variations of the
CR spectra associated to the evolution of the Galaxy
can exist for cosmological time scales).

(2) The spectra generated by the CR sources in different
regions of the Galaxy have, after an appropriate
average in time, a space independent shape. This
condition is immediately satisfied in models where a
single class of astrophysical events (e.g., supernovae
explosions or gamma ray bursts) is the dominant CR
source.

(3) CR propagation is well described by diffusion with a
diffusion coefficient that has the same rigidity
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Eq. (1) gives the survival probability of gamma rays during
propagation, and τðE;Ω; tÞ is the optical depth.
The dominant mechanism for gamma-ray emission at

high energy is the so-called “hadronic mechanism,” which
is the creation and decay of unstable mesons (mostly π∘
with smaller contribution of other particles such as η and η0)
in the inelastic interactions of protons and other CR nuclei
with interstellar gas. The largest contribution to the
hadronic emission is due to pp interactions between
relativistic protons and the hydrogen component of the
interstellar gas. This contribution can be calculated as

qðppÞγ ðEγ; x⃗Þ

¼ 4πnðx⃗Þ
Z

∞

Eγ

dEpϕpðEp; x⃗ÞσppðEpÞ
dNpp→γ

dEγ
ðEγ; EpÞ;

ð2Þ

where nðx⃗Þ is the number density of hydrogen gas at the
point x⃗, ϕpðEp; x⃗Þ is the flux of CR protons with energy Ep
at the same point, σppðEpÞ is the inelastic pp cross section
and dNpp→γ=dEγðEγ; EpÞ is the inclusive spectrum of
gamma rays generated in a pp interaction after the decay
of all unstable particles created in the collision. The
integration is over all proton energies Ep that can generate
photons with energy Eγ. Interactions where the projectile
and/or the target is a nucleus (such as p-helium, helium-p,
helium-helium, and so on) also contribute to the hadronic
emission and can be calculated with expressions that have
the same structure as Eq. (2) with obvious substitutions.
Smaller contributions to the gamma-ray emission are

generated by leptonic processes where the gamma rays are
radiated by CR electrons and positrons, via bremsstrahlung
and Compton scattering. For bremsstrahlung (interactions
such as eþ Z → eþ Z þ γ) the target, as in the hadronic
emission case, is interstellar gas. For Compton scattering
(eþ γsoft → eþ γ) the target is the ensemble of the soft
photons that form the radiation fields in space. In this case it
is necessary to model not only the density, but also the
energy spectrum and angular distribution of the target
particles.

A. Gamma-ray absorption

The most important process that can absorb photons
during propagation in interstellar space is pair production
interactions (γγ → eþe−) where high energy gamma rays
interact with the soft photons that form the Galaxy radiation
fields. The interaction probability per unit lengthKðE; p̂; x⃗Þ
for a photon of energy E and direction p̂ at the space point x⃗
can be calculated, integrating over the energy and angular
distributions of the target photons:

KðE; p̂; x⃗Þ ¼
Z

d3κð1 − cos θγγÞnγðκ⃗; x⃗ÞσγγðsÞ: ð3Þ

In this expression κ⃗ is the 3-momentum and ε ¼ jκ⃗j is
the energy of the target photon, cos θγγ ¼ p̂ · κ̂ is the cosine
of the angle between the interacting particles, and σγγðsÞ is
the pair production cross section, which can be expressed
as a function of the square of the center of mass energy
s ¼ 2Eεð1 − cos θγγÞ.
The optical depth τðE;Ω; tÞ for photons observed at the

Earth with energy E, direction Ω that have traveled a
distance t, can be calculated integrating the interaction
probability along the photon trajectory:

τðE;Ω; tÞ ¼
Z

t

0
dt0KðE;−Ω̂; x⃗⊙ þ t0Ω̂Þ: ð4Þ

The calculation of the absorption probability KðE; p̂; x⃗Þ
and of the optical depth τðE;Ω; tÞ requires a sufficiently
accurate knowledge of the energy and angular distribution
of the target photons. An extended discussion of this
problem is contained in [22] (see also [23] and references
therein). Some of the main properties of high energy
gamma-ray absorption are illustrated in Fig. 1. The top
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üThis work proves a theoretical model that cosmic rays produced by 
PeVatrons are trapped in the Galactic magnetic field for millions of years, 
forming a pool of cosmic rays.

Alex Kääpä a.kaeaepae@uni-wuppertal.de Effects of the Galactic magnetic field 6

● low-ridigity particles are trapped in Galaxy

● gradual escape with increasing rigidity

→ expected effect on spectrum: spectral 
softening towards higher energies

→ expected effect on composition: heavier 
towards higher energies
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directions in the opposite hemisphere. A finite Rcr, which
corresponds to a space gradient of the CR flux with a larger
density in the GC region, results in a better agreement of
our model with the Fermi template. The value Rcr ≃
5.1 kpc gives approximately the correct ratio for the
contributions of the two hemispheres toward the Galactic
Center and Anticenter.
Other illustrations of the calculated gamma-ray flux at

the reference energy E! are given in Fig. 7 which shows the
Galactic longitude distribution after integration over the
latitude ranges jbj < 1°, jbj < 5° and jbj < 90° (that is

the entire sky). Figure 8 shows the latitude distribution of
the flux at the reference energy E!, after integration over all
longitudes.
The comparison of the model with the Fermi template

shows that the main features of the diffuse gamma-ray flux
can be described reasonably well. The largest discrepancies
are observed at large jbj, and the effect is likely associated
to the existence to the structures known as the “Fermi
bubbles” [56,57]. It should be stressed that the prediction
that we have constructed is absolute, and in fact it is
remarkable that a very simple model such as the one we
have constructed can reproduce both the absolute normali-
zation (with an error of order 10%–20% depending on the
angular region of integration) and the main features of the
angular distribution of the gamma-ray flux.
Performing the comparison between our model (with CR

spectra that have the same shape in the entireGalaxy) and the
Fermi background template for different values of the
gamma-ray energy in the range between a few GeV and
approximately 50 GeV, one obtains results that are of
comparable quality with those we have just discussed for
the value E! ¼ 12 GeV. This reflects the fact that in this
energy range our model and the Fermi background template
have very similar energy dependences: the relative normali-
zation of the two models changes by approximately 15%,
while the gamma-ray flux decreases by 3 order of magni-
tudes. In addition, in this range, the angular distribution of
the Fermi template has a shape that is approximately (but not
exactly) energy independent. As an illustration, the ratio of
the fluxes in the two hemispheres centered on the directions
of the Galactic Center and Anticenter change by −10%
(þ20%) for E ¼ 3.4 ð42Þ GeV with respect to the shape
at E ¼ 12 GeV. A detailed study is clearly necessary
to establish the origin of the (relatively small) energy
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12 GeV integrated in the latitude range jbj < 3°. The model is
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corresponds to a space gradient of the CR flux with a larger
density in the GC region, results in a better agreement of
our model with the Fermi template. The value Rcr ≃
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contributions of the two hemispheres toward the Galactic
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shows that the main features of the diffuse gamma-ray flux
can be described reasonably well. The largest discrepancies
are observed at large jbj, and the effect is likely associated
to the existence to the structures known as the “Fermi
bubbles” [56,57]. It should be stressed that the prediction
that we have constructed is absolute, and in fact it is
remarkable that a very simple model such as the one we
have constructed can reproduce both the absolute normali-
zation (with an error of order 10%–20% depending on the
angular region of integration) and the main features of the
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Performing the comparison between our model (with CR
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Fermi background template for different values of the
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the value E! ¼ 12 GeV. This reflects the fact that in this
energy range our model and the Fermi background template
have very similar energy dependences: the relative normali-
zation of the two models changes by approximately 15%,
while the gamma-ray flux decreases by 3 order of magni-
tudes. In addition, in this range, the angular distribution of
the Fermi template has a shape that is approximately (but not
exactly) energy independent. As an illustration, the ratio of
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is qualitatively similar in different angular regions, however
the amount of absorption is largest for directions toward the
Galactic Center and minimum for directions toward the
Anticenter. This can be easily understood, noting that the
flux in directions toward the center has its origin in points
that are on average further away from the Earth.
The absorption effects are illustrated in a complementary

way in Fig. 10 that shows the longitude dependence of the
flux, after integration in latitude in the range jbj < 5°, for
three values of the energy: E ≃ 12 GeV, where absorption
is completely negligible, E ≃ 0.56 PeV where absorption is
significant, and E ≃ 1.8 PeV where absorption is largest. In
the figure the gamma-ray flux is rescaled to have a unit
value at jlj ¼ 180°, for a better visualization of the
absorption effects. As it is intuitively obvious, the flux
in directions toward the Galactic Center is more suppressed
by absorption than the flux toward the Anticenter.
It should be noted that the effects of absorption remain

always smaller than a factor of order 2, even in the case
where they are most important, that is for E of order
1–3 PeV, and directions toward the Galactic Center.

VII. MODEL 2: SPACE DEPENDENT CR SPECTRA

If one or more of the conditions listed in Sec. VI are not
satisfied, the spectra of cosmic rays can have a space
dependent shape. Most models for the e∓ spectra assume
that this is the case because the particles can lose a
significant amount of energy propagating from the sources
to distant regions of the Galaxy. For protons and nuclei that
have a much smaller jdE=dtj, energy loss effects are
expected to be negligible, but a space dependence of the
spectral shape can be generated by other mechanisms.

Some recent analyses of the Galactic diffuse flux
[6,20,21] conclude that there is some evidence for the fact
that cosmic rays in the central part of the Galaxy have a
harder spectrum than what is observed at the Earth, while
cosmic rays in the periphery of the Galaxy are (moderately)
softer. This effect can be described as a space dependence
of the spectral index of the gamma-ray emission. Figure 11
shows some estimates of the dependence of the gamma-ray
emission spectral index on the distance from the Galactic
Center. It has to be noted that a crucial problem in
establishing the existence of these effects is to take into
account the contribution of unresolved discrete Galactic
sources. This problem will be discussed in Sec. IX.
Aiming at the construction of a model as simple as

possible we have assumed that the spectral index at the
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final data points). To reduce further the degree of freedom
in the likelihood fit, we first fit the γ-ray emissivity in the
2–4 GeV energy interval, where we deal with adequate
photon statistics combined with a reasonably good PSF.
From the results of fitting in this energy band, we derive the
factor XCO by assuming that the γ-ray emissivity per H2 is
twice of the emissivity per neutral hydrogen atom. Then we
fix this factor and apply the likelihood fitting for other
energy intervals. The results are shown in Fig. 5, Fig. 6 and
Fig. 7. The fitted XCO are listed in Table. I.

The results are consistent with the conclusion based on
the analysis of dust templates described in the previous
section. The derived power-law indices imply a clear
tendency of spectral softening toward the outer Galaxy.
Namely, the power-law photon index above 2 GeV varies
from ≈2.4 in the innermost ring to 2.8 in the outermost one.
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FIG. 5. The SED of galactic diffuse γ-ray emission associated with the gas in different rings around the GC.
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photon statistics combined with a reasonably good PSF.
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factor XCO by assuming that the γ-ray emissivity per H2 is
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FIG. 5. The SED of galactic diffuse γ-ray emission associated with the gas in different rings around the GC.
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From the results of fitting in this energy band, we derive the
factor XCO by assuming that the γ-ray emissivity per H2 is
twice of the emissivity per neutral hydrogen atom. Then we
fix this factor and apply the likelihood fitting for other
energy intervals. The results are shown in Fig. 5, Fig. 6 and
Fig. 7. The fitted XCO are listed in Table. I.

The results are consistent with the conclusion based on
the analysis of dust templates described in the previous
section. The derived power-law indices imply a clear
tendency of spectral softening toward the outer Galaxy.
Namely, the power-law photon index above 2 GeV varies
from ≈2.4 in the innermost ring to 2.8 in the outermost one.
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FIG. 5. The SED of galactic diffuse γ-ray emission associated with the gas in different rings around the GC.
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in the likelihood fit, we first fit the γ-ray emissivity in the
2–4 GeV energy interval, where we deal with adequate
photon statistics combined with a reasonably good PSF.
From the results of fitting in this energy band, we derive the
factor XCO by assuming that the γ-ray emissivity per H2 is
twice of the emissivity per neutral hydrogen atom. Then we
fix this factor and apply the likelihood fitting for other
energy intervals. The results are shown in Fig. 5, Fig. 6 and
Fig. 7. The fitted XCO are listed in Table. I.

The results are consistent with the conclusion based on
the analysis of dust templates described in the previous
section. The derived power-law indices imply a clear
tendency of spectral softening toward the outer Galaxy.
Namely, the power-law photon index above 2 GeV varies
from ≈2.4 in the innermost ring to 2.8 in the outermost one.
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FIG. 5. The SED of galactic diffuse γ-ray emission associated with the gas in different rings around the GC.
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FIG. 6. The distribution of the photon index of the galactic
diffuse γ-ray emission associated with the gas in different rings.
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while eHWC J1907þ 063 and eHWC J2019þ 368 are
better fit to log parabolas

dN
dE

¼ ϕ0

!
E

10 TeV

"−α−β lnðE=10 TeVÞ
: ð2Þ

All three sources are extended in apparent size over
HAWC’s entire energy range. Flux points are calculated for
quarter-decade energy bins using the method described in
[19]. When fitting the differential flux, it is assumed that the
size of the source does not change with energy. Table II
shows best-fit parameter values for these sources; Fig. 3
shows their spectra.

We investigated whether the observed high-energy
detections are compatible with being entirely due to mis-
reconstructed events (see Tables S3 and S4 of the
Supplemental Material [21]). For eHWC J1907þ 063,
the strongest highest-energy detection, emission above a
true energy of 56 TeV (100 TeV), is detected at the 7.6σ
(4.6σ) level. Note that this is more conservative than the
procedure followed in [25].
Each of the three > 100 TeV regions has also been

observed by at least one of the imaging atmospheric
Cherenkov telescopes (IACTs) (references: eHWC
J1825 − 134 [26,27], eHWC J1907þ 063 [28,29],
eHWC J2019þ 368 [30,31]). The HAWC measurements
extend the energy range of these sources past 100 TeV for
the first time. HAWC tends to measure higher fluxes (∼2x
difference) and larger source extents than the IACT
measurements. These discrepancies cannot be explained
by a misunderstanding of the HAWC detector response, as
the HAWC spectrum of the Crab Nebula agrees with IACT
measurements within uncertainties [19].
Both eHWC J2019þ 368 and eHWC J1825 − 134 have

been separated into two or more sources by IACTs (see
Table S8 of the Supplemental Material [21] for a list of
TeVCat sources within 3° of each source), and the HAWC
emission is the sum of these plus any additional unresolved
sources. For example, eHWC J1825 − 134 overlaps with
both HESS J1825 − 137 and HESS J1826 − 130. There are
also differences in the computation of the background
estimate [13,32], as well as the fact that contributions from
diffuse emission are not considered here. This will be
addressed in future Letters.
Discussion.—Although Klein-Nishina effects mean that

any IC component of the emission becomes suppressed
beginning around 10 TeV, merely detecting high-energy
emission is not enough to claim a hadronic emission origin.
The Crab Nebula is a firmly identified electron accelerator

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source location
and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;

ffiffiffiffiffiffi
TS

p
is the square root of

the test statistic for the integral flux fit. The nearest source from the 2HWC catalog and the angular distance to it are also provided. In
addition, the

ffiffiffiffiffiffi
TS

p
of the same integral flux fit but above Ê > 100 TeV is provided. All uncertainties are statistical only. The point spread

function of HAWC for Ê > 56 TeV is ∼0.2° at the Crab declination [19], but is declination dependent and increases to 0.35° and 0.45°
for eHWC J1825 − 134 and eHWC J1809 − 193, respectively. The overall pointing error is 0.1° [22].

Source name RA (°) Dec (°)
Extension

> 56 TeV (°)
F (10−14

ph cm−2 s−1)

ffiffiffiffiffiffi
TS

p

> 56 TeV
Nearest

2HWC source
Distance to

2HWC source(°)

ffiffiffiffiffiffi
TS

p

> 100 TeV

eHWC J0534þ 220 83.61% 0.02 22.00% 0.03 PS 1.2% 0.2 12.0 J0534þ 220 0.02 4.44
eHWC J1809 − 193 272.46% 0.13 −19.34% 0.14 0.34% 0.13 2.4þ0.6

−0.5 6.97 J1809 − 190 0.30 4.82
eHWC J1825 − 134 276.40% 0.06 −13.37% 0.06 0.36% 0.05 4.6% 0.5 14.5 J1825 − 134 0.07 7.33
eHWC J1839 − 057 279.77% 0.12 −5.71% 0.10 0.34% 0.08 1.5% 0.3 7.03 J1837 − 065 0.96 3.06
eHWC J1842 − 035 280.72% 0.15 −3.51% 0.11 0.39% 0.09 1.5% 0.3 6.63 J1844 − 032 0.44 2.70
eHWC J1850þ 001 282.59% 0.21 0.14% 0.12 0.37% 0.16 1.1þ0.3

−0.2 5.31 J1849þ 001 0.20 3.04
eHWC J1907þ 063 286.91% 0.10 6.32% 0.09 0.52% 0.09 2.8% 0.4 10.4 J1908þ 063 0.16 7.30
eHWC J2019þ 368 304.95% 0.07 36.78% 0.04 0.20% 0.05 1.6þ0.3

−0.2 10.2 J2019þ 367 0.02 4.85
eHWC J2030þ 412 307.74% 0.09 41.23% 0.07 0.18% 0.06 0.9% 0.2 6.43 J2031þ 415 0.34 3.07

FIG. 3. The spectra of the three sources exhibiting significant
Ê > 100 TeV emission. For each source, the line is the overall
forward-folded best fit. The error bars on the flux points are
statistical uncertainties only. The shaded band around the overall
best fit line shows the systematic uncertainties related to the
HAWC detector model, as discussed in [19]. The Crab Nebula
spectrum from [19] is shown for comparison.
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All three sources are extended in apparent size over
HAWC’s entire energy range. Flux points are calculated for
quarter-decade energy bins using the method described in
[19]. When fitting the differential flux, it is assumed that the
size of the source does not change with energy. Table II
shows best-fit parameter values for these sources; Fig. 3
shows their spectra.
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the strongest highest-energy detection, emission above a
true energy of 56 TeV (100 TeV), is detected at the 7.6σ
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eHWC J2019þ 368 [30,31]). The HAWC measurements
extend the energy range of these sources past 100 TeV for
the first time. HAWC tends to measure higher fluxes (∼2x
difference) and larger source extents than the IACT
measurements. These discrepancies cannot be explained
by a misunderstanding of the HAWC detector response, as
the HAWC spectrum of the Crab Nebula agrees with IACT
measurements within uncertainties [19].
Both eHWC J2019þ 368 and eHWC J1825 − 134 have

been separated into two or more sources by IACTs (see
Table S8 of the Supplemental Material [21] for a list of
TeVCat sources within 3° of each source), and the HAWC
emission is the sum of these plus any additional unresolved
sources. For example, eHWC J1825 − 134 overlaps with
both HESS J1825 − 137 and HESS J1826 − 130. There are
also differences in the computation of the background
estimate [13,32], as well as the fact that contributions from
diffuse emission are not considered here. This will be
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Discussion.—Although Klein-Nishina effects mean that

any IC component of the emission becomes suppressed
beginning around 10 TeV, merely detecting high-energy
emission is not enough to claim a hadronic emission origin.
The Crab Nebula is a firmly identified electron accelerator

TABLE I. Sources exhibiting Ê > 56 TeV emission. A Gaussian morphology is assumed for a simultaneous fit to the source location
and extension (68% Gaussian containment) for Ê > 56 TeV. The integral flux F above 56 TeV is then fitted;
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FIG. 3. The spectra of the three sources exhibiting significant
Ê > 100 TeV emission. For each source, the line is the overall
forward-folded best fit. The error bars on the flux points are
statistical uncertainties only. The shaded band around the overall
best fit line shows the systematic uncertainties related to the
HAWC detector model, as discussed in [19]. The Crab Nebula
spectrum from [19] is shown for comparison.
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PeVatron Candidate: SNR G106.3+2.7Tibet
ASγ
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Extended Data Fig. 1 | Spectral gamma-ray energy distribution of G106.3+2.7. a, The flux data points with 1σ statistical error bars include measurements 
by Tibet AS+MD (red dots; this work), Fermi30 (blue squares), VERITAS14 (purple pentagons) and the Dominion Radio Astrophysical Observatory’s 
Synthesis Telescope2 (turquoise blue dots). The two red downward arrows above 1014 eV show 99% C.L. upper limits obtained by this work. Note that 
all the VERITAS data points are raised by a factor of 1.62 to account for the spill-over of gamma-ray signals outside their window size of 0.32∘ radius. 
The best-fit gamma-ray energy spectrum in the leptonic model is shown by the black solid curve, with the flux by the electron synchrotron radiation (the 
orange solid curve), the IC scattering of CMB photons (the green dashed curve) and the IC scattering of IR photons (the light blue dash-dotted curve). The 
gray open diamond shows the flux of PSR J2229+6114 obtained in the 2!−!10 keV range6. b, The best-fit gamma-ray energy spectrum in the hadronic model 
is shown by the turquoise blue solid curve. The lower panels show the residual Δσof the fit.

NATURE ASTRONOMY | www.nature.com/natureastronomy

Electron spectrum: a=-2.3, Ecut=190TeV
Magnetic field: B=8.6µG 
à Cooling time tsync=0.9kyr << SNR age 10kyr

The required total energy of electrons is ∼ 1.4 × 1047 erg, which only
takes up ∼ 2% of the spin-down energy released in the endre pulsar
lifedme. If the rest of the spin-down energy goes into the magnedc
field, the average magnedc field in the PWN would be much larger
than the required value of 8 μG and results in very large fluxes at radio
and X-ray wavelengths.
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We assume that 10% of the spin-down power is trans-
ferred into eþe− pairs above 1 GeV. This is consistent with
Geminga observations indicating that 7%–29% of the spin-
down power is transferred into eþe− [22]. We adopt an
eþe− injection spectrum following a power law with an
exponential cutoff, varying the parameters α and Ecut to fit
the Milagro data.
These leptons are cooled by inverse-Compton scattering

and synchrotron. TeV halos cannot significantly affect the
magnetic field or interstellar radiation field (ISRF) through-
out their∼10 pc extent [22,23].We thus adopt an interstellar
magnetic field of B ¼ 3 μG (0.22 eV cm−3), and ISRF of
1.56 eV cm−3. We subdivide the ISRF into a cosmic micro-
wave background component of 0.26 eV cm−3 with a
typical energy of 2.3 × 10−4 eV, an infrared component
of 0.6 eV cm−3 with typical energy 1.73 × 10−3 eV, an
optical component of 0.6 eV cm−3 with typical energy
0.43 eV, and an UV component of 0.1 eV cm−3 with typical
energy 1.73 eV [33].
Unlike individual TeV halos, where eþe− below

∼10 TeV escape before cooling [22], diffuse eþe− are
further cooled in the interstellar medium. Assuming a
standard diffusion constant of D0 ¼ 5 × 1028 cm2 s−1 at
1 GV and a Kolmogorov index δ ¼ 0.33, eþe− travel only
0.38 kpc (E−0.33=1 GeV) before losing energy, implying
that eþe− ≳ 50 GeV cool before leaving the plane.
Because we consider only TeV emission, we assume that
the eþe− population is fully cooled. We then calculate the
inverse-Compton scattering γ-ray spectrum and intensity
taking into account Klein-Nishina effects [33,36].
Our model could produce a single extremely bright TeV

halo that would dominate the diffuse emission. However,
Milagro would have resolved such a source. Thus, we
exclude contributions from any individual halo with a γ-ray
flux exceeding Geminga (4.27 × 10−9 erg cm−2 s−1), which
was barely resolved by Milagro [18]. Our model indicates
that only ∼1 such source should exist in the ROI, consistent
with Poisson fluctuations.
Results.—In Figs. 1 and 2, we show the key result of this

Letter. Above ∼500 GeV, the diffuse γ-ray flux from
leptonic TeV halos exceeds the diffuse hadronic flux.
For Milagro data at 3.5 and 15 TeV, TeV halos outshine
the diffuse background by factors of ∼3 and ∼8, respec-
tively. The hard spectrum of TeV halos fits both the Milagro
excess and the dimmer ∼400–1700 GeV γ-ray flux
observed by ARGO-YBJ. (We warn the reader that the
differing point-source sensitivities and analysis techniques
may affect the relative fluxes observed by ARGO-YBJ and
Milagro; see [5].) This is intriguing because hadronic
processes cannot simultaneously explain both observations
without invoking unphysical breaks in the TeV proton
spectrum. We do not show relevant (but less sensitive)
results from Whipple [37], HEGRA [38], TIBET-II, or
TIBET-III [39]. Our model is consistent with these limits.
PeV γ-ray constraints from CASA-MIA [40] and

FIG. 1. The contribution of subthreshold TeV halos to the
diffuse γ-ray emission along the galactic plane in the region
40° < l < 100°, and jbj < 5°, compared to observations by the
Fermi-LAT (described in the text), ARGO-YBJ [5], and
Milagro [1]. The background (blue) corresponds to the pre-
dictions of 128 GALPROP models of diffuse γ-ray emission [8].
The contribution from TeV halos (red) is described in the text.
TeV halos naturally reproduce the TeV excess observed by
Milagro, while remaining consistent with ARGO-YBJ obser-
vations. The dashed red region indicates our ignorance of low-
energy γ-ray emission from TeV halos.

FIG. 2. Same as Fig. 1 in the smaller region 65° < l < 85°, and
jbj < 2° examined by Milagro [4] at a higher energy of 15 TeV, as
well as ARGO-YBJ [5]. ARGO-YBJ observations are quoted in
the latitude range jbj < 5°. We renormalize the ARGO-YBJ
points based on the ratio of the modeled GALPROP diffuse
emission flux in the jbj < 2° and jbj < 5° ROIs, which increases
the flux of the three ARGO-YBJ points by 38%, 40%, and 42%,
respectively.
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KASCADE [41] would be relevant if we did not exponen-
tially suppress the eþe− injection above 100 TeV. This
cutoff is physically motivated by PWN acceleration models
[35] and preferred by Geminga observations [22].
To calculate the diffuse GeV γ-ray flux, we analyze 8.5 yr

of Fermi data using standard cuts. We calculate the Pass 8
diffuse model flux in the region 40° < l < 100°, and
jbj < 5°, allowing the normalization of all 3FGL sources
and diffuse components to vary in 0.1° angular bins and five
energy bins per decade. Because the statistical errors are
tiny, we show 30% systematic error bands corresponding to
uncertainties in the Fermi effective area and energy
reconstruction [8]. In the smaller ROI, we renormalize
our results from the larger ROI based on the relative diffuse
emission intensity at 1 GeV.
Our model utilizes a power-law electron injection

spectrum α ¼ 1.7 with Ecut ¼ 100 TeV. This is slightly
harder than that required to fit HAWC observations of
Geminga (1.5 < α < 1.9; 35 TeV < Ecut < 60 TeV) [22]
or the diffuse Galactic center γ-ray emission observed by
HESS (α ¼ 2.2; Ecut ¼ 100 TeV) [33]. This eþe− injection
spectrum is driven byMilagro observations at 15 TeV in the
smaller ROI, which is hard to fit with an eþe− spectrum
that is exponentially suppressed at ∼50 TeV. The eþe−
injection spectrum is degenerate with both the efficiency of
electron cooling in the Milky Way plane and the strength of
the interstellar magnetic field. Additional observations are
necessary to determine the average value of the electron
injection spectrum.
Our model calculates the fluxes of individual TeV halos

that contribute to the excess. In Fig. 3 we show the differ-
ential contribution to the TeV halo number density and total
TeV halo flux as a function of the individual γ-ray flux of
TeV halos in the 40° < l < 100°, jbj < 5° ROI. Becausewe
are considering the emission from individual halos, we show
the differential flux at 7 TeV (corresponding to the 2HWC
catalog [19]). The flux of each TeV halo is calculated
assuming that it converts the same fraction of its spin-down
power into 7 TeV γ-ray emission as Geminga [22,23].
We note three results. First, our model correctly predicts

that Oð1Þ TeV halo as bright as Geminga should exist in
the Milagro ROI. In fact, three sources brighter than
Geminga are observed by HAWC in this region: 2HWC
J2031+415, 2HWC J2019+367, and 2HWC J1908+063.
All three are spatially extended and overlap known ATNF
pulsars. They are all TeV halo candidates [23], though we
note that the latter two sources are young pulsars where
TeV γ-ray emission may also be produced by supernova
remnants. Second, we find that 10 yr HAWC observations
will definitively test our model, finding ∼50 individual TeV
halos in the Milagro ROI. Third, we find that most of the
TeVexcess is produced by systems that individually exceed
1% of the Geminga flux. Our model thus provides a clear,
testable hypothesis: a significant fraction of the TeVexcess
will be resolved into individual TeV halos by HAWC
observations. Intriguingly, some of these halos may have

been already detected. In particular, four sources dimmer
than Geminga have been observed in the smaller ROI by
VERITAS and HAWC: VER J2019+368 (associated with
PSR J2021+3651 [42]), 2HWC J2006+341 (currently
unassociated [19]), 2HWC J1953+294 (potentially asso-
ciated with pulsar DA 495 [19]), and 2HWC J1955+285
(associated either with PSR J1954+2836 or its associated
SNR G065.1+00.6 [19]).
Conclusions.—In this Letter, we assumed that the TeV

emission from Geminga is typical of young and middle-
aged pulsars. This hypothesis is supported by the obser-
vation of Oð10Þ TeV halos similar to Geminga. We have
assumed that all pulsars convert ∼10% of their spin-down
power to relativistic eþe−, which subsequently cool via
inverse-Compton scattering. We find that these pulsars
must produce a population of subthreshold TeV halos that
produce a diffuse TeV γ-ray flux. The total flux from these
halos exceeds that from hadronic cosmic rays above
∼500 GeV. The intensity and spectrum of this emission
matches the Milagro excess, and removes the tension
between the soft proton spectrum measured by local
cosmic-ray experiments and the hard γ-ray spectrum
required by Milagro [13].

FIG. 3. The contribution of individual TeV halos to the TeV
excess in the region 40° < l < 100°, and jbj < 5°. We normalize
our results at 7 TeV [19], assuming that individual TeV halos
convert their spin-down luminosity into 7 TeV γ rays with an
identical efficiency as Geminga. Vertical lines correspond to the
flux of Geminga, and the projected 10 yr HAWC sensitivity.
Results are shown for the total γ-ray flux [FdN=dlog10ðFÞ, black,
left y axis], which indicates that most of the γ-ray intensity stems
from the bright TeV halos, as well as for the source count
[dN=dlog10ðFÞ, blue, right y axis], which indicates that 10 yr
HAWC data will observe ∼50 TeV halos in the ROI. For
illustrative purposes, in this plot we show the contribution from
TeV halos with individual fluxes exceeding Geminga, predicting
the existence of only ∼1 such system.
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• g-ray beyond 100 TeV by Tibet, HAWC etc. in North,
                     ALPACA,  SWGO in south will come soon
• Spectral index a ~ -2 in TeV by IACTs
• Coincident with molecular cloud observed by radio
• p0 cutoff around 70 MeV by g-ray satellites
• Dark in X-ray observaNon
• Deep observaNon by IACTs to resolve sources
• Coincident with HE neutrino by IceCube

Multi-wavelength Multi-particle Observations

How to Identify PeVatronsTibet
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addition, a number of hard x-ray sources were identified
along the western edge of VER J2019þ 368 by NuSTAR
space observations including a young massive stellar
cluster [33].
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 [34]. In
this work, we use data obtained by the Tibet AS array
combined with the muon detector array during 719 live
days from February 2014 to May 2017. Our data analysis
method and data selection criteria as well as the array
configuration are the same as described in our previous
articles [35,36]. We use the equi-zenith-angle method [37]
to estimate the gamma-ray excess count and the number of
background events. Twenty OFF regions are taken, and the
radius of the analysis window is 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°.
In the following section, we discuss two gamma-ray

sources detected significantly above 10 TeV in the direc-
tions of Cygnus OB1 and OB2, respectively.
Results and discussion.—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 ° × 0.1 ° pixels and the significance value of
each pixel calculated according to [38] is smoothed by
a circular search window of radius Rw centered at the
pixel. Assuming a symmetrical 2D Gaussian distribution
for the gamma-ray excess, we fit the events within the
4° × 4° region around the source using the unbinned
maximum likelihood method. The centroid of gamma-
ray emissions detected at the pretrial (post-trial) detection
significance of 5.3σ (4.7σ) above 10 TeV is estimated at
ðR:A:;Dec:Þ¼ð308.04°%0.08°;41.46°%0.06°Þ. We name
this source TASG J2032þ 414. The location of TASG
J2032þ 414 is in good agreement with that of the pulsar
PSR J2032þ 4127 and consistent with that of HAWC
J2031þ 415 [12] at the 1.7σ level, while it appears to
deviate from that of TeV J2032þ 4130 reported in [20] at
the 2.8σ level. We also find that most of the gamma-ray
emission detected above 10 TeV is confined inside a void
where the radio (frequency 1420 MHz) [39] and infrared
(wavelength 24 μm) [40,41] emissions are very weak. This
morphology was also seen by VERITAS [6].
Figure 2(a) shows the distribution of the number of

observed events above 10 TeVas a function of the square of
the opening angle ϕ between the estimated arrival direction
and the TASG J2032þ 414 centroid. To estimate a possible
source extension, we perform the χ2 fitting of the data with
the function A exp½−ϕ2=2ðσ2PSF þ σ2EXTÞ' þ NBG, where A
and σEXT are two fitting parameters and σPSF ¼ 0.36° and
NBG ¼ 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 σEXT ¼ 0.00°% 0.14°, which is consistent with that
obtained from the maximum likelihood fitting described
above. The χ2=ndf of the fitting is 33.8=38. With a large
error of 0.14°, the σEXT value above 10 TeV does not

FIG. 1. Significance maps around the two gamma-ray emission
sources detected above 10 TeVin the directions of CygnusOB2 (a)
andOB1 (b), smoothed by searchwindows (see the text). 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
J2032þ 414-TASG J2019þ 368 obtained by this work, while
themagenta open cross is the centroid of VER J2031þ 415 [20] in
(a) and VER J2019þ 368 [6] in (b) and the blue asterisk is that of
HAWC J2031þ 415 [12] in (a) and 3HWC J2019þ 367 [23] in
(b). The green filled diamonds show Fermi-LAT sources [42].
(a) The blue open triangle indicates the centroid of MAGIC
J2031þ 4134 [20]. The green filled diamond coincident with our
gamma-ray emission centroid is the pulsar PSR J2032þ 4127.
The sky-blue contours indicate 1420 MHz radio emissions
provided by the Canadian Galactic Plane Survey [39], and the
pink contours indicate 24 μm infrared emissions by the Cygnus-X
Spitzer Legacy Survey [40,41]. (b) The white open circles are
NuSTAR x-ray sources [33], and the gray filled inverted triangles
are Wolf-Rayet stars [43]. The green filled diamond located
at 0.23° east of our emission centroid is the pulsar PSR
J2021þ 3651. Themagenta open cross located at ðR:A:; Dec:Þ ¼
ð303.99°; 37.21°Þ is another VERITAS source VER J2016þ 371
[6], which is not detected significantly in this work.
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indicate whether TASG J2032þ 414 is extended or not
even though it is consistent with the previous measure-
ments at multi-TeVenergies by IACTs, ARGO, and HAWC
within the 2σ level [2–4,6,9,12,20].
At higher energies above 40 TeV, our source location is

consistent with that of PSR J2032þ 4127, and the esti-
mated value of σEXT ¼ 0.16°# 0.09° suggests a slight
source extension at the 1.9σ level (refer to Supplemental
Material [44], Figs. S1 and S2). There seems to be a tension
between the centroid of our source above 40 TeVand that of
eHWC J2030þ 412 above 56 TeV [14] at a statistical
significance of 3.5σ, which might result from the complex
morphology of the Cygnus Cocoon region, as these source
locations are obtained under the assumption of a Gaussian
spatial distribution for gamma-ray signals.
Figure 3(a) shows the differential energy spectrum of

TASG J2032þ 414 (red filled squares and downward
arrows). 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 IACTs when the spillover 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 ¼ N0ðE=40 TeVÞ−Γ, where N0 ¼ ð4.13# 0.83Þ ×
10−16 TeV−1 cm−2 s−1 is the differential gamma-ray flux

FIG. 2. 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 J2032þ
414 in (a) and TASG J2019þ 368 in (b). 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.

FIG. 3. Differential gamma-ray energy spectra of (a) TASG
J2032þ 414 and (b) TASG J2019þ 368 with 95% C.L. upper
limits measured by this work (red filled squares/arrows). In both
panels, the blue filled circles/arrow (sky-blue open circles) show
the gamma-ray spectrum of reported by VERITAS in 2018
(2014) [5,6,24], the gray open triangles/arrow by HAWC
[11,14], and the dark-green filled circles/arrows by ARGO [9].
Additionally in panel (a), the gold filled diamonds are reported by
Fermi-LAT [6], the green open squares by MAGIC [4], and the
pink pentagons/arrow by HEGRA [2]. The upper limits of Fermi-
LAT, HAWC, and VERITAS are at the 95% confidence level,
while those of HEGRA in (a) and ARGO in (b) are at the 99% and
90% confidence levels, respectively.
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Detection of a Molecular Cloud
Distance-velocity map

20, 30, 40, & 50 K km s-1
Contours (12CO)：

HESS J1849-000

PSR J1849-0001

ü Analysis of archive 12CO (J=1-0) data (FUGIN1)
ü Assumed istance：7 kpc2
ü Integration of velocity range of 93-100 km s-1
=> A ~20 pc size cloud w/ Tb ~20 K km s-1 @ the west of HESS J1849-000

ü Overlap b/w γ-ray emission & cloud
ü Gas density：np = Xco Tmb / R ~ 70 cm-3 ( Xco = 2×1020 cm-2 (K km s-1)-1 )3
=> Can provide the gas density of ≳ 10 cm-3

1. Umemoto+, PASJ 69, 5 (2017)
2. Gotthelf+, ApJL 729, L16 (2011)
3. Bolatto+, Ann. Rev. Astron. Astrophys 51, 207 (2013)

45
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Possible Acceleration Mechanism of PeV CRs
ü CR acceleration in a PWN-SNR composite system1,2 ??

Energy spectrum of CR protons2
(Initially injected w/ 100 TeV mono energy)
Colors：different parameter sets

• CR protons pre-accelerated up to ~100 TeV in the SNR FS are re-accelerated up to ~ 1 PeV
in the PWN compressed by the SNR reverse shock

• ~1049 erg is given to the accelerated particles1
• PWN is compressed to ~10% of the original size1,2
• B of the PWN is amplified up to ~ 100 μG1

=> compact synchrotron X-ray emission by e± of PWN origin??

1. Gelfand+, ApJ 703, 2051 (2009)
2. Ohira+, MNRAS 478, 926 (2018)

Evolution of the size of the system

10 kyr 46
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Discussion (1): Association of TASG J1844-038 w/ SNR G28.6-0.1 (1)

− Nonthermal radio1) & X-rays2) by electron synchrotron radiation
− Shell-type SNR2)

− Distance: 9.6±0.3 kpc3)

− Age: 2.7 kyr2) or 19 kyr3)

SNR G28.6-0.1

AX J1843.8-0352ʼs radius (X-rays): σmean = 0.075o (4.5ʼ)4)

TASG J1844-038ʼs radius: σ = 0.34° ± 0.12°

Discrepancy in their extensions at the 2.3 σ level
 => Contribution of gamma rays of hadronic origin ?
      (CR interaction w/ ambient molecular clouds ?)

1) Helfand et al., ApJ 341, 151 (1989)
2) Bamba et al., PASJ 53, L21 (2001)
3) Ranasinghe & Leahy, MNRAS 477, 2243 (2018)
4) Ueno et al., ApJ 588, 338 (2003)

AX J1843.8-0382) (X-rays)
Contour: radio emission1)
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Discussion (1): Association of TASG J1844-038 w/ SNR G28.6-0.1 (2)

1. Overlapping molecular clouds (MCs),
2. Max. energy of CR protons: ⋍ 500TeV, &
3. Average of the estimated ages is ≃ 10 kyr.

Diffusion time of CR protons through MCs3):

where R, size of MCs & χ , suppression factor. 
Assuming χ = 0.1 & B = 10μG (nH 〜 100 cm-3),
#!"## $$%&', &() > 250	TeV ≲ 2.0	kyr &
#!"## $*+&&, &() ≃ 10	TeV ≃ 4.9	kyr.

Several resemblances to SNR G106.3+2.72): 12CO (J = 1 - 0) map from the FUGIN data1)

1) Umemoto et al., PASJ 69, 78 (2017)
2) Amenomori et al., Nat. Astron. 5, 460 (2021)
3) Gabici et al., Astrophys. Space Sci. 309, 365 (2007)

Acceptable compared w/ the SNRʼs age

=> Could have been a PeVatron in the past??

TASG
(E > 25 
TeV)

MC overlap

12CO (J = 1 - 0) map from the FUGIN data1)

Amenomori et al., ApJ 932, 120 (2022)
48
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Discussion (2): Association of TASG J1844-038 w/ PSR J1844-0346

ー !± w/ E ≈ 90 TeV scatters off CMB up to Eγ, cutoff ≈ 50 TeV5). 
ー Size of TASG J1844-038: ⋍ 26 pc (@ 4.3 kpc)
ー Assuming Geminga-like env.6) with B = 3 μG, D = 4.4×1027 cm2 s-1,
      $"#$$	 ⋍ 8	kyr
ー Cooling time of !± by sync. & ISC5): $&''(	 ⋍ 11	kyr
      => $"#$$	 < $&''(	 & $"#$$	 < $&	

ー Gamma-ray PSR discovered by the Einstein@home project1)

ー P = 113 ms, τc = 12 kyr & ,̇	= 4.2×1036 erg s-1

ー Pseudo distance: 4.3 kpc2)

PSR J1844-0346

ー L (1 TeV < E < 10 TeV) = 2.4×1034 erg s-1  3) (@ 4.3 kpc)
ー Size: ⋍ 18 pc (@ 4.3 kpc)
ー Spectral index: ≃ 2.0 (from the ECPL fit in this work)

HESS J1843-0333)

=> has characteristics typical of TeV PWNe4).

ICS off CMB is acceptable

1) Clark et al., ApJ 834, 106 (2017)
2) Devin et al., A&A 647, 68 (2021)
3) H.E.S.S. collaboration, A&A 612, A1 (2018)
4) H.E.S.S. collaboration, A&A 612, A2 (2018)
5) Hinton & Hofmann, Ann. Rev. of Astron. & 
     Astrophys. 47, 523 (2009)
6) Abeysekara et al., Science 358, 911 
(2017b)

,̇	v.s. Luminosity for PWNe4)

: PSR J1844-0346 
&   
     HESS J1843-033

,̇	(erg	s)*)
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Moon Shadow as a Calibration SourceTibet
ASγ

üAbsolute Energy Scale
- Energy dependence of 
   E-W displacement

üPoin0ng Accuracy
 - N-S displacement

üAngular Resolu0on
- Deficit Shape

üDetector Stability
- Temporal varia+on

üAnti-P / P Ra0o
- Opposite-side deficit 
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Moon Shadow as a Calibration SourceTibet
ASγ
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Figure 5. Dependence of shower size on the displacement of the Moon’s shadow
in the north–south direction. The filled circles and the open squares represent
experimental data and the MC simulation, respectively. The solid line denotes
the fitting to the experimental data assuming a constant function, resulting in
0.◦008±0.◦011. The upper scale indicates the logarithmic mean of E/Z (TeV/Z)
in each

∑
ρFT bin.

(A color version of this figure is available in the online journal.)

resulting in κ = −0.183 and λ = −0.720, as shown by a solid
curve in Figure 6, where the MC statistical errors are negligible
compared with the experimental data.

Second, the experimental data (filled circles) are fitted by this
standard curvature function with the

∑
ρFT shift term

−0.183
[
(1 − ∆RS)

(∑
ρFT

/
100

)]−0.720
, (3)

to estimate the possible shift in the
∑

ρFT between the exper-
imental data and the MC simulation, as shown by the solid
curve in Figure 6, where ∆RS is the

∑
ρFT shift ratio, resulting

in ∆RS = (−4.9 ± 9.5)%. We should then convert ∆RS to the
energy shift ratio ∆RE as a final result. To determine the relation-
ship between ∆RS and ∆RE, and to confirm that this method is
sensitive to energies, we prepare six kinds of MC event samples
in which the energy of the primary particles is systematically
shifted event by event in the Moon’s shadow simulation. These
six ∆REs are ±20%, ±15%, and ±8%, respectively. In each MC
event sample, the

∑
ρFT dependence of the displacement of the

Moon’s shadow is calculated in the same way, and the
∑

ρFT
shift ratio ∆RS is estimated by fitting the data to Equation (3).
Finally, we get the relation ∆RE = (−0.91 ± 0.05) ∆RS assum-
ing a linear function. Hence, the systematic error in the absolute
energy scale ∆RE with statistical error σstat is estimated to be
(+4.5 ± 8.6stat)%.

Furthermore, we investigate two kinds of systematic uncer-
tainties with the proposed method. One is that the position of
the Moon’s shadow by the MC simulation depends on the as-
sumed primary cosmic ray composition. In this simulation, the
chemical composition ratio of primary cosmic rays is estimated
based mainly on the data obtained by direct observations. These
data sets should also have statistical and systematic errors. The
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Figure 6. Dependence of shower size on the displacement of the Moon’s shadow
in the east–west direction. The filled circles show the experimental data, and
the open squares represent the MC simulation. The solid curve is fitted to the
MC events, and dashed curves show a ±10% deviation from the solid curve,
respectively. The upper scale indicates the logarithmic mean of E/Z (TeV/Z)
in each

∑
ρFT bin.

(A color version of this figure is available in the online journal.)

position of the Moon’s shadow is dominated by the light com-
ponent, so that the proton ratio is artificially varied by ±10%
from a standard chemical composition without changing their
spectral index, while the other components heavier than he-
lium are varied by ±10% in total. Figure 7 shows the results
for the composition dependence of primary cosmic rays. The
downward triangles are the results obtained by the proton-rich
model (75% protons after triggering by the Tibet-III array),
while the upward triangles are the ones for the heavy-rich model
(55% protons). These models are fitted by Equation (3). We
then obtain σsyst1 = ±6% for the systematic error due to the
difference in chemical composition, as shown by the dashed
curves in Figure 7. Another systematic uncertainty is caused by
the difference between hadronic interaction models. Figure 8
compares the results for the hadronic interaction model depen-
dence by QGSJET with those obtained by SIBYLL. It is found
that the results by the SIBYLL model can be well fitted by
Equation (3) obtained using the QGSJET model. We then ob-
tain σsyst2 = 6% difference between the two models. Finally,
the difference in the energy dependence of the Moon’s shadow
between the experimental data and the MC events is estimated
to be +4.5%(±8.6stat ± 6syst1 ± 6/2syst2)%. This value is within
the statistical and systematic errors. Hence, the absolute energy
scale error in the Tibet-III array is estimated to be smaller than

12% =
√

∆R2
E + σ 2

stat + σ 2
syst1 + (σsyst2/2)2 in total averaged from

3 to 45 (TeV/Z).

3.5. On the Energy Estimation of γ -Ray Showers

We established a new calibration method of the absolute en-
ergy scale for cosmic rays based on the Moon’s shadow analysis
as described above. The AS induced by the primary cosmic ray

66 AMENOMORI ET AL. Vol. 692

0.1

0

10 100 1000

2.94 4.20 6.46 11.4 21.6 45.4

Data

S
ou

th
D

is
pl

ac
em

en
t (

de
gr

ee
s)

   
  N

or
th

Energy (TeV)/Z 

Σρ FT

Data Best fit

MC

Figure 5. Dependence of shower size on the displacement of the Moon’s shadow
in the north–south direction. The filled circles and the open squares represent
experimental data and the MC simulation, respectively. The solid line denotes
the fitting to the experimental data assuming a constant function, resulting in
0.◦008±0.◦011. The upper scale indicates the logarithmic mean of E/Z (TeV/Z)
in each

∑
ρFT bin.

(A color version of this figure is available in the online journal.)

resulting in κ = −0.183 and λ = −0.720, as shown by a solid
curve in Figure 6, where the MC statistical errors are negligible
compared with the experimental data.

Second, the experimental data (filled circles) are fitted by this
standard curvature function with the

∑
ρFT shift term

−0.183
[
(1 − ∆RS)

(∑
ρFT

/
100

)]−0.720
, (3)

to estimate the possible shift in the
∑

ρFT between the exper-
imental data and the MC simulation, as shown by the solid
curve in Figure 6, where ∆RS is the

∑
ρFT shift ratio, resulting

in ∆RS = (−4.9 ± 9.5)%. We should then convert ∆RS to the
energy shift ratio ∆RE as a final result. To determine the relation-
ship between ∆RS and ∆RE, and to confirm that this method is
sensitive to energies, we prepare six kinds of MC event samples
in which the energy of the primary particles is systematically
shifted event by event in the Moon’s shadow simulation. These
six ∆REs are ±20%, ±15%, and ±8%, respectively. In each MC
event sample, the

∑
ρFT dependence of the displacement of the

Moon’s shadow is calculated in the same way, and the
∑

ρFT
shift ratio ∆RS is estimated by fitting the data to Equation (3).
Finally, we get the relation ∆RE = (−0.91 ± 0.05) ∆RS assum-
ing a linear function. Hence, the systematic error in the absolute
energy scale ∆RE with statistical error σstat is estimated to be
(+4.5 ± 8.6stat)%.

Furthermore, we investigate two kinds of systematic uncer-
tainties with the proposed method. One is that the position of
the Moon’s shadow by the MC simulation depends on the as-
sumed primary cosmic ray composition. In this simulation, the
chemical composition ratio of primary cosmic rays is estimated
based mainly on the data obtained by direct observations. These
data sets should also have statistical and systematic errors. The
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Figure 6. Dependence of shower size on the displacement of the Moon’s shadow
in the east–west direction. The filled circles show the experimental data, and
the open squares represent the MC simulation. The solid curve is fitted to the
MC events, and dashed curves show a ±10% deviation from the solid curve,
respectively. The upper scale indicates the logarithmic mean of E/Z (TeV/Z)
in each

∑
ρFT bin.

(A color version of this figure is available in the online journal.)

position of the Moon’s shadow is dominated by the light com-
ponent, so that the proton ratio is artificially varied by ±10%
from a standard chemical composition without changing their
spectral index, while the other components heavier than he-
lium are varied by ±10% in total. Figure 7 shows the results
for the composition dependence of primary cosmic rays. The
downward triangles are the results obtained by the proton-rich
model (75% protons after triggering by the Tibet-III array),
while the upward triangles are the ones for the heavy-rich model
(55% protons). These models are fitted by Equation (3). We
then obtain σsyst1 = ±6% for the systematic error due to the
difference in chemical composition, as shown by the dashed
curves in Figure 7. Another systematic uncertainty is caused by
the difference between hadronic interaction models. Figure 8
compares the results for the hadronic interaction model depen-
dence by QGSJET with those obtained by SIBYLL. It is found
that the results by the SIBYLL model can be well fitted by
Equation (3) obtained using the QGSJET model. We then ob-
tain σsyst2 = 6% difference between the two models. Finally,
the difference in the energy dependence of the Moon’s shadow
between the experimental data and the MC events is estimated
to be +4.5%(±8.6stat ± 6syst1 ± 6/2syst2)%. This value is within
the statistical and systematic errors. Hence, the absolute energy
scale error in the Tibet-III array is estimated to be smaller than

12% =
√

∆R2
E + σ 2

stat + σ 2
syst1 + (σsyst2/2)2 in total averaged from

3 to 45 (TeV/Z).

3.5. On the Energy Estimation of γ -Ray Showers

We established a new calibration method of the absolute en-
ergy scale for cosmic rays based on the Moon’s shadow analysis
as described above. The AS induced by the primary cosmic ray

No E dependence 
+0.008o ±0.011o

Pointing error = ±0.014°Absolute E error = ±12%
Best-fit = -4.5%(±8.6stat.±6.7sys.)%

E dependence by geomag.

Amenomori et al., ApJ (2009), ICRC2005

ü Tibet ASg experiment first time utilized the Moon shadow as 
the absolute energy calibration.
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