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CR Spectrum and mass composition

• cosmic ray energy spectra (multiply !!.#) up to 10!$ eV
- Rigidity (momentum/charge) dependent structure in low energy
- lots of break points (knee, 2nd knee, ankle, suppression)

◦ knee ~ max. energy of proton? by PeVatron?
◦ !%&'' × 25 ~ !!&( %&'' (charge dependence??)
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direct measurements air shower measurements

Phys. Rev. Lett. 119, 251101 (2017)



！CR orbits are bent by the Galactic Magnetic Field (GMF)
！PeV CR observation is not suited for the PeVatron search…

GMF

CR trajectory

PeVatron

Approach：PeVatron Search through Sub-PeV !-ray Observation 3
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E > 100 TeV

Approach：PeVatron Search through Sub-PeV !-ray Observation 4

GMF

ü Observation of ( rays produced from CR-gas interactions
ü Energies of the ( rays：sub-PeV (E > 100 TeV)

CR trajectory
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Extensive Air Shower Array
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ü Sampling AS ptcls w/ surface detectors
=> Energy & direction reconstruction

ü Wide F.O.V. => New-source search
ü Large detection area (~104 m2) & High duty cycle 
=> Statistical improvement

CRs / !



Yanbgajing, China (90.522oE, 30.102oN) 4,300 m a.s.l.

ü Angular resolution：~0.2° @ 100TeVγ
ü Energy resolution：~20% @ 100TeVγ

ü Air Shower (AS) Array 65,700 m2
= 597 x 0.5m2 scintillation counter

ü International collaboration b/w China & Japan (since 1991)
60 mm

700 mm

1 m

" # !

PMTs

Scintillation counter 
(0.5m2)

Scintillation light

SUS4 box

Plastic scintillator

Tibet Air Shower Array
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Underground Muon Detector Array (MD Array)

2024/11/11 高エネルギー現象で探る宇宙の多様性IV

7

MD：3400m2

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

eaµ

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m ü Concrete pool
ü 1.5m-depth water layer
ü A 20-inch PMT suspended

e-・ e+・µ+/µ-

e-・ e+・µ+/µ-

200TeV γ shower

200TeV CR shower

Few muons

Many muons

(~1μ)

(~100μ)



!-ray selection
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• number of muon (∑*)) measured by MD array as a function of sum of particle density (∑+) 
measured by AS array 

Effective background CRs rejection：> 99.9% @ E > 100TeV
(-ray survival ratio：~ 90% @ 〃



First Detection of Sub-PeV !-ray from Crab Nebula
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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.

Significance map 
E > 100 TeV
5.6σ detection 

Energy spectrum (red)

ü The highest energy reaches 450 TeV
ü The observed (-rays can be explained w/ leptonic emission
(inverse Compton scattering off CMB by electrons)

Amenomori et al., PRL 123, 051105 (2019)

×: Crab pulsar



Detection of Sub-PeV Galactic diffuse !-rays up to 1PeV
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Amenomori+., PRL 126, 141101,(2021) 

Gal. coordinates

White: HI gas

Distribution of γ-ray events w/ E > 400 TeV (Yellow)
5.9σ detection

Energy spectra in two sky regions
Tibet

Hadronic models

ü Sub-PeV (-ray emission from the Galactic disk
ü These (-rays would be produced from CR-gas collisions
=> Strong support for the existence of PeVatron(s) in the Galaxy



PeVatron candidate
SNR G106.3+2.7 (E >10 TeV)
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Amenomori+, Nat. Astron. Lett (2021)

※Fang+, PRL 129, 071101 (2022)
multi-wavelength flux interpretation※

p π0 decay
e IC
e Brems.
e Sync.

ü (-ray emissions with molecular clouds
ü CR-proton acceleration up to E ~ 500 TeV



Sub-PeV gamma-ray astronomy (>100 TeV, 2019~)

2024/11/11 高エネルギー現象で探る宇宙の多様性IV

12

2

R.A. (deg.)

D
ec

. (
de

g.
)

20

21

22

23

24

-2

0

2

4

6

8

10

12

14

16

18

828486
R.A. (deg.)

D
ec

. (
de

g.
)

20

21

22

23

24

-3

-2

-1

0

1

2

3

4

5

828486

(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. ⌃Nµ) 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 ⌃⇢, where ⌃⇢ is roughly proportional to energy, and ⌃⇢ = 1000 roughly corresponds to
100 TeV.

For E > 100 TeV, the averaged ⌃Nµ for the cosmic-ray background events is more than 100, while the muon cut
value is set to be approximately ⌃Nµ = 10 ⇠ 30 depending on ⌃⇢. 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 ⌃Nµ to the ⌃Nµ on the muon cut line in Fig. 2 at the observed ⌃⇢. Three
events among 24 photon-like evens have ⌃Nµ = 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
⌃Nµ to the ⌃Nµ value on the muon cut line in Fig. 2 at the observed ⌃⇢. 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.

Tibet AS ! Collaboration, 
PRL 123, 051101 (2019)

We have looked for correlations between the sources of
systematic uncertainty and have not found any. Therefore, the
effect of each source of systematic uncertainty can be added in
quadrature to the others. The systematic uncertainties on each
of the fit parameters in the log-parabola likelihood fit can be
seen in Table 5.

The major sources of systematic uncertainty are described
below. Figure 13 shows the shift due to systematics in
E2dN/dE as a function of energy for each estimator.

4.5.1. Angular Resolution Discrepancy

A discrepancy in the 68% containment between data and
simulation can be seen in Figure 8. While the cause of this is
not immediately clear, it is thought to be at least partially
caused by the shower curvature model used during reconstruc-
tion not yet having an energy dependence.

The 68% containment in the Monte Carlo is underestimated
by approximately 5%. The effect of this has been investigated
by scaling the PSF up by this amount and refitting the Crab
Nebula. The maximum effect on the flux is ∼5%, occurring at
the lowest energies (see Figure 13). At the highest energies this
effect is almost completely negligible.

4.5.2. Late Light Simulation

This was the largest source of uncertainty (∼40% in flux) in
Abeysekara et al. (2017a) and arose from a mismodeling of the
late light in the air shower. This is thought to stem from a
discrepancy between the time width of the laser pulse used for
calibration and the time structure of the actual shower. From
simulation, it is expected that the width of the arrival time
distribution of single photoelectrons (PEs) at the PMT should
be 10 ns, but examining the raw PE distributions in data
shows a discrepancy above 50 PEs. Improved studies of the
PMTs have decreased the size of this uncertainty in this work,
although it is still one of the dominant sources of uncertainty.
Systematic uncertainties have been derived by varying the size
of this effect and observing the impact on the flux.

4.5.3. Charge Uncertainty

The charge uncertainty encapsulates how much a PMT
measurement will vary for a fixed amount of light, as well as
the relative differences in photon detection efficiency from
PMT to PMT. The amount of uncertainty has been varied and
the effect on the flux studied. This is not a dominant source of
systematic uncertainty.

4.5.4. Absolute PMT Efficiency/Time Dependence

The absolute PMT efficiency cannot be precisely determined
using the calibration system (see Abeysekara et al. 2017a for a
discussion). Instead, an event selection based on charge and
timing cuts is implemented to identify incident vertical muons.
Vertical muons provide a monoenergetic source of light and
can be used to measure the relative efficiency of each PMT by
matching the muon peak position to the expected one from the
MC simulations. These efficiencies were determined for
different epochs in time and used to measure the range of
uncertainties. This is one of the dominant sources of
uncertainty, along with the late light simulation.

Figure 12. Significance map above 56 TeV in reconstructed energy for the GP (left) and NN (right). The maximum significance is 11.2σ for the GP and 11.6σ for the
NN. Both significance maps have been smoothed for presentation purposes.

Table 5
Systematic Uncertainties on Fit Parameters

Estimator Parameter Sys. Low Sys. High

GP f0 −2.11×10−14 2.00×10−14

α −0.03 0.01
β −0.03 0.01

NN f0 −1.69×10−14 3.23×10−14

α −0.02 0.03
β −0.02 0.02

Note. The systematic uncertainties on the fit parameters, for each estimator.
The units for f0 are TeV cm−2 s−1.
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The Astrophysical Journal, 881:134 (13pp), 2019 August 20 Abeysekara et al.

>56TeV
HAWC Collaboration, 
ApJ 881:134 (2019)

Extended Data Fig. 5 | Phenomenological fits to the γ−ray observations of 
LHAASO J1908+0621, and previous observations of potential counterparts. 
The inset shows the KM2A significance map, indicating the potential 
counterparts of the UHE γ-ray source. The colour bar shows the significance 
( TS). The green circle indicates the PSF of LHAASO. The Fermi LAT points for 
LHAASO J1908+0621 analysed in this work, as well as ARGO48, HESS49 and 
HAWC4 data, are shown together with the LHAASO measurements. The dotted 
curve shows the leptonic model of radiation, assuming an injection of electron/
positron pairs according to the pulsar’s spin-down behaviour, with a breaking 
index of 2 and an initial rotation period of 0.04 s. A fraction of 6% of the current 
spin-down power of the pulsar PSR J1907+0602 at a distance of 2.4 kpc is 
assumed to be converted to e± pairs to support the γ-ray emission. The injection 
spectrum of electrons is assumed to be N E E E( ) ∝ exp{−[ /(800 TeV)] }e

2
e
−1.75 .  

The solid curves correspond to the hadronic model of radiation. Two types of 
energy distributions are assumed for the parent proton population: (i) a single 
power-law spectrum of parent protons, N(E) ≈ E−1.85exp[−E/(380 TeV)] (thin solid 
curve); (ii) a broken power-law spectrum with an exponential cutoff of parent 
protons, with indices 1.2 and 2.7 below and above 25 TeV, respectively, and a 
cutoff energy of 1.3 PeV (thick solid curve). In the inset sky map, the black 
diamond shows the position of PSR J1907+0602, the black contours correspond 
to the location of supernova remnant SNR G40.5-0.5 and the white circle is the 
position and size of HESS J1908+063. The cyan regions are the dense clumps 
described in Methods. The average density in the whole γ-ray emission region is 
estimated to be about 10 cm−3. γ-ray absorption due to photon–photon pair 
production (see Methods) is taken into account in the theoretical curve.

LHAASO Collaboration, Nature, 594, 33-36 (2021)Tibet AS ! Collaboration, PRL 126, 141101 (2021)

LHAASO Collaboration Sci. Bull. 69, 449 (2024)
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declination (dec.) = 41.51° ± 0.04°), which is a slightly extended 
source with a Gaussian width of 0.27° and is possibly associated 
with the PWN TeV J2032+4130 (refs. 12,13), and HAWC J2030+409, 
which is a very-high-energy counterpart of the GeV Cygnus 
Cocoon10 (Methods). The region after subtraction of HAWC 
J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni) is shown  
in Fig. 1b.

HAWC J2030+409 contributes ~90% to the total flux detected 
at the ROI and is detected with a test statistic (equation (1), likeli-
hood ratio test), TS, of 195.2 at the position RA = 307.65° ± 0.30°, 
dec. = 40.93° ± 0.26°. The extension is well described by a 
Gaussian profile with a width of 2.13° ± 0.15° (stat.) ± 0.06° (syst.). 
The location and the Gaussian width of the source are consistent 
with the measurements by Fermi-LAT from above 1 GeV to a few 
hundred GeV.

The spectral energy distribution of the Cygnus Cocoon 
has been extended from 10 TeV in the previously published  
measurement by the ARGO observatory14 to 200 TeV in this 
analysis. The measurement above 0.75 TeV can be described 
by a power-law spectrum E/�E& = /

�

(&�&
�

)Γ , with 
E0 = 4.2 TeV being the pivot energy. The flux normalization is 
/

�

= ���

+���

−���

(TUBU�)+����

−����

(TZTU�)×10−13 cm−2 s−1 TeV−1 and the spec-
tral index is Γ = −����

+����

−����

(TUBU�)+����

−����

(TZTU�). The flux is compat-
ible with an extrapolation from the Fermi-LAT measurement at 
1–300 GeV (refs. 10,15). Compared to Γ = −2.1 in the Fermi-LAT GeV 
data, a significant softening of the energy spectral density is evident 
at a few TeV in the ARGO data14 and persists beyond 100 TeV in the 
HAWC data (Fig. 2a).

GeV γ rays observed by Fermi-LAT can be produced either by 
high-energy protons interacting with gas or by high-energy elec-
trons upscattering stellar radiation and dust emission10. Above a few 
TeV, the inverse-Compton process between relativistic electrons 
and stellar photons is suppressed by the Klein–Nishina effect. If 
produced by electrons, the γ-ray emission is therefore not expected 

to be peaked toward the stellar clusters, but rather trace the dif-
fuse dust emission across the entire Cocoon. This adds difficulty to 
the task of distinguishing the leptonic and hadronic origins of the 
γ-ray radiation. The measurements of the Cygnus Cocoon emission 
above 10 TeV break the degeneracy of the two origins. As shown 
in Extended Data Fig. 1, we find it unlikely that a single electron 
population produces γ rays from GeV to the highest energy by 
inverse-Compton emission without its synchrotron radiation vio-
lating the flux constraints posed by radio16 and X-ray17 observations. 
The leptonic origin of the γ-ray radiation by the Cygnus Cocoon is 
therefore disfavoured as uniquely responsible for the observed GeV 
and TeV flux.

The cosmic ray energy density above a proton energy of 10 TeV 
is calculated for four annuli up to 55 pc from Cyg OB2 (Fig. 2b). We 
find that the cosmic ray energy density in all spatial bins is larger 
than the local cosmic ray energy density of 10−3 eV cm−3 based on 
Alpha Magnetic Spectrometer measurements18. Therefore, as for the 
GeV γ rays10, TeV γ rays come from the freshly accelerated cosmic 
rays inside the Cygnus Cocoon, rather than from the older Galactic 
population.

The radial profile of the cosmic ray density yields information 
on the mechanism that accelerates particles in the Cygnus Cocoon. 
Assuming that a cosmic ray accelerator has been active in the cen-
tre of the region at a radius of r = 0, roughly at the location of Cyg 
OB2, a 1/r dependence of the cosmic ray density would imply that 
the acceleration process has continuously injected particles in the 
region for 1–7 Myr. A continuous acceleration process, which can-
not be guaranteed by a single supernova explosion event, could be 
produced by the combined and long-lasting effect of multiple pow-
erful star winds. Conversely, a constant radial profile would imply a 
recent (< 0.1 Myr) burst-like injection of cosmic rays, such as from a 
supernova explosion event. Although the measured cosmic ray pro-
file seems to agree with a 1/r dependence, a constant profile, namely 
a burst-like injection, cannot be excluded. This is in contrast to the 
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Fig. 1 | Significance map of the Cocoon region before and after subtraction of the known sources at the region. a, Significance map of the Cocoon region. 
The map is in Galactic coordinates, where b and l refer to latitude and longitude, respectively. It is produced as described in ref. 11. The blue contours are 
four annuli centred at the OB2 association as listed in Supplementary Table 1. The green contour is the ROI used for the study, which masks the bright 
source 2HWC J2019+367. b, Significance map of the Cocoon region after subtracting HAWC J2031+415 (PWN) and 2HWC J2020+403 (γ Cygni). The 
light-blue, medium-blue and dark-blue dashed lines are contours for 0.16, 0.24 and 0.32 photons per 0.1°!×!0.1° spatial bin, respectively, from Fermi-LAT 
Cocoon10. Both maps are made assuming a 0.5° extended disk source and a spectral index of −2.6 with 1,343 days of HAWC data.
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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.
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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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Southern Sky is ...

üVery rich in HE sources (~80 TeV sources2)
！Inaccessible by the current sub-PeV !-ray observatories

Equatorial plane

https://svs.gsfc.nasa.gov/14090
H.E.S.S. Collaboration, A&A 612, A1 (2018)

Equatorial planeNorth. Sky
(Tibet, HAWC, LHAASO)

South. sky

H.E.S.S. @ E > 1 TeV

Fermi-LAT GeV all sky1
(Galactic coordinates)

Galactic longitude (deg.)

13

2024/11/11 高エネルギー現象で探る宇宙の多様性IV



Southern Sky is ...
Equatorial plane Equatorial plane

Galactic longitude (deg.)

Many PeVatron candidates in the southern sky!!

1. https://svs.gsfc.nasa.gov/14090
2. H.E.S.S. Collaboration, Nature 531, 476 (2016)
3. 〃, A&A 653, A152 (2021)
4. 〃, A&A 666, A124 (2022)
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ALPACA experiment
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Chacaltaya, Bolivia
(16° 23’ S, 4740 m a.s.l.)
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Chacaltaya Observatory
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ALPACA site
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Airport La PazChacaltaya, Bolivia
(16°23ʼ S, 68°08ʼ W)

ALPACA site
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ALPACA detectors
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Surface Air Shower Array
(Coverage: 83,000 m2) 
§ 1 m2 scintillation detector (× 401)
§ Reconstruct the primary energy and arrival direction

2m

Underground Muon Detector Array 
(Total area: 3,600 m2)
§ 56 m2 / cells × 64 cells
§ Discriminate b/w gamma rays and cosmic rays  by 
counting the number of muons in showers

300 m
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258 m   Muon Detector  x  (16+48)  (3,700 m  )2

1 m   AS Detector  x  (97+304)  (82,800 m  )

Ver.1.0

2

M. Ohnishi

Gamma rays & Cosmic rays

Air shower ($, &, ')

300 m

ü Effective BGCR rejection (>99.9% @100TeV)
ü Angular resolution ~0.2o @100TeV 
ü Energy resolution ~20%  @100TeV



ALPAQUITA surface array
• Surface Air Shower Array
(Coverage: 18,450 m2) 

- 1 m2 scintillation detector (× 97)
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300 m
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Ver.1.0
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M. Ohnishi

Gamma rays & Cosmic rays

Air shower ($, &, ')

300 m

ü Air Shower Trigger Condition:
Any 4 detectors with > 0.7 particles within 600 ns
→ Air shower trigger rate: ~280 Hz
(Any 3 trigger has been implemented since June 
2024)

ü One MD construction starts in 2024 

E >100 TeV



ALPAQUITA in operation
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• Installation of 97 ground detectors completed in 2022.
• Full operation since April 2023.



ALPAQUITA Event Rate 
2023.04.07 ‒ 2024.04.30
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7 April 2023 - 30 April 2024
Total live time 310 days (x 0.935 DAQ dead time)
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Moon shadow by ALPAQUITA
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Expected line
assuming 1.1o resolution

Center position 0.3o westward

• Shadow of the moon is clearly detected at >8σ
• Evolution of the deficit depth suggests the angular 
resolution of 1.1 degree (mode energy = a few TeV)

2#
4#
6#
8#



ALPACA construction plan

2024/11/11
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Final design of muon detector
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Sensitivity to gamma-ray sources
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24 S. Kato et al.

Fig. 17 Sensitivity curve of ALPAQUITA (the thick black curve) for a gamma-ray point
source together with the energy spectra of the H.E.S.S. [26, 46] and HAWC [17] gamma-
ray sources that are in the ALPAQUITA field of view. The thick purple curve shows the
estimated sensitivity of ALPACA. The ALPACA curve is derived by scaling the sensitivity
curve of Tibet AS� [40] considering the ratio of the areas of these two experiments. Regard-
ing the energy spectra, di↵erent colors indicate di↵erent source species: supernova remnants
(SNR) in red, pulsar wind nebulae (PWN) in blue, composite SNRs (Composite) in green,
compact binary systems (Binary) in magenta and unidentified sources (UNID) in gray, re-
spectively. The Crab Nebula spectrum modeled by M. Amenomori et al. (2019) [14] is shown
in orange. Solid and dashed lines show observed and extrapolated regions, respectively. In
extrapolating the spectra, the attenuation of gamma rays due to the e+e� pair production
with the interstellar radiation field is not taken into consideration

10-14

10-13

10-12

10-11

10-10

 0.1  1  10  100  1000

In
t. 

Fl
ux

 x
 E

 (T
eV

 c
m

-2
 s

-1
)

Energy (TeV)

HEGRA Crab
Tibet AS+MD Crab

Galactic Center Diffuse
ALPACA (1yr 5σ)

Crab

GC

S.Kato et al., Experimental Astronomy (2021) 52:85-107

for Galactic Centerfor gamma-ray sources w/i F.O.V.

ALPACA 1yr5σ
ALPACA

ALPAQUITA 1yr5σ



Beyond sub-PeV
• Multi-readout PMT was developed to extend dynamic range
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Summary
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• Sub-PeV gamma-ray astronomy is started in the northern hemisphere by 
the Tibet air shower array, HAWC & LHAASO
• Results of the Tibet AS + MD arrays: 

- Sub-PeV !-rays from the Crab Nebula
- Galactic diffuse !-rays
- Observation of PeVatron candidates

• Next frontier, the southern sky, is explored by ALPACA
- Galactic center etc.

• Prototype ALPAQUITA is now in operation & obtained data are under analysis


