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Energy (PeV)
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4PeV → Rapid decrease 
of cosmic rays
Discovered in 1958

Galactic?
SNR, G.C.

Star forming?

Extragalactic??

10-2    10-1     1       101     102     103     104    105       

❖ Wide energy range

❖ Main component is proton
 
❖ Rate decreases to 1/100 

    when energy is 10 times higher

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

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

Introduction

Kulikov & Khristiansen
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Cosmic ray

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

Supernova
Remnant

Earth

PeVatrons
in past/present 
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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

PeVatrons
in past/present 

Cosmic rays interact with 
interstellar gas, and produce  rays

p + p → X’s + ± +  0 → 2

(-ray energy is ~10% of cosmic ray’s) → sub-PeV gamma rays
6

Earth



Air Shower

Tibet Air Shower Array

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

Present Performance
✓  # of detectors    0.5 m2 x 597

✓  Covering area         ~65,700 m2

✓  Angular resolution   ~0.5°@10TeV 

               ~0.2°@100TeV 

✓  Energy resolution    ~40%@10TeV 

               ~20%@100TeV 

→Observation of secondary (mainly e+/-,γ) in AS

   Primary energy : 2nd particle densities

      Primary direction : 2nd relative timings

/CR

7



Air Shower Reconstruction

circle size    ∝ log(# of detected particles) 
circle color  ∝ relative timing [ns]

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

Kawata+, Experimental Astronomy  44, 1 (2017)

Amenomori +, PRL  123, 051101 (2019)Gamma-ray candidate event

8

Lateral distribution
fitted by NKG func.

S50

EREC = 251 
TeV

+46
−43



Underground WC Muon Detectors
Measurement of # of  in AS→ ／CR discrimination

DATA: February 2014 -  May 2017 Live time: 719 days

~3400m2

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

egm

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m



✓ 4 pools, 16 units / pool

✓ 54 m2 in area ×1.5m in depth / unit

✓ 20”ΦPMT (HAMAMATSU R3600)

✓ Concrete pools + white Tyvek sheets

✓ 2.4m soil overburden (~515g/cm2 ~9X0)

→Succeeded in rejecting by >99.9% CR events 9
Basic idea: Sako et al., Astropart. Phys., 32, 177 (2009)



200TeV -ray

200TeV Cosmic ray (Noise)

electron・positron・muon

electron・positron・muon

Air shower

Enlarged view
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Cosmic ray or  rays
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→ Underground muon detectors
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-ray → poor muons

Muons can penetrate underground 

Gamma-Ray Selection

Simulated by COSMOS



Standard muon cut :    x −  → 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)

10TeV         100TeV

11



Gamma Survival ratio : 

 90% by MC sim (>100TeV)
CR Survival ratio : 

 ~0.1%(>100TeV)

Muon Number Distribution (Crab >100 TeV)

Observed # of muons 

# of muons at the cut value
R =

BG

 MC

-like CR-like

12

Data/MC Comparison
Crab Nebula

R < 1 → -like
R > 1 → CR-like



>10TeV >100TeV

Data vs MC

First Detection of Sub-PeV  ()

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

24  rays against 5.5 CR BGs

UHE -rays from the Crab Nebula (2019)

Other detected sources in 100 TeV region
✓ G106.3+2.7
✓ Cygnus OB1
✓ Cygnus OB2
✓ HESS J1843-033
✓ HESS J1849-000 

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

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

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

Max. Energy
450 TeV

13
Amenomori et al, ApJ, 954, 200 (2023)

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


No energy cutoff beyond 100 TeV

Amenomori+, PRL, 123, 051101,  (2019)

UHE -rays from the Crab Nebula (2019)

Thick curve：
   inverse Compton model 
   normalized to HEGRA data
       Aharonian+, ApJ, 614, 897 (2004)

14

UHE



Tight muon cut :    x −  → One order magnitude tighter than the Crab analysis

Muon Cut Condition (Tight) for Diffuse 

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

10TeV         100TeV

15



-ray-like event
                   Distribution

Blue points: 

  Experimental data

Red plus marks: 

  known Galactic TeV sources                           

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

16 events in |b| < 5o

Gamma-ray-like events 

after the tight muon cut

in the equatorial coordinates

(a) 100 < E(TeV) < 158

(b) 158 < E(TeV) < 398

(C) 398 < E(TeV) < 1000

16

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

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


Latitude Profile

5o bin width

1o bin width

Red points: 
experimental data across 
our FoV ( 22o <  l < 225o )
including source contribution

Gray shade histogram: 
Model by Lipari and Vernetto

1o bin width

6.6



Lipari & Vernetto, PRD 98, 043003 (2018) 

17

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

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.043003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.051101


✓No excess around known TeV sources

✓Event distribution is consistent with 

diffuse model

Correlation with known TeV Sources

Correlation between UHE -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)

✓ High-energy e+/− lose their energy quickly.

✓ Cosmic-ray protons can escape farther from the source.

Strong evidence for sub-PeV γ rays induced by cosmic rays 18



Inner Galaxy

Outer Galaxy

The measured fluxes are overall consistent 

with Lipari’s diffuse gamma model 

assuming the hadronic cosmic ray origin. 

   CR + ISM → X’s +  ... → 2

After excluding the contribution from the 

known TeV sources (within 0.5 degrees) 

listed in the TeV source catalog

Energy Spectrum of UHE Diffuse  Rays

Lipari & Vernetto, PRD 98, 043003 (2018) 

19

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

https://journals.aps.org/prd/abstract/10.1103/PhysRevD.98.043003
https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.051101


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)

Galactic Coordinates

Fang & Murase, 

ApJ, 919, 93 (2021)

20

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

https://journals.aps.org/prl/abstract/10.1103/PhysRevLett.123.051101
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F igur e 2. Comparison of intensit ies of γ rays from resolved sources (cold colors) and GDE (warm colors) in three sky regions

including (1) T ibet Regions A, (2) T ibet 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, respect ively. The total source flux is averaged

over the solid angle of the corresponding sky regions. For the GDE, the error bars of T ibet ASγ observat ions correspond to

1σ stat ist ical errors and those of the LHAASO flux points correspond to the quadrat ic sum of the stat ist ical and systemat ic

errors. In the last energy bin of the T ibet ASγ GDE flux, the fainter data points indicate the residual intensity aft er removing

the events relevant to Cygnus Cocoon (40%). In the T ibet 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 “ ident ified” and “ as-

sociated” source classes, yielding a total of 539 Galac-

t ic 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) Galact ic

center (‘GC’). For each source, we evaluate the di↵eren-

t ial 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-

t ial cuto↵. The errors of the fluxes include systemat ic

uncertaint ies associated with the detector e↵ect ive area

and Galact ic interstellar emission model.

2.2. Galactic Di↵use Emission

The GDE measurements by various air shower γ-ray

observatories are summarized in Table 2 and described

below.

A RGO-Y B J measured the GDE by subt ract ing 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 lat itude.

Faint sources were not masked but expected to con-

t ribute to 2.5%.

T ibet A Sγ detected the GDE at 5.9 σ by compar-

ing the number of γ-ray-like events from the on region,

defined as |b| < 10◦ , and the o↵ region, |b| > 20◦ .

By ident ifying γ-ray-like events within 0.5◦ of TeVCat

sources, Amenomori et al. (2021) concludes that the

fract ional source cont ribut ion 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 direct ions within ⇠ 0.5◦ of known sources. The er-

ror bars in the top panels of Figure 2 correspond to 1σ

stat ist ical error. In addit ion, a systemat ic error of 30%

is expected due to the uncertainty of absolute energy

scale (Amenomori et al. 2021).

LH A A SO detected the GDE from the inner and

outer GP at 29.1σ and 12.7σ (Cao et al. 2023a). Sources

detected by KM2A and addit ional known sources in

TeVCat are masked with a Gaussian width that is 2.5

t imes of the quadrat ic sum of the point spread func-

t ion (PSF) of the detector and the source extension.

The cont ribut ion from remaining resolved sources is es-

t imated to be< 10%. TheGDE flux of the inner Galaxy

measured by LHAASO is lower than that of T ibet ASγ

as a result of their more and larger source masks. In

addit ion, the innermost Galact ic disk at 15◦ . l . 90◦

and |b| . 1.5◦ is most ly masked in the study of Cao

et al. (2023a), which could have caused an underest i-

LHAASO Diffuse Gamma Rays

21

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

LHAASO flux is a few times lower than Tibet flux,
LHAASO conservatively masks most of region l±2o.
→ This discrepancy can be explained assuming   
     diffuse gamma ray latitude profile.

Region of Interest
±2o



The fo llow ing  scenar io  can  exp la in  the d if f erence: 
They ob serve had ron ic GDE, b u t in  the d if f eren t Ga lactic 
la titud ina l reg ions d ue to  their  d if f eren t m ask ing  schem es

In terp retation  o f  the Tib et &  LHAASO GDE Fluxes
° ° °

! ° ° ° =  3 , 2 , &  7  @  1 2 0 TeV, 2 2 0 TeV, &  5 3 0 TeV

*The d istr ib u tion  is In teg rated  over | l|  < 1 8 0°

: Tib et reg ion  A  (2 5°< l < 1 0 0°&  | b |  < 5°)

LHAAASO m ask ing  in  the inner Ga laxy1

sin (b )

GDE la titud ina l d istr ib u tion* b y Lip ar i &  Vernetto (2 0 1 8 )2

Using  the theo retica l p red iction ,

Flu x(| b | <5°) ÷Flux(2°<| b | <5°) ~  3

~  Tib et reg ion  A      ~  LH AASO inner Ga l. p lane

LH AASO m asks m ost o f  the reg ion  
w /i | b |  < 2°

11

1 . Cao  et a l., PRL 1 3 1 , 1 5 1 0 0 1  (2 0 2 3 )
2 . Lip ar i &  Vernetto , PRD 9 8 , 0 4 3 0 0 3  (2 0 1 8 )

Kato  et a l., sub m itted  to  Ap JL

22



1LHAASO Catalog and Tibet UHE Diffuse Events

23

Tibet Galactic diffuse gamma rays above 400 TeV: 
do NOT overlap with 1LHAASO UHE (>100 TeV) sources. 
* Expected # of accidental overlap = 0.9 events

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

Kato et al. ApJ, 961, L3 (2024)
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Tib et GDE f lu x
1 LH AASO(>1 0 0 TeV)+ Cyg nus Cocoon

1 2 1  TeV < 2 6 .9 % ±9 .9 %              < 2 4 .1 % ±9 .5 %  

2 2 0  TeV < 3 4 .8 % ±1 4 .0 %            < 2 7 .4 % ±1 1 .1 %  

5 3 4  TeV < 13.5% < 13.5%

Reg ion  A  
(2 5°<l<1 0 0°&  | b | <5°)

Reg ion  B 
(5 0°<l<2 0 0°&  | b | <5°)

Sou rce Con tr ib u tion  to  the Tib et GDE Flux @  >1 0 0 TeV

Source

Tibet GDE

Kato  et a l., sub m itted  to  Ap JL

24

Integral fluxes of 1LHAASO
sources (>100TeV) outside
the Tibet masked region.



IceCube Diffuse Neutrinos

25

IceCube Collaboration: Science, 380, 1338 (2023) 

IceCube  flux smoothly connects to the  flux estimated from 
the Tibet sub-PeV -ray flux, assuming 0 -model best-fit flux 
supporting cosmic-ray origin of Tibet sub-PeV galactic diffuse  rays. 

4.5 at Galactic plane

Comparison with Tibet diffuse -rays



12CO

✓ Spectrum extends beyond 100 TeV (HAWC, Tibet AS, LHAASO)
✓ Shell-type SNR near the pulsar (tage~10kyr?, d=800pc?)
✓ Extended -ray excess (EXT=0.24o±0.10o)
✓ -ray excess is coincident with the molecular clouds (MCs) and SNR, not pulsar

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

pulsar

Tibet AS

Amenomori et al., Nat. Astron (2021) 

PeVatron Candidate: SNR G106.3+2.7

26

Ep,cut = ~500 TeV

Wp = ~5 x 1047 erg

                  (>1GeV)



Hadronic

IC (Case A)

Synchrotron (Case A)

IC (Case B)

Synchrotron (Case B)

Hadronic

IC (Case A)

Synchrotron (Case A)

IC (Case B)

Synchrotron (Case B)

Modelling result -Tail-
10

Leptonic: Electrons of SNR-tail can reproduce the MAGIC spectrum 

but if assume gamma-ray > 10 TeV is only from tail, in tension.

Hadronic: PeV proton is not expected in middle-aged SNR (4ー10 kyr).

To reproduce the radio-X band, required different electron distribution from protons.

Sync.
IC

(CMB+IR)

π0

αe Ecut, e We (>1 GeV) B αp Ecut, p Wp (>1 GeV) Ngas

Leptonic 2.6
120 TeV

(1.2 PeV)
1.6 ×1047 erg  3 μG - - - -

Hadronic 2.5 35 TeV 2.0×1046 erg 10 μG 1.7 1 PeV 8.2×1045 erg 200 cm-3

Suzaku “West” 
(scaled with integrated region)

CGPS

[Pineault+

2000]

[Fujita+2021]

MAGIC: SNR G106.3+2.7

27

Hadronic

IC (Case A)

Synchrotron (Case A)

IC (Case B)

Synchrotron (Case B)

Hadronic

IC (Case A)

Synchrotron (Case A)

IC (Case B)

Synchrotron (Case B)

Modelling result -Tail-
10

Leptonic: Electrons of SNR-tail can reproduce the MAGIC spectrum 

but if assume gamma-ray > 10 TeV is only from tail, in tension.

Hadronic: PeV proton is not expected in middle-aged SNR (4ー10 kyr).

To reproduce the radio-X band, required different electron distribution from protons.

Sync.
IC

(CMB+IR)

π0

αe Ecut, e We (>1 GeV) B αp Ecut, p Wp (>1 GeV) Ngas

Leptonic 2.6
120 TeV

(1.2 PeV)
1.6 ×1047 erg  3 μG - - - -

Hadronic 2.5 35 TeV 2.0×1046 erg 10 μG 1.7 1 PeV 8.2×1045 erg 200 cm-3

Suzaku “West” 
(scaled with integrated region)

CGPS

[Pineault+

2000]

[Fujita+2021]

✓ HE emissions are consistent with Tibet AS

✓ SED for tail region favors hadronic model

Abe et al. (MAGIC Collab.), A&A, 671, 12 (2023)

Oka et al. (MAGIC Collab.), CTA workshop



PeVatron Candidate: HESS J1843-033

Candidate sources
✓ Shell-type SNR G28.6+0.1? or PSR J1844-00346?
✓ Extended -ray excess (EXT=0.34o±0.12o)
✓ -ray excess is coincident with the MCs
✓ 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)

28

(Tage=2.7kyr?, d=9.6kpc)



PeVatron Candidate: HESS J1849-000
Amenomori et al., ApJ, 954, 200 (2023)

29

✓ A middle-aged PWN
✓ -ray excess is coincident with the MCs

✓ Proton cutoff ~5 PeV

assuming the Hadronic model
Wp = ~1.1 x 1049 erg (>1TeV)

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

(Tage=42.9kyr, d=7kpc)



→ New field

Out of sight at Tibet

Projects in the Southern Hemisphere 

Go South!
(e.g., ALPACA [2024-25], Mega ALPACA, SWGO, CTA, …) & Neutrinos

30

>40 UHE sourcesUHE diffuse gamma rays



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

✓ Tibet AS experiment successfully observed Galactic diffuse gamma rays between 100 TeV 
and 1 PeV for the first time.

✓ Tibet UHE events (>400 TeV) do not originate from LHAASO UHE (>100 TeV) sources.
Possible source contribution from LHAASO UHE sources is less than 20-30%.

✓ IceCube diffuse neutrino flux smoothly connects to Tibet AS diffuse gamma-ray flux 
assuming 0 best-fit model supporting the cosmic-ray origin.

✓ Tibet AS experiment measured the energy spectra of a few PeVatron candidates 
associated with the molecular clouds.

Conclusions

These facts indicate strong evidence that cosmic rays are accelerated 
beyond PeV energies in our Galaxy and spread over the Galactic disk. 
→ Search for more PeVatron candidates! → Go South!
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Backup slides

32



Projects in the Southern Hemisphere 

Go South!
(e.g., ALPACA [2024-25], Mega ALPACA, SWGO, CTA, …) & Neutrinos

33

ALPAQUITA

Bolivia
Chacaltaya plateau
4740m a.s.l
(16o 23’ S, 68o 08’ W)

Moon Shadow

ALPAQUITA
ALPACA experiment

Kawata, et al, ICRC2023



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 → X’s +  ... → 2

→ Diffuse gamma-ray spectrum
depends on the CR composition

factor 1.5 – 2 difference@~600 TeV

PeV

PeV

Vernetto & Lipari (ICRC2021)
Diffuse gamma rays

PeV

Proton Helium

CRs interact with interstellar gas

(-ray energy has 10% of CRs)

Composition Dependence

4 ev / 10 ev from 
Cygnus cocoon (< 4o)
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Data Table
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Angular/Energy Resolutions

36



[I] / [ICR] ~3 x 10-5

CASA-MIA Observation

37

Borione et al., Astrophys. J. 493, 175 (1998)



Diffuse Model
Cosmic rays

Electrons+Positrons

Hadronic

Photon density

Compton

Knee

TeV region
Steep spectrum
CALET, DAMPE, HESS

10MeV – 10PeV gamma rays

Gas density

Lipari & Vernetto, PRD (2018) 

Model can reproduce global structure
(not considered of the local structures)
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✓This 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

Effects of GMF: Galactic trajectories of GCRs
lg(E/EeV) = 15.5 – 16.5

Figure from slide presented by A. Kääpä (Bergische 

Universität Wuppertal) at CRA2019 workshop

High-energy
cosmic rays

Interstellar
matter

High-energy
gamma rays

Radio (21cm) HI Map

Hartmann et al. (1997)

Dickey & Lockman (1990)
This Work

Cosmic Ray Pool × ISM
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Model can reproduce global structure
(not taken into account of local structure)

Reproducing Fermi-LAT Results

Lipari & Vernetto, PRD (2018) 
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Lipari & Vernetto, PRD (2018) 

Harder gamma-ray spectral index,
getting closer to the G.C. @12 GeV

Yang et al., Phys. Rev. D 93, 123007 (2016)

Space Dependence of CR Spectrum

41



Gamma Survival ratio : 

 30% by MC sim (>398TeV)
CR Survival ratio : 

 ~10-6 (>398TeV=102.6TeV)

Muon Number Distribution (>398 TeV)

Observed # of muons 

# of muons at the cut value
R =

BG

 MC
   ON region |b| < 10o

   BG region |b| > 20o

-like CR-like
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eHWC J1825-134 (PWN?)
 PSR J1826-1334
 PSR J1826-1256
 A few SNRs …

eHWC J1907+063 (PWN?)
 PSR J1907+0602
 SNR G40.5-0.5

Abeysekara et al., PRL, 124, 021102 (2020) 

eHWC J2019+368 (PWN?)

✓ Hard spectral index (~ -2)

✓ Extended morphology

How to Identify PeVatrons
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Amenomori et al., Nat. Astron (2021) 

PeVatron Candidate: SNR G106.3+2.7

Electron spectrum: =-2.3, Ecut=190TeV
Magnetic field: B=8.6G 
→ Cooling time sync=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 entire pulsar
lifetime. If the rest of the spin-down energy goes into the magnetic
field, the average magnetic 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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Tim Linden and Benjamin J. Buckman, PHYSICAL REVIEW LETTERS 120, 121101 (2018)

Pulsar Halo Model of Diffuse -Rays
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Data/MC Comparison

✓ AS generation: CORSIKA

✓ Hadronic int. model:
            EPOS-LHC + FLUKA

✓ Detectors:   GEANT4 

Reasonable agreement!

*Note: Cosmic-ray MC simulation is 

not used for the flux calculation or 

for any optimization of the analysis.

46

N

ErecZenith Angle

survival ratio 



IACTs

EAS Arrays

-ray
Satellites

X-ray 
Satellites

→ Hard spectral index (−2)
      beyond 100 TeV
      (+ Molecular Cloud)

Spectrum example
TeV J2032+4130

How to Identify PeVatrons
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• -ray beyond 100 TeV by Tibet, HAWC etc. in North,
                     ALPACA,  SWGO in south will come soon

• Spectral index   − in TeV by IACTs

• Coincident with molecular cloud observed by radio

•  cutoff around 70 MeV by -ray satellites

• Dark in X-ray observation

• Deep observation by IACTs to resolve sources

• Coincident with HE neutrino by IceCube

Multi-wavelength Multi-particle Observations

How to Identify PeVatrons
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Cyg. OB2

Cyg. OB1

PSR J2032+4127 

PSR J2021+3651

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

Cygnus OB1 & OB2 in the 100 TeV region
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15

Detection  o f  a  M o lecu lar Cloud

Distance-velocity m ap

2 0 , 3 0 , 4 0 , &  5 0  K  km  s-1

Contou rs (12CO)：

HESS J1 8 4 9 -0 0 0

PSR J1849-0001

ü 12 1

ü Assum ed  istance： 7  kp c2

ü In teg ration  o f  ve locity rang e o f  9 3 -1 0 0  km  s-1

= > b
-1 @  the w est o f  HESS J1 8 4 9 -0 0 0

ü Overlap  b /w  γ-ray em ission  &  cloud

ü Gas d ensity： np  =  Xco Tm b / R ~  7 0  cm -3 ( X co =  2×1 0 20 cm -2 (K  km  s-1 )-1  )3

= > Can  p rovid e the g as d ensity o f  ≳ -3

1 . Um em oto+ , PASJ 6 9 , 5  (2 0 1 7 )
2 . Gotthe lf + , Ap JL 7 2 9 , L1 6  (2 0 1 1 )
3 . Bo la tto+ , Ann . Rev. Astron . Astrop hys 5 1 , 2 0 7  (2 0 1 3 )

50

Molecular Cloud around HESS J1849-000
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Adiabatic Compression for HESS J1849-000 



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 J1843.8-0352’s radius (X-rays): σmean = 0.075o (4.5’)4)

TASG J1844-038’s 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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TASG J1844-038 



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),

𝜏diff 𝑅TASG, 𝐸CR > 250 TeV ≲ 2.0 kyr &

𝜏diff 𝑅HESS, 𝐸CR ≃ 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 SNR’s age

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

SNR G28.6-
0.1

TASG
(E > 25 
TeV)

MC overlap

HESS J1843-033

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

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

ー 𝑒±  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,

      𝜏diff ⋍ 8 kyr

ー Cooling time of 𝑒±  by sync. & ISC5): 𝜏cool ⋍ 11 kyr

      => 𝜏diff < 𝜏cool & 𝜏diff < 𝜏c 

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

ー P = 113 ms, τc = 12 kyr & ሶ𝐸 = 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)

ሶ𝐸 v.s. Luminosity for PWNe4)

★: PSR J1844-0346 
&   

     HESS J1843-033

★

ሶ𝐸 (erg s−1)
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Moon Shadow as a Calibration Source

✓Absolute Energy Scale
- Energy dependence of 

   E-W displacement

✓Pointing Accuracy
 - N-S displacement

✓Angular Resolution
- Deficit Shape

✓Detector Stability
- Temporal variation

✓Anti-P / P Ratio
- Opposite-side deficit 
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Moon Shadow as a Calibration Source

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

✓ Tibet AS experiment first time utilized the Moon shadow as the 
absolute energy calibration.
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Crab Nebula

57

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

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


Sou rce Con tr ib u tion  to  the Tib et GDE Flux @  > 1 0 0 TeV

8

Tib et GDE (>1 0 0 TeV, 2 5°< l < 1 0 0°)
LHAASO src. (>2 5 TeV)
LHAASO GDE (1 0 TeV<E<1 PeV, 1 5° < l < 1 2 5°)

Fang  &  M u rase (2 0 2 3 )

Questions:

Sig n if ican t con tr ib u tion  to  Tib et GDE f rom  LHAASO src.s?

Tib et GDE / LHAASO GDE ~  5  @  1 0 0 TeV. H ow  to  exp la in  it?

Sub -PeV 1 LHAASO sou rces &  Tib et GDE m asked  reg ions
LHAASO GDE m asked  reg ions

(1 5° < l < 1 2 5°)

Tib et m asked  reg ions shou ld  b e consid ered
to  p rop er ly accoun t f o r the sou rce con tr ib u tion

LH AASO m asked  reg ion  shou ld  b e consid ered  
to  d iscuss Tib et GDE / LHAASO GDE ~  5
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