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Cosmic-ray Energy (PeV)
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4PeVĄ Rapid decrease 
of cosmic rays: Knee
Discovered in 1958

Galactic?
Supernova 
explosions?

Extragalactic??
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×Wide energy range

× Main component is proton

× Rate decreases to 1/1000 
when energy is 10 times higher

Cosmic Ray Rate & Energies

As an open question,
5ƛŘκ5ƻ άPeVatronsέ  ǊŜŀƭƭȅ 
exist in our Galaxy?

PeVatron: Cosmic superaccelerators
acceleratingcosmic rays up to PeV 
energies



EarthCosmic rays interact with 
interstellar gas, and produceg rays

p + p ĄXôs + p˶ + p0
Ą 2g

(g- ray energy is ¤10% of cosmic ray s) 5

Cosmic ray

PeV cosmic ray

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

Supernova
Remnant



̐ The Tibet ASgexperiment
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Tibet Air Shower Array
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ÅSite: Tibet (90.522
o
E, 30.102oN) 4,300 m a.s.l.

Present Performance
Å # of detectors 0.5 m2 x 597
ÅEffective area ~65,700 m 2

ÅAngular resolution ~0.5̃@10TeV
~0.2̃@100TeV

ÅEnergy resolution ~40%@10TeV  g
~20%@100TeV g

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



Underground Water Cherenkov 
Muon detectors

Measurement of # of min ASĄ g̠ CRdiscrimination

5!¢!Υ CŜōǊǳŀǊȅΣ нлмп πaŀȅΣ нлмт [ƛǾŜ ǘƛƳŜΥ тмф Řŀȅǎ

~3400m 2

V 2.4m underground (~515g/cm 2 ~9X0)

V 4 pools, 16 units / pool

V 7.35m˷7.35m˷1.5m deep (water)

V 20ºјPMT (HAMAMATSU R3600)

V Concrete pools + white Tyvek sheets

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

egm

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m

Basic idea: T. K. Sako+, Astropart. Phys. 32, 177 (2009) 
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Correlation Between Solar Activity and 

the Sunôs Shadow Observed by  

the Tibet Air Shower Array 

Kazumasa Kawata 

ICRR, University of Tokyo, Japan 

For the Tibet AS  Collaboration 

3 2 nd ICRC, A ug.ust  1 7 ,  Beijing 1 



̐ First detection of UHE (>100 TeV)
grays
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Ҕмл¢Ŝ±

>100TeV

Data vs MC

Gamma -ray Emission from Crab

First detection of sub-PeVg (5.6s)

UHE g-ray astronomy started!
11

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

Correlation Between Solar Activity and 

the Sunôs Shadow Observed by  

the Tibet Air Shower Array 

Kazumasa Kawata 

ICRR, University of Tokyo, Japan 

For the Tibet AS  Collaboration 

3 2 nd ICRC, A ug.ust  1 7 ,  Beijing 1 

24 grays against 5.5 CR BGs
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Energy spectrum (Crab)

Thick curveʿ the expected flux by the inverse Compton model 
normalized to HEGRA  data Aharonian+, ApJ, 614, 897 (2004)

Amenomoriet al., PRL (2019)

The highest energy g ~450 TeV

Correlation Between Solar Activity and 

the Sunôs Shadow Observed by  

the Tibet Air Shower Array 

Kazumasa Kawata 

ICRR, University of Tokyo, Japan 

For the Tibet AS  Collaboration 

3 2 nd ICRC, A ug.ust  1 7 ,  Beijing 1 

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



̐ Sub-PeV diffuse grays 
from the Milky Way galaxy
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мп

CR MC
vs.

DATA

Reasonable 
agreement!

SNm

Erec

O(10-6)
>0.398

PeV

Zenith 
angle

ǎǳǊǾƛǾŀƭ 
Ǌŀǘƛƻ |b|>20 o|b|>20 o

Amenomori+., PRL 126, 141101,(2021) 



Event Distribution
>100 TeV(Fig.1)
Tight muon cut
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Blue points:
Tibet AS +MD
(Circle size Ӓ Energy)

Red plus marks:
TeVsources
(TeVCatcatalog)

ҔлΦофу tŜ±όмлнΦс¢Ŝ±ύ
оу ŜǾŜƴǘǎ ƛƴ ƻǳǊ Cƻ±

Equatorial coordinates

Amenomori+., PRL 126, 141101,(2021) 

ĄNot from known TeVsources!
& No signal > 10 TeVaround them

100 ς158 TeV

158 ς398 TeV

398 ς1000 TeV



16

5ƛǎǘǊƛōǳǘƛƻƴ ƻŦ ŘƛǎǘŀƴŎŜ ǘƻ ǘƘŜ ŎƭƻǎŜǎǘ ¢Ŝ±
ǎƻǳǊŎŜ όŘŜƎύ ŦƻǊ ŜǾŜƴǘǎ Ҕ лΦофу tŜ±

Surprisingly, no peak around 0 -> no correlation with known TeVsources!

Diffuse Model: Lipari & Vernetto, PRD 98, 143003, (2018) 

Amenomori+., PRL 126, 141101,(2021) 
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Number of sub-PeVevents observed by Tibet 
AS+MD array in the direction of galactic plane
Highest gamma-ray energy = 0.957 (+ 0.166 - 0.141) PeV

(Eres ~ 10 % around 400 TeV& energy scale uncertainty ~13% in quadrature)

Amenomori+., PRL 126, 141101,(2021) 



18

Galactic latitude distributions

-40o 0                 40o

#  of ev

#  of ev

І  ƻŦ ŜǾ Shaded Histograms: Model shape 

normalized to DATA (|b|<5o)|

Model: Lipari & Vernetto, 

PRD 98, 143003, (2018) 

Amenomori+., PRL 126, 141101,(2021) 



Energy Spectrum
(Fig.4)
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Inner Galaxy

Outer Galaxy

The measured fluxes are 
ǊŜŀǎƻƴŀōƭȅ ŎƻƴǎƛǎǘŜƴǘ ǿƛǘƘ [ƛǇŀǊƛΩǎ 
galactic diffuse gamma-ray model 
assuming the hadronic cosmic-ray 
origin. 

!ŦǘŜǊŜȄŎƭǳŘƛƴƎǘƘŜŎƻƴǘǊƛōǳǘƛƻƴ
ŦǊƻƳǘƘŜƪƴƻǿƴ¢Ŝ±ǎƻǳǊŎŜǎ
όǿƛǘƘƛƴлΦрƻƛƴǊŀŘƛǳǎύƭƛǎǘŜŘƛƴ
ǘƘŜ¢Ŝ±ǎƻǳǊŎŜŎŀǘŀƭƻƎ
(~мо҈ǘƻǘƘŜŘƛŦŦǳǎŜŦƭǳȄΣōǳǘƴƻ
ŎƻƴǘŀƳƛƴŀǘƛƻƴǘƻŜǾŜƴǘǎҔлΦофу
tŜ±ύ

Models: Lipari & Vernetto, PRD 98, 143003, (2018) 
4 ev / 10 ev from 

Cygnus cocoon (< 4o)

Amenomori+., PRL 126, 141101,(2021) 



Cygnus Cocoon Region
We found 4 events in the circle with radius 4o

HAWC map

Abeysekara et al., Nature Astronomy (2021)

V Star forming region (Cyg. OB2)
V pлdecay model (pл  shoulder)
V Spectral softening >10 TeV
ĄCRs escape from the source
a long time ago?

V Spectrum extends up to PeV?

398 < E (TeV) <1000

Fang & Murase, 

ApJ, 919, 93 (2021)

Tibet

20

Tibet

Amenomoriet al., PRL (2021)
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/ƻǎƳƛŎπǊŀȅ ǎǇŜŎǘǊǳƳ

Electron/Positron

Diffuse g-
ray Model

Interstellar gas density 

Hadronic

Photon fields

IC

YƴŜŜ

Steep spectrum
in TeVregion

Lipari & Vernetto, 

PRD (2018) 

Diffuse e origin: negligible!



Strong evidence for sub-PeV grays induced by cosmic rays

Electron origin? vs Proton origin?

VGamma rays are coming isolated from known gamma-ray sources.
Ą Electrons lose their energy quickly, so they should stay near the object.
Ą Protons don't lose energy and can escape farther from the object.

0.398 ²0.957 PeV 
gamma rays

DŀƭŀŎǘƛŎ ŎƻƻǊŘƛƴŀǘŜǎ

22



V This is the first evidence for existence of PeVatrons, in the past and/or present 
Galaxy, which accelerate protons up to the Peta electron volt (PeV) region.

Scientific Interpretation
0.398 ²0.957 PeV 

gamma rays
Galactic coordinates

23



VThis work proves a theoretical model that cosmic rays produced by
PeVatrons are trapped in the Galactic magnetic field for a long time
forminga pool of cosmicrays.

Alex K p 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. Kªªpª(Bergische

Universitªt 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

Scientific Interpretation
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Extraction of  Resolved Sources

Region:

Inner Galactic Plane
(25 <ὰὰ<100 )

R < 2 p.s.f 2 + „„ὩὩὩὩ ὩὩ
2Masked radius

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

LHAASO Experiment (ICRC2021)
Spectra Energy Distr ibution

ññ 25 <ὰὰ<100
Single Power-law

LHAASO-KM2A Observation 

KM2A(1/2 Array) Detectors Distr ibutionKM2A(Half-Array) Data:

2019/12/27 ~ 2020/11/30

(Z. Cao, 2014)

Data: 2019/12/27 ~ 2020/11/30 

Tibet

LHAASO

Subtracted gamma -ray sources

400,000 m2

Galactic diffuse g- ray

S. P. Zhao ICRC2021

нр

Extraction of  Resolved Sources

Region:

Inner Galactic Plane
(25 <ὰὰ<100 )

R < 2 p.s.f 2 + „„ὩὩὩὩ ὩὩ
2Masked radius

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



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 

Composition Dependence (ICRC2021)

CR + ISM Ą Xôs + p0... Ą 2g

ĄDiffuse gamma-ray spectrum
depends on the CR composition

factor 1.5 ²2 difference
@ ~600 TeV

PeV

tŜ±

Vernetto& Lipari (ICRC2021)
Diffuse gamma rays

PeV

Proton Helium

26

CRs interact with interstellar gas

(g-ray energy has 10% of CRs)



̐Recent Progress
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History of sub-PeVgamma-ray observation by the Tibet ASgExperiment

1. Crab: Amenomoriet al., PRL 123, 051101 (2019) This talk

2. SNR G106.3+2.7: Amenomoriet al., Nature Astrnomy5, 460 (2021)

3. Galactic Diffuse:  Amenomoriet al., PRL 126, 241101 (2021) This talk

4. TASG J2032+414 (Cygnus OB2) & TASG J2019+368 (Cygnus OB1) :
Amenomoriet al., PRL 127, 031002 (2021)

5. TASG J1844-038: Amenomoriet al., ApJ932, 120 (2022)  This talk
-> Recent Progress 

Correlation Between Solar Activity and 

the Sunôs Shadow Observed by  

the Tibet Air Shower Array 

Kazumasa Kawata 

ICRR, University of Tokyo, Japan 

For the Tibet AS  Collaboration 

3 2 nd ICRC, A ug.ust  1 7 ,  Beijing 1 



HESS J1843-033: Unidentified TeV gamma -ray source
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1) Hoppe, Proc. of ICRC 2007 (2008)
2) H.E.S.S. collaboration, A&A 612, A1 (2018)
3) Abeysekara et al., PRL 124, 021102 (2020)
4) Cao et al., Nature, 594, 3 (2021)

ʾNearby gamma-ray sources: 

eHWC J1842-0353) in E > 56 TeV & 

LHAASO J1843-03384) @ E = 100 TeV

ʾ Gamma-ray emission mechanism is not known

ʾ Energy spectrum is not measured above 30 TeV

HAWC TS map above E > 56 TeV 3)

ὰЈ

1, 2)



Results (1): Source detection : TASG J1844-038

Significance map 
w/ PSF smoothing

30

Preliminary

ʾSource center in the J2000 coordinates : 

ʾLi & Ma1)signi°cance: 6.2ѭ(E > 25 TeV)

1) Li & Ma, ApJ 272, 317 (1983)

Positionally consistent
w/ TASG J1844-038

NOT likely associated

ʾUsed data: 2014 Feb to 2017 May 
(719 live days)

Black cross & circle:
TASG center w/ errors
& src. extension

Smoothed w/ PSF

Amenomoriet al., ApJ932, 120 (2022)



Results (2): Ѱ2 distribution of the TASG J1844-038 region

31

Ѱ2: The square of the angle between the source center and incoming direction of events

1) H.E.S.S. collaboration , A&A 612, A1 (2018)
2) Abeysekara et al., PRL 124, 021102 (2020)

(point src )

The extension is consistent with 

HESS J1843-0331): 0.24 ˶ 0.06̃ (E > 400 GeV) &

eHWC J1842-0352): 0.39˶ 0.09̃ (E > 56 TeV).

ÝSource extension: ѭext= 0.34̃ ˶ 0.12̃

(ѱ2 / d.o.f. = 39.5 / 38)

where ѭpsf = 0.28̃: PSF radius and

Nbg = 29.4 : # of BG.

Amenomori et al., ApJ 932, 120 (2022)
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where ὔ σȢυχπȢςφ ρπ 4Å6ÃÍ Ó ,

ɜ ςȢπςπȢπφ& Ὁ τωȢυ ωȢπ4Å6…ȾÄȢÏȢÆȢ ρπȢτȾψ.

PL °t to this work:
(Dashed black line 25 TeV< E < 130 TeV)

Äὔ

ÄὉ
ωȢχπρȢψω ρπ

Ὁ

τπ4Å6

Ȣ Ȣ

4Å6ÃÍ Ó

…ȾÄȢÏȢÆȢ ςȢρȾς

E (TeV)

HESS J1843-0331)

This work (TASG J1844 -038, arrows show 95% ULs)

eHWC J1842-0352)

LHAASO J1843 -03383)

Results (3): Energy spectrum

ECPL fit to HESS, LHAASO & this work:
(Dotted magenta curve)

1) H.E.S.S. collaboration, A&A 612, A1 (2018)
2) Abeysekara et al., PRL 124, 021102 (2020) 

(diff. flux is calculated assuming ц=2.7)
3) Cao et al., Nature, 594, 3 (2021)

Amenomori et al., ApJ 932, 120 (2022)
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Discussion: Association of TASG J1844-038 with nearby objects

Solid white line: extension of TASG J1844 -038
Dashed line: positional uncertainty (68% C.L.)

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

1) Umemoto et al., PASJ 69, 78 (2017)

TASG
(E > 25 

TeV)
Star- forming region

Amenomoriet al., ApJ932, 120 (2022)



Discussion (1): Association of TASG J1844-038 w/ SNR G28.6-0.1 (1)
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˵ Nonthermal r adio1) & X-rays2) by electron synchrotron radiation
˵ Shell- type SNR2)

˵ Distance: 9.60.3 kpc3)

˵ Age: 2.7 kyr2) or 19 kyr3)

SNR G28.6-0.1

AX J1843.8-0352 s radius (X-rays): ѭmean = 4.5 4)

TASG J1844-038 s radius: ѭ = 0.34Ј 0.12Ј

Discrepancy in their extensions at the 2.3 ѭ level
=> Contribution of gamma rays of hadronic origin ?

(CR interaction w/ ambient molecular clouds ?)

1)Helfand et al., ApJ341, 151 (1989)
2)Bamba et al., PASJ 53, L21 (2001)
3)Ranasinghe& Leahy, MNRAS 477, 2243 (2018)
4)Uenoet al., ApJ588, 338 (2003)

AX J1843.8-0382) (X-rays)
Contour: radio emission 1)


