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with the Tibet air shower array and its muon detector array

Kato Sei (ICRR, Univ. of Tokyo)
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Sub-PeV Gamma-Ray Astronomy

SNR G106.3+2.7 (E >10 TeV)!
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Diffuse gamma rays (E > 400 TeV)?

v' Catalog of several tens of sub-PeV gamma-ray sources
v' Sub-PeV Galactic diffuse gamma rays
=> PeVatrons somewhere in the Galaxy, but
Where? Which is a PeVatron? How many PeVatrons?
=> Detailed studies of individual sources would be crucial




Studied Source : HESS J1843-033 & HESS J1849-000

1. H.E.S.S. Collaboration, A&A 612, A1 (2018)
2. Abeysekara+, PRL 124, 021102 (2020)
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v' Unidentified y-ray source w/ complex morphology! v' Middle aged PWN!4
v IntF(> 1TeV) ~3x1012cm2s! & [ ~ 2.2 vV IntF(> 1TeV) ~6x10183cm2s! & [ ~ 2.0
v Nearby HAWC (>56TeV)2 & LHAASO (>100TeV)3src.s v Nearby HAWC? & LHAASOS src.s



Tibet Air Shower Array (AS array)
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Scintillation counter (0.5m?2)

e Ly
\ Plastic scintillator

Yanbgajing, China (90.522°E, 30.102°N) 4,300 m a.s.l.

v' Operating since 1991

Air shower
\ \ v AS array 65,700 m?

' \ - 597 x 0.5 m? scintillation counter

\ N - Energy & direction reconstruction
‘ﬂlilllm*‘ " v Angular resolution : ~0.2° @ 100TeV ,

egw " o v" Energy resolution : ~20% @ 100TeV r

Scintillation light
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Underground Muon Detector Array (MD Array)
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Many muons

(~100u)

Rejection power for background CRs : >99.9% @ E > 100TeV
y -ray survival ratio : ~ 90% @ » 5



Tibet ASy Collaboration

*
W .
*

M. Amenomori!, Y. W. Bao?, X. J. Bi3, D. Chen?*, T. L. Chen’, W. Y. Chen’, Xu Chen*, Y. Chen?, Cirennima’,
S. W. Cuib, Danzengluobu?, L. K. Ding3, J. H. Fang?’, K. Fang?, C. F. Feng®, Zhaoyang Feng?, Z. Y. Feng®, Qi Gao°,
Q. B. Gou?, Y. Q. Guo®, Y. Y. Guo®, Y. Hayashi!?, H. H. He?, Z. T. He®, K. Hibino!!, N. Hotta!?, Haibing Hu>, H. B. Hu?, K. Y. Hu?7,
J. Huang?, H. Y. Jia’, L. Jiang?, P. Jiang* H. B. Jin* K. Kasahara'’, Y. Katayose'4, C. Kato!?, S. Kato!>, I. Kawahara'4,
T. Kawashima!?, K. Kawatal®>, M. Kozai!¢, Labaciren’, G. M. Lel7, A. F. Li3%-18, H. J. Li>, W. J. Li®10, Y. Li4,

Y. H. Lin?®’, B. Liu!®, C. Liu?, J. S. Liv?, L. Y. Liu*, M. Y. Liv’, W. Liu3, H. Lu?, T. Makishima!4, Y. Masuda!®, S. Matsuhashi!4,
M. Matsumoto!?, X. R. Meng’, Y. Meng?’, A. Mizuno!>, K. Munakata!®, Y. Nakamura!>, H. Nanjo!, C. C. Ning>, M. Nishizawa?’,
R. Noguchi'4, M. Ohnishi’>, S. Okukawa'4, S. Ozawa?!, X. Qian* X. L. Qian??, X. B. Qu?3, T. Saito?*, M. Sakata®, T. Sako!>,

T. K. Sako!®, T. Sasaki'l, J. Shao®°, T. Shibasaki?®, M. Shibata!4, A. Shiomi?%, H. Sugimoto?’, W. Takano'!, M. Takita!>, Y. H. Tan’,
N. Tateyama'l, S. Torii?®, H. Tsuchiya?®, S. Udo!!, R. Usui'4, H. Wang?, S. F. Wang>, Y. P. Wang>, Wangdui’, H. R. Wu3, Q. Wu>,
J. L. Xu*, L. Xue?, Z. Yang?, Y. Q. Yao?4, J. Yin*, Y. Yokoe'>, Y. L. Yu*7, A. F. Yuan®, L. M. Zhai*, H. M. Zhang?, J. L. Zhang?,
X. Zhang?, X. Y. Zhang®, Y. Zhang?, Yi Zhang?®, Ying Zhang?, S. P. Zhao?, Zhaxisangzhu’, X. X. Zhou® and Y. H. Zou?’

1 Department of Physics, Hirosaki Univ., Japan.

2 School of Astronomy and Space Science, Nanjing Univ., China.

3 Key Laboratory of Particle Astrophysics, Institute of High Energy Physics,
CAS, China.

4 National Astronomical Observatories, CAS, China.

5 Department of Mathematics and Physics, Tibet Univ., China.

6 Department of Physics, Hebei Normal Univ., China.

7 Univ. of Chinese Academy of Sciences, China.

8 Institute of Frontier and Interdisciplinary Science and Key Laboratory of
Particle Physics and Particle Irradiation (MOE), Shandong Univ., China.

9 Institute of Modern Physics, SouthWest Jiaotong Univ., China.

10 Department of Physics, Shinshu Univ., Japan.

11 Faculty of Engineering, Kanagawa Univ., Japan.

12 Faculty of Education, Utsunomiya Univ., Japan.

13 Faculty of Systems Engineering, Shibaura Institute of Technology, Japan.
14 Faculty of Engineering, Yokohama National Univ., Japan.

15 Institute for Cosmic Ray Research, Univ. of Tokyo, Japan.

16 Polar Environment Data Science Center, Joint Support-Center for Data
Science Research, Research Organization of Information and Systems, Japan.
17 National Center for Space Weather, China Meteorological Administration,
China.

18 School of Information Science and Engineering, Shandong Agriculture
Univ., China.

19 Department of Astronomy, School of Physical Sciences, Univ. of Science
and Technology of China, China.

20 National Institute of Informatics, Japan.

21 National Institute of Information and Communications Technology, Japan.
22 Department of Mechanical and Electrical Engineering, Shangdong
Management Univ., China.

23 College of Science, China Univ. of Petroleum, China.

24 Tokyo Metropolitan College of Industrial Technology, Japan.

25 Department of Physics, Konan Univ., Japan.

26 College of Industrial Technology, Nihon Univ., Japan.

27 Shonan Institute of Technology, Japan.

28 Research Institute for Science and Engineering, Waseda Univ., Japan.

29 Japan Atomic Energy Agency, TJapan.

30 Key Laboratory of Dark Matter and Space Astronomy, Purple Mountain
Observatory, CAS, China.



Study of the HESS J1843-033 region

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



Detection of a New r-Ray Source TASG J1844-038

v’ 6.20 detection @ E > 25 TeV

v' Centroid (2DML w/ a Gaussian template) :
(a, 6) —_ (28] 09°iO] OoStat! -3.76°i0.0903tat)

v Positionally consistent w/ HESS J1843-033,
eHWC J1842-035, & LHAASO J1843-0338

v Extension : 0.34° £ 0.12°
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Significance map
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Energy Speotrum

E2dN/dE (TeV cm? s™)

10 11
: 1st measurement in 25TeV<E<130TeV

Power-law function fits well

107 Smooth connection to HESS, eHWC &
LHAASO sources
=> They have common origin?

1o Cutoff in E., = 50TeV?

10-14 : L1 i iiii1lo i i iii‘i“I)2

Energy (TeV)
dN . —-3.2610.30 . , .
P -| fit : — = (9.70 + 1. X100~ (—) TeV™ —4g” 2/d.o.f.= 2.
ower-law fi 15 (9.70 + 1.89)x10 20 ToV eV cm™“s (x?*/d.o.f.= 2.1/2)

(25TeV < E < 130TeV)
—2.021+0.06

dN E
PL + exp.cuoff ' — = (3,57 +0.26)x10~ 12 (—) ex (—
(HESS, LHAASO, TASG, dE ( - ) 1 TeV P
300GeV < E < 130 TeV)

1. H.E.S.S. Collaboration, A&A 612, A1 (2018) Ecut = 49.5 £ 9.0TeV

2. Abeysekara+, PRL 124, 021102 (2020) 9
3. Cao+, Nature 594, 33 (2021)

E

E cut

) TeV-1cm=2s71
(%/d.o.f.= 10.4/8)




Association of TASG J1844-038 w/ SNR G28.6-0.1

SNR G28.6-0.1

AN

DN NN

Radio complex seen in 20 cm continuum’!

Non-thermal keV X-ray src AX J1843.8-
03522

Electrons accelerated up to >100TeV3
Age? : < 2.7 kyr

Distance® : 9.6+0.3 kpc

Magnetic field3 : 6~8 uG

-3°45'

If the r rays (E > 25TeV) are of leptonic origin---
X- & r rays have the same parent etw/ E ~ 100TeV
if ICS off CMB works
=> X- & r-ray extensions should thus be the same

| Extension of r-rays (0.34°+0.12°) is larger than
the X-ray extension (4.5’)3 at a 2.3 o level

=> Hadronic contribution to the r-ray emission??

SNR G28.6-0.1 X-rays (ASCA)?

Contour : 20cm lﬂi

/8/14417120.\

18"44™

1. Helfand+, ApJ 341, 151 (1989)

2. Bamba+, PASJ 53, L21 (2001)

3. Ueno+, ApJ 588, 338 (2003)

4. Ranasinghe & Leahy, MNRAS 477, 2243 (2018) U
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Association of TASG J1844-038 w/ SNR G28.6-0.1

Molecular gas seen in 12CO (J=1-0)
usmg archive data (FUGIN‘)

0°30'

Galactic Latitude

749 950kms .

110 pc (@96kpc) :

0030 00" >8°30"

Galactic Longitude

v SNR-Cloud interaction found' in ~ 86 km s!

=> Protons accelerated by the SNR
diffuse & interact w/ the cloud?

100

80
v Gas w/ ~50 K km s! in the source region

can provide n, ~ 30 cm-3

%0
£
M v Wp<0.1 x10°" erg @ 9.6 kpc :

I~

: -1
140 € Wp(E>1TeV)~6><1049( P ) erg

10cm—3

120 Y Egmax ~ 10 E; max = 500TeV

=> SNR G28.6-0.1 is a PeVatron candidate

1. Ranasinghe & Leahy, MNRAS 477, 2243 (2018) 11
2. Umemoto+, PASJ 69, 5 (2017)



Study of HESS J1849-000

Amenomori, Kato et al., ApJ 954, 200 (2023)



Detection of y Rays from HESS J1849-000

Significance map
(smoothed w/ PSF)
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v Detection significance : 4.00 @ E > 25TeV & 440 @ E > 100 TeV

O N gk wN -~

H.E.S.S. Collaboration, A&A 612, A1 (2018)
Abeysekara+, ApJ 843, 40 (2017)

Albert+, ApJ 905, 76 (2020)

Abeysekara+, PRL 124, 021102 (2020)
Cao+, Nature 594, 33 (2021)

Abdollahi+, ApJS 247, 33 (2020)
Anderson+, A&A 605, A58 (2017)
Gotthelf+, ApJL 729, L16 (2011)

HESS J1849-0001
HESS J1852-000
SHWC J1849+001°
% 3HWC J1849+001°
®  eHWC J1850+001 *
B LHAASO J1849-0003°
4FGL sources6
SNRs (candidates)’
+ PSR J1849-0001°

v' From the toy MC simulation, the position unc. of the bright region @ E > 100 TeV is 0.22°

=> Positionally consistent w/ HESS J1849-000
v Deviation from HESS J1852-000' : 3.00 @ E > 100 TeV => Unlikely the source

13



Energy Spectrum

E2dN/dE (TeV cm? s™)

3| This work (99% ULs)

' RAO- 00 10! 1

- HESS J1843-0332

(40TeV < E < 320TeV) dE

10" 1 10

1072
Energy (TeV)

PL fit :

(2.86 + 1.44)x10~16 (

Acero+, ApJ 773, 77 (2013)

H.E.S.S. Collaboration, A&A 612, A1 (2018)
Abeysekara+, PRL 124, 021102 (2020)
Cao+, Nature 594, 33 (2021)
Amenomori+, ApJd 692, 61 (2009)

SUE R

v 1st spectral measurement b/w
40TeV < E < 320TeV

v Smoothly connected to the H.E.S.S.
measurement

v Giving consistent flux levels w/
HAWC & LHAASO

v’ Systematic error :
1. Energy estimation 12%°

=> Flux 27%
2. Contamination by HESS J1852-000

=> Flux < 20% @ 95% C.L.

—2.2440.41
) TeV-1cm=2 s 1

(x?/d.0.f.= 05/3)

40 TeV
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HESS-41849-000
-20 :
PSS T N O 0 M NS O N Contours (12CO) :¢
0|l|£IH4[”I6llilé”|1|0”|1l2l”1|4”|116”I18| |20 -1 20, 30’40,&50Kkm S_-[
Distance from the Sun (kpc) 283.5 283 282.5 282
R.A. (deg.)
v Analysis of archive 12C0O (J=1-0) data (FUGIN!)
v Assumed istance : 7 kpC2 1. Umemoto+, PASJ 69, 5 (2017)
_ _ 2. Gotthelf+, ApJL 729, L16 (2011)

v’ Integration of velocity range of 93-100 km s 3. Bolatto+, Ann. Rev. Astron. Astrophys 51, 207 (2013)

=> A ~20 pc size cloud w/ Ty ~20 K km s-! @ the west of HESS J1849-000
v' Overlap b/w y-ray emission & cloud
v Gas density i np=Xco T/ R~70cm=3  (Xco=2x1020cm=2 (K km s1)-1)3

=> Can provide the gas density of = 10 cm-3
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Modeling of the Spectrum (Hadronic Scenario, Naima')

10—11

E?dN/dE [ergs—tcm™2]

10712 4

{Hadronic

= This work (UL: 99%)
LHAASO J1849-0003

= HESS J1849-000
Fermi-LAT (UL: 99%)

1o CL

20 C.L.

T

et

1012
Energy [eV]

1. Zabalza, PoS(ICRC2015) 922 (2015)

108 10

1015

v Assumptions:

m9-decay y -rays from collisions of gas & CR p’s

« Gas density = 10 cm-3

PL + exp. cutoff for CR protons :

dN, E \ ™% E
pzAp(IOTeV) exP("

aNp -

dFE Ep,cut) Eid
log;0Ap = 33.9319:99

ap =12,0170:22

logo(Ep,cut/TeV) = 3-73t(2):?ig
Wp(1TeV<E<10PeV) = (1.1 £0.2) x 10*° erg

Possible acceleration of CR protons

beyond PeV

16



Possible Acceleration Mechanism of PeV CRs

v" CR acceleration in a PWN-SNR composite system!.2 ??
« 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
« ~104° erg is given to the accelerated particles!
« PWN is compressed to ~10% of the original size'-2
« B of the PWN is amplified up to ~ 100 uG!

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

Energy spectrum of CR protons?
Evolution of the size of the system (Initially injected w/ 100 TeV mono energy)

T — T — T — 100 T T T 171 T T T ||||

Colors : dlfferent parameter sets
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1. Gelfand+, ApJ 703, 2051 (2009) 10 kyr E (PeV) 17
2. Ohira+, MNRAS 478, 926 (2018)




Summary

v Study of HESS J1843-033 & HESS J1849-000 by the Tibet AS array + MD array

v Detection of mol. clouds near the both sources (n, > 10 cm3)

v’ PeVatron scenarios are considered (leptonic origin is not ruled out) :

HESS J1843-033 => SNR G28.6-0.17? (E, 1,ax ~ 900 TeV)
HESS J1849-000 => Composite system of PWN & SNR?? (E, ,.x= 1 PeV)

v Future work :
1. Accurate determination of extension
2. Spectral measurement in the higher-energy range
3. Further detailed studies by LHAASO, HAWC, ALPACA, CTA & SWGO
4. Radio to X-ray spectral analysis
5. Neutrino observation
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Extension of the Analyzed Zenith-Angle Range up to 50°

10°

10?

a.u.

10

Distribution of MC gamma events (before MD cut)

| IIIIIII

.......'

MC, T'=2.5

—1— Total

ERE TS

| 40°< 0 <50° .,

- ' R
— I R
. | "
- I» .......
= r  e=m=m secf<1.3
- : ......... sece>13
= I
- I — Total
B |
B I
llllll!lllllllllllllllllllllllllllllll
1 12 144 16 18 2 22 24 26 28 3
I Iog1 0(Em/ TeV)
E'th - 25TeV

v HESS J1843-033 & HESS J1849-000 have
1. a low flux level (~10% Crab @ E > 1TeV!)
2. large meridian zenith (~ 30°) & low exposure

= Need for the increase of statistics by

extending the analyzed zenith-angle
range up to 50°

(The conventional analysis adopted 6<40°)

v Improvement of event statistics by ~30%
@ E > 25TeV

1. H.E.S.S. Collaboration, A&A 612, A1 (2018)
20



Extension of TASG J1844-038

80

E > 25 TeV

v" Fit of a Gaussian :

2
G(p?: A, 0ext) = A - ¢ ) N,
(¢ 7 t) P ( 2(0e2xt + agsf) " be

O, = 0.28° - PSF radius, Npg = 29.4 : # of BG events
=> Extension Oq = 0.34° + 0.12° (x2/ d.of. =39.5/ 38)

)

B
=0

# of events

W

v Extension consistent w/
HESS J1843-033 (0.24°+0.06° @ E > 400 GeV)!
eHWC J1842-035 (0.39°+0.09° @ E > 56 TeV)?
=> TASG J1844-038 is concluded as extended

¢: Angular distance b/w the centroid & events

1. H.E.S.S. Collaboration, A&A 612, A1 (2018)

2. Abeysekara+, PRL 124, 021102 (2020) 21



Leptonic Modeling of the HESS J1849-000 spectrum (Naima')

E2dN/dE [ergs~tcm™2]

104 Leptonic

= This work (UL: 99%)

LHAASO J1849-0003

& HESS J1849-000

Fermi-LAT (UL: 99%)

10712 4 + ]
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Energy [eV]

1. Zabalza, PoS(ICRC2015) 922 (2015)
2. Porter+, ApJ 846, 67 (2017)

3. Vernetto & Lipari PRD 94, 063009 (2016)

1015

v The first spectral modeling including the
results in the sub-PeV range

v Assumptions :
« Inverse Compton Scattering by HE e*

« Radiation field : determined from
the GALPROP calculationz3

ISRF Energy density (eV cm™3)
CMB (2.7K) 0.26
FIR (20K) 0.75
NIR (3,000K) 1.26

« PL spectrum for HE e* :

dN, B O\ .
dE_Ae<10TeV) o

logloA e R

+0.08
We(>1 OOGeV) = 2.8 % 104 erg
Cutoff energy : > 740 TeV @ 95% C.L. |2




