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Kato Sei (ICRR) for the Tibet ASγ collaboration

Observa;on of mul;-ten TeV to sub-PeV gamma rays 
from the HESS J1843-033 region with the Tibet air shower array 

This presenta,on is based on 
“Measurement of the Gamma-Ray Energy Spectrum beyond 100 TeV from the HESS J1843-033 Region”, 

Amenomori et al., ApJ 932, 120 (2022) published online
(h#ps://doi.org/10.3847/1538-4357/ac6ef4) 



Tibet Air Shower Array
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p Tibet, China (90.522oE, 30.102oN) 4,300 m a.s.l.

p scintillation counters 0.5 m2 x 597
p area ~65,700 m2
p angular resolution (gamma rays) ~0.5° @ 10TeV

~0.2° @ 100TeV
p energy resolution (gamma rays)  ~40% @ 10TeV

~20% @ 100TeV

2nd particles timing ➡ arrival direction
2nd particles energy deposit ➡ primary energy 

Tibet
ASγ



Water Cherenkov Muon Detector Array

MD ~3400m2
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ü 2.4m underground (515g/cm2 ~19X0)
ü 7.35m x 7.35m x 1.5m-deep water cell x 64
ü 20”ΦPMT (HAMAMATSU R3600)
ü Concrete pools + Tyvek sheets

Soil & Rocks 2.6m

Waterproof & reflective materialsReinforced concrete

eγµ

1.0m

PMT

7.3m

Water 1.5m

Cherenkov  lights

20 inchAir 0.9m

Measurement of number of muons in air showers
➡ g／CR discrimination
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HESS J1843-033: Unidentified TeV gamma-ray source
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1) Hoppe, Proc. of ICRC 2007 (2008)
2) H.E.S.S. collabora;on, A&A 612, A1 (2018)
3) Abeysekara et al., PRL 124, 021102 (2020)
4) Cao et al., Nature, 594, 3 (2021)

・Nearby gamma-ray sources: 
eHWC J1842-0353) in E > 56 TeV & 
LHAASO J1843-03384) @ E = 100 TeV

・ Gamma-ray emission mechanism is not known
・ Energy spectrum is not measured above 30 TeV

HAWC TS map above E > 56 TeV3)

𝑙 °

1, 2)



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

Significance map 
w/ PSF smoothing
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Preliminary

・Source center in the J2000 coordinates: 
・Li & Ma1) significance: 6.2σ (E > 25 TeV)

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

PosiXonally consistent
w/ TASG J1844-038

NOT likely associated

・Used data: 2014 Feb. to 2017 May 
(719 live days)

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

Smoothed w/ PSF



Results (2): φ2 distribution of the TASG J1844-038 region
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φ2: The square of the angle b/w the source center and incoming direcBon 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 w/ 
HESS J1843-0331): 0.24° ± 0.06° (E > 400 GeV) &
eHWC J1842-0352): 0.39° ± 0.09° (E > 56 TeV).

Þ Source extension: σext = 0.34° ± 0.12°
(χ2 / d.o.f. = 39.5 / 38)

where σpsf = 0.28°: PSF radius and
Nbg = 29.4 : # of BG.
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d𝑁
d𝐸

= 𝑁!
𝐸
TeV

"#
exp −

𝐸
𝐸$%&

where 𝑁! = (3.57 ± 0.26)×10"#$ TeV"# cm"$ s"#,
Γ = 2.02 ± 0.06 & 𝐸%&' = 49.5 ± 9.0 TeV (𝜒$/d. o. f. = 10.4/8).

PL fit to this work             :
(Black dashed in 25 TeV < E < 130 TeV)

d𝑁
d𝐸 = 9.70 ± 1.89 ×10"'(

𝐸
40 TeV

").+(±!.)!
TeV"' cm"+ s"'
(𝜒$/d. o. f. = 2.1/2)

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:
(Magenta doIed)

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

(diff. flux is calculated assuming Γ=2.7)
3) Cao et al., Nature, 594, 3 (2021)
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Discussion: Associa;on of TASG J1844-038 w/ 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



Discussion (1): Associa;on of TASG J1844-038 w/ SNR G28.6-0.1 (1)
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− Nonthermal radio1) & X-rays2) by electron synchrotron radiaXon
− 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 = 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 ray 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)



Discussion (1): Associa;on of TASG J1844-038 w/ SNR G28.6-0.1 (2)
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1. Overlapping molecular clouds (MCs),
2. Max. energy of CR protons: ⋍ 500TeV, &
3. Average of the estimated ages is ≃ 10 kyr.

Diffusion Bme of CR protons through MCs3):

where R, size of MCs & χ , suppression factor. 
Assuming χ = 0.1 & B = 10μG (nH〜 100 cm-3),

𝜏-.// 𝑅0123, 𝐸45 > 250 TeV ≲ 2.0 kyr &

𝜏-.// 𝑅6722, 𝐸45 ≃ 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??

TASG
(E > 25 TeV)

MC overlap

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



Discussion (2): Associa;on of TASG J1844-038 w/ PSR J1844-0346
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ー 𝑒± w/ E ≈ 90 TeV scaeers off CMB up to Eγ, cutoff ≈ 50 TeV5).
ー Size of TASG J1844-038: ⋍ 26 pc (@ 4.3 kpc)
ー Assuming the Geminga-like env.6) w/ B = 3 μG, D = 4.4×1027 cm2 s-1,

𝜏-.// ⋍ 8 kyr
ー Cooling Bme of 𝑒± by sync. & ISC5): 𝜏$889 ⋍ 11 kyr

=> 𝜏-.// < 𝜏$889 & 𝜏-.// < 𝜏$

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

ー P = 113 ms, τc = 12 kyr & 𝐸̇ = 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 characterisXcs typical for 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)

𝐸̇ v.s. Luminosity for PWNe4)

: PSR J1844-0346 &   
HESS J1843-033

𝐸̇ (erg s"#)



Summary
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・Gamma rays from the HESS J1843-033 region observed by the Tibet air shower array

・Source associaXon w/ nearby objects
ー If SNR G28.6-0.1 is assumed to be the source, possibly 𝜋!-decay gamma rays from CR protons w/
𝐸 ≲ 500 TeV contribute to the total emission and the SNR could have been a PeVatron in the past.

ー If PSR J1844-0346 is assumed to be, the emission can be well explained by ICS off CMB by electrons 
w/ 𝐸 ≲ 90 TeV accelerated by a TeV PWN.

・DetecXon of TASG J1844-038 above 25 TeV w/ a 6.2 σ level
ー PosiBon:

consistent w/ HESS J1843-033, eHWC J1842-035, & LHAASO J1843-0338.
ー Extension: 0.34° ± 0.12°

,

・Energy spectrum measured in 25 TeV < E < 130 TeV for the 1st Xme

ー Combined spectra b/w HESS, LHAASO & TASG implies a cutoff @ 49.5 ± 9.0 TeV.
ー Our results is fitted w/ ⁄d𝑁 d𝐸 = 9.70 ± 1.89 ×10"#( ⁄𝐸 40 TeV ").$(±!.)!TeV"# cm"$ s"#.



Thank you
Feel free to ask a quesbon or send me an email to

katosei@icrr.u-tokyo.ac.jp

If you are interested in my presentabon, please also read 
“Measurement of the Gamma-Ray Energy Spectrum beyond 100 TeV from the HESS J1843-033 Region”, 

Amenomori et al., ApJ 932, 120 (2022)
(h#ps://doi.org/10.3847/1538-4357/ac6ef4) 



Back-up slides



Theore;cal research (1) 
Sudoh et al. (2021): All eHWC sources are TeV PWN or TeV halo powered by nearby pulsars

B energy density (eV cm-3) Diffusion ;me scale @ 1 TeV (cm2 s-1)

Fit result for HESS J1843-033 is not shown in their paper
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Theore;cal research (2) 
Huang & Li (2022): Ratio of hadronic gamma-ray flux to the total flux using the observation results of neutirinos

Solid: neutrino spectrum ∝ E-2

Dashed: ∝ E-3

90% upper limit on hadronic gamma-ray flux

Dotted-dashed: neutrino spectrum ∝ E-2.5

・In these theorebcal works (Sudoh et al and Huang & Li),  associabon between gamma-ray sources remains unclear
(not evaluated clearly) because energy spectrum in 30TeV<E<100TeV is not measured systemabcally
・Discussion by experimentalists is not enough (only vague deducbon for the associabon is made)

17



・# of events aper the selecXon: 1.4×107 events
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・Used data: 2014 Feb. to 2017 May (719 live days)

2. OpXmized MD cut: ΣNμ < 1.8×10-3 (Σρ/m-2)1.1 or ΣNμ < 0.4.

1. zenith < 50 deg to improve staXsXcs ( zenithCDEFGFHI = 33 deg ), and

Data analysis for gamma rays from the HESS J1843-033 region

(Σρ: Sum of # density recorded by each detectors of the AS array)

・ Event selecXon criteria: the same as the Crab std. cut (Amenomori et al., PRL 123, 051101, 2019) 
EXCEPT for the following two points:



Op;mum MD cut line (1): Cut-line formula
10

1

10-1

10-2

103

102

10

1

10-1

10-2

19
ΣNμ < 1.8×10-3 (Σρ/m-2)1.1 or ΣNμ < 0.4



Optimum MD cut line (2): Survival ratio of gamma rays & BGCRs
Gamma & BG survival raXo

Eγ〜100 TeV
Gamma survival raXo: ⋍81%
BG rejecXon power: ≳99.9%

@ Eγ〜100 TeV

20



Point spread func;on
φ2 distribuXon for the Crab Nebula
(Amenomori et al., PRL 123, 051101, 2019)
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Es;ma;on of posi;onal unertainty of a gamma-ray source

PosiXonal uncertainty is evaluated in terms of the error radius R0.68 w/ the 68% C.L.
as in HESS collabora,on, A&A 612, A1 (2018), but using uncertainXes of α & δ instead of l & b;

where (A. A. Abdo et al. ApJS, 183, 46, 2009b)

Δαstat (sys) & Δδstat (sys) are the staXsXcal (systemaXc) uncertainXes of α & δ, respecXvely.

and

・For TASG J1844-038, eHWC J1842-035, & LHAASO J1843-0338：

・HESS sources：
There R0.68’s are cited from HESS collabora,on, A&A 612, A1 (2018): 



Rela;on of the TASG posi;on to nearby gamma-ray sources

Significance map 
w/ PSF smoothing
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† For R0.68, see HESS collaboraVon, A&A 612, A1 (2018) 
* The source extension is not published

†

・The position of TASG J1844-038 is 
1. consistent w/ those of HESS J1843-033, eHWC J1842-035, and LHAASO J1843-0338, but 
2. deviated from HESS J1844-030 and HESS J1846-029.



4FGL J1843.7-0326 (cataloged as a point source)

Significance map 
w/ PSF smoothing
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Smoothed w/ PSF

4FGL J1844.4-0345



4FGL J1844.4-0345

Significance map 
w/ PSF smoothing
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Smoothed w/ PSF

4FGL J1844.4-0345

Gamma rays from PSR (super exponential cutoff)



Mul;-wavelength flux (radio & X-ray bands) (1): The SNR G28.6-0.1 region

Significance map 
w/ PSF smoothing
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AX J1843.8-0382) (X-rays)
Contour: radio emission1)

(a) Radio flux2, 3) @ 6 cm: 0.9 Jy
21 cm: 2.1 Jy

(b) X-ray observaXon4)

1) Bamba et al., PASJ 53, L21 (2001)
2) Altenhoff et al., A&AS 35, 23 (1979) 
3) Helfand et al., ApJ 341, 151 (1989)
4) Ueno et al., ApJ 588, 338 (2003)



Multi-wavelength flux (radio & X-ray bands) (1): The PSR J1844-0346 region

Significance map 
w/ PSF smoothing
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…

According to Devin et al., A&A 647, A68 (2021),

Significance map of gamma-ray emission →
observed by HESS (Devin et al., 2021)



Results (4): Time varia;on of the integral flux

No variaXon of the flux by ~30 % in ≲ 1 yr Xme scale is found
28

Consistent w/ stable @ 4.65 ± 0.89 ×10"#, cm"$ s"#
(𝜒$ = ⁄1.9 3)

Consistent w/ stable @ 1.59 ± 0.38 ×10"#, cm"$ s"#
(𝜒$ = ⁄3.2 3)



Distance-Vrad relation in the direction of TASG J1844-038 (l = 28.8 deg)
Reid et al., ApJ 783, 130 (2014)



30

Interval of the integra;on over the velocity range

Ranasinghe & Leahy, MNRAS 477, 2243 (2018)

・SNR G28.6-0.1 are interacting w/ molecular clouds in the v ⋍ 85 km/s channels (left)
・On the other hand, generally celestial objects in the Galaxy have their peculiar motion w/ ~20 km/s (right)
・We determine the interval of integration over the velocity range of 20 km/s centered at 85 km/s

View from the north Galacbc Pole

Reid et al., ApJ 783, 130 (2014)



Comparison b/w 12CO, 13CO and C18O
Galacbc longitude v.s. VLSR

Galacbc Longitude (deg.)
↑

29.0

12CO 13CO C18O



Comparison b/w 12CO, 13CO and C18O
VLSR-GLON

VLSR (km s-1)

12CO 13CO

C18O



Modeling the gamma-ray emission (hadronic scenario)
SNR G28.6-0.1 

distance: 7 kpc (Bamba et al 2001), 9.6±0.3 kpc (Ranasinghe and Leahy 2018)
age: 2.7 kyr (Bamba et al 2001),  19 kyr (Ranasinghe and Leahy 2018)
Non-thermal radio & X (Helfand et al 1989 & Bamba et al 2003) & TeV gamma (Devin et al 2021) are observed

radio
X-ray gamma



SNR G106.3+2.7: A PeVatron candidate (Amenomori et al., Nat. Astron. 5, 460 (2021)

・age: ~ 10 kyr?
・distance: ~800 kpc?



★ ★

★

Associa;on w/ PSR J1844-0346: TeV PWN?? (1) H.E.S.S. collaborabon, A&A 612, A2 (2018)



★

★

Surface brightness = Luminosity / (4π×Rpwn
2) = 2.4×1034 erg s-1 / (4π×26pc2) = 2.8×1030 erg s-1 pc-2

Photon index: 2.15 (H.E.S.S. collaboraBon, A&A 612, A1, 2018) or 2.02 from our result on the ECPL fit

★

Error: Uncertainty on the posi;on of TASG J1843-037

Associa;on w/ PSR J1844-0346: TeV PWN?? (2) H.E.S.S. collaborabon, A&A 612, A2 (2018)



H.E.S.S. collaborabon, A&A 612, A2 (2018)Statistical research on PWNe
Firm idenBficaBon:

Counterpart?: eHWC J1850+001 abv. 56 TeV & LHAASO J1849-0003 @100 TeV

𝐸̇ v.s. Luminosity for PWNe4)

: PSR J1844-0346 &   
HESS J1843-033

𝐸̇ (erg s"#)

PWNe outside HGPS (firmly identified):

Candidate PWNe: Other than firmly idenbfied PWNe, safisfy 𝐸̇ / d2 > 1034 erg s-1 kpc-2   &   θPSR-TeVγ < 0.5 deg   &   τc < 107 yr.

Limits: PRSs (w/ 𝐸̇ > 1035 erg s-1) that coincide w/ a firm PWN HGPS src. or do not have a nearby HGPS src.
This list includes HESS J1908+063 for which eHWC J1907+063 and LHAASO J1908+0621 can be a counterpart.

This list includes HESS J1841-055 for which eHWC J1839-057 and LHAASO J1839-0545 can be a counterpart.


