Observation of multi-ten TeV to sub-PeV gamma rays
from the HESS J1843-033 region with the Tibet air shower array

Kato Sei (ICRR) for the Tibet ASy collaboration

This presentation 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
(https://doi.org/10.3847/1538-4357/ac6ef4)
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O Tibet, China (90.522°E, 30.102°N) 4,300 m a.s.|.

O scintillation counters 0.5 m2 x 597

O area ~65,700 m?

O angular resolution (gamma rays) ~0.5° @ 10TeV
~0.2° @ 100TeV

O energy resolution (gamma rays) ~40% @ 10TeV
~20% @ 100TeV

2nd particles timing = arrival direction
2"d particles energy deposit = primary energy
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Water Cherenkov Muon Detector Array
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HESS J1843-033: Unidentified TeV gamma-ray source
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* 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

1) Hoppe, Proc. of ICRC 2007 (2008)

2) H.E.S.S. collaboration, A&A 612, A1 (2018)
3) Abeysekaraetal., PRL 124, 021102 (2020)
4) Cao et al.,, Nature, 594, 3 (2021)



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

Dec. (deg.)

I
=S

\

Black cross & cixcle:
TASG center w/ etrors
& src. extension \ )

N W A O O N

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

- Li & Mal) significance: 6.20 (E > 25 TeV)

- Source center in the J2000 coordinates:
(o, 6) = (281209 + 0°10, —3°76 + 0°09)

HESS J1843-033
—3— eHWC J1842-035
B LHAASO J1843-0338
HESS J1844-030
HESS J1846-029
2HWC J1844-032
¢ 4FGL sources
PSR J1844-0346
AX J1843.8-0352
SNRs (candidates)

 Positionally consistent
w/ TASG J1844-038

- NOT likely associated

o +

1) Li & Ma, ApJ 272, 317 (1983) 6



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

d2: The square of the angle b/w the source center and incoming direction of events

2. _ B ¢°
E.> 25 'TeV G(¢%; A, Oext) = Aexp( 202, +0§sf)> + Nbg

where o, = 0.28°: PSF radius and
Npe = 29.4 : # of BG.

— Source extension: 0., = 0.34° £+ 0.12°
(x2/ d.o.f. =39.5/ 38)

# of events

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).

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



Results (3) Energy spectrum
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E2dN/dE (TeV cm™? s™)
=

| —&— HESS J1843-033
.| —l— LHAASO J1843-0338

eHWC J1842-035

...........

-038, arrows show 95% ULs)

1) H.E.S.S. collaboration, A&A 612, A1 (2018)
2) Abeysekara et al., PRL 124, 021102 (2020)
(diff. flux is calculated assuming '=2.7)

10 —&— This work . ; R 3) Cao et al., Nature, 594, 3 (2021)
1 10 10° E (TeV)
dN —3.26+0.30
PL fit to this work — =1(9.70 + 1.89)x1071¢ ( ) TeV™'cm™2 s™1
(Black dashed in 25 TeV < E < 130 TeV) dE 4;‘0 Tev (x?/d.o.f.= 2.1/2)
ECPL fit to HESS, LHAASO & this work: ¥ _ (i) exp (- E )
(Magenta dotted) dE TeV Ecut

where N, = (3.57 + 0.26)x10712 TeV~! cm
['=2.02+ 0.06 & E.y; = 49.5 + 9.0 TeV (x2/d. o.f. = 10.4/8).
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Discussion: Association of TASG J1844-038 w/ nearby objects
12CO (J = 1 O) map from the FUGIN datal)
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Solid white line: extension of TASG J1844-038

Dashed line: positional uncertainty (68% C.L.)

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



Discussion (1): Association of TASG J1844-038 w/ SNR G28.6-0.1 (1)

SNR G28.6-0.1
- Nonthermal radio®) & X-rays?) by electron synchrotron radiation

— Shell-type SNR?) _— — |

. _ 3) - AX 11843.8-038? (X-rays)
- Distance: 9.610.3 kpc Contour: radio emission?)
- Age: 2.7 kyr? or 19 kyr3

TASG J1844-038’s radius: 0 = 0.34° + 0.12°
AX J1843.8-0352’s radius (X-rays): 0, ean.=4.5’%

Discrepancy in their extensions at the 2.3 o 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) 18"44"20°  18"44" 18"43"40°
3) Ranasinghe & Leahy, MNRAS 477, 2243 (2018)

4) Ueno et al., ApJ 588, 338 (2003)
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Discussion (1): Association of TASG J1844-038 w/ SNR G28.6-0.1 (2)
12CO (J =1 - 0) map from the FUGIN data?)
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Several resemblances to SNR G106.3+2.72);

1. Overlapping molecular clouds (MCs),
2. Max. energy of CR protons: = 500TeV, &
3. Average of the estimated ages is = 10 kyr.

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

Diffusion time of CR protons through MCs3):

o Rgl 121081 Rt \2 E -05, g \05
W=epE) ~ (20 pc) (GeV) (10 pG) 4
where R, size of MCs & ¥, suppression factor.
Assuming x = 0.1 & B = 10uG (ny ~ 100 cm™3),

TA4iff (RTASG! ECR > 250 TeV) < 2.0 kyr &

Tqiff (RHESSI ECR ~ 10 TeV) ~ 49 kyr

Acceptable compared w/ the SNR’s age

1) Umemoto et al., PASJ 69, 78 (2017)
2) Amenomori et al., Nat. Astron. 5, 460 (2021) 11
3) Gabici et al., Astrophys. Space Sci. 309, 365 (2007)



Discussion (2): Association of TASG J1844-038 w/ PSR J1844-0346

PSR J1844-0346

— Gamma-ray PSR discovered by the Einstein@home project?
— P=113ms, .= 12 kyr & E = 4.2 X 1036 erg s’

— Pseudo distance: 4.3 kpc?
HESS J1843-0333)

—L(1TeV<E<10TeV)=2.4X10%ergs?!3(@ 4.3 kpc)

— Size: = 18 pc (@ 4.3 kpc)

— Spectral index: = 2.0 (from the ECPL fit in this work)
=> has characteristics typical for TeV PWNe?.

ICS off CMB is acceptable

— eT w/ E = 90 TeV scatters off CMB up to E, .o = 50 TeV.
— Size of TASG J1844-038: = 26 pc (@ 4.3 kpc)

Li_jotev(ergs™)

1036

1035 |
1034}
1033 L

1032}

1030 |

10%° |

— Assuming the Geminga-like env.®) w/ B =3 uG, D = 4.4 X 10?7 cm? s},

Tqief = S Kyr

— Cooling time of e® by sync. & ISC5): Top = 11 kyr

=> Tqiff < Tcool & Tqiff < T

E v.s. Luminosity for PWNe# "

- & Firm identifications

1031 |

11825-:37. _
; |

Candidate PWNe
PWNe outside HGPS

- L b  Ye: PSRJ1844-0346 & |
- —— Baseline Model HESS J1843-033 1
10135 — "'1'636 — 1637 — "'1'638 — "'1'639

Spin-down Power E [erg s'] E (erg S_l)

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)



Summary

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

 Detection of TASG J1844-038 above 25 TeV w/ a 6.2 o level
— Position: (a, §) = (281209 + 0°10, —3276 4 0°09),
consistent w/ HESS J1843-033, eHWC J1842-035, & LHAASO J1843-0338.
— Extension: 0.34° £ 0.12°

* Energy spectrum measured in 25 TeV < E < 130 TeV for the 1st time
— Our results is fitted w/ dN/dE = (9.70 + 1.89)x 10~ 16(E /40 TeV)3-261030Tey -1 cy=2 571,
— Combined spectra b/w HESS, LHAASO & TASG implies a cutoff @ 49.5 + 9.0 TeV.

- Source association w/ nearby objects

— If SNR G28.6-0.1 is assumed to be the source, possibly 7°-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.

— 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.

13



Thank you

Feel free to ask a question or send me an email to
katosei@icrr.u-tokyo.ac.jp

If you are interested in my presentation, 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)

(https://doi.org/10.3847/1538-4357/ac6ef4)
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Theoretical research (1)

Sudoh et al. (2021): All eHWC sources are TeV PWN or TeV halo powered by nearby pulsars
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Theoretical research (2)

Huang & Li (2022): Ratio of hadronic gamma-ray flux to the total flux using the observation results of neutirinos
50 TeV )‘”

v

®VH(100 TeV) = %@},{lﬁpﬂ (E,,)(

90% upper limit on hadronic gamma-ray flux

10-9 LHAASO J1843-0338 110 LHAASO J1843-0338
—_ ] 2HWC J1844-032 HESS J1844-030 (d) _ | Dotted-dashed: neutrino spectrum o E25(q)
o o ® HESSJ1843-033 @ LHAASO T ]
w 10 E So n 10-114
v T ]
£ 107 5 Y £ | €7 N,
> o ] () o \’\ ; 10-12 \\%
) -12 | S
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* In these theoretical works (Sudoh et al and Huang & Li), association between gamma-ray sources remains unclear
(not evaluated clearly) because energy spectrum in 30TeV<E<100TeV is not measured systematically

* Discussion by experimentalists is not enough (only vague deduction for the association is made)
17



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

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

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

1. zenith < 50 deg to improve statistics ( zenitherigian = 33 deg ), and

2. Optimized MD cut: Np < 1.8x103 (2p/m2)*1or ZINu < 0.4.
(2p: Sum of # density recorded by each detectors of the AS array)

 # of events after the selection: 1.4x107 events



Optimum MD cut line (1): Cut-line formula
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Optimum MD cut line (2): Survival ratio of gamma rays & BGCRs

Gamma & BG survival ratio

1

Survival ratio

I IIIIIII| I IIIIIII|
O

T TTT]
i,

« MC gamma |- HTAOOTY

@ Ey~100 TeV

Gamma survival ratio: =81%
BG rejection power: £99.9%
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Point spread function

400
¢? distribution for the Crab Nebula , 3508
(Amenomori et al., PRL 123, 051101, 2019) 5 30033
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Estimation of positional unertainty of a gamma-ray source

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

Positional uncertainty is evaluated in terms of the error radius Ry ¢ W/ the 68% C.L.
as in HESS collaboration, A&A 612, A1 (2018), but using uncertainties of a & 6 instead of / & b;

Ro.6s = fo.68 \/ Acdi, + Ay + Adg,, + AdZ

Sys

where foes = \/—2 ln(l - 0.68) (A. A. Abdo et al. ApJS, 183, 46, 2009b) and
DO (sys) & DOyt (sys) are the statistical (systematic) uncertainties of a & 6, respectively.

* HESS sources :
There Ry ¢g’s are cited from HESS collaboration, A&A 612, A1 (2018):



Relation of the TASG position to nearby gamma-ray sources

Source name a(®) (%) RO.681-(0) Extension (°) Angular distance to

TASG J1844-038 (°)

TASG J1844-038 281.09 —3.76 0.21 0.35 £ 0.11 -
HESS J1843-033 280.95 —3.55 0.12 0.24 £+ 0.06 0.25 (1.00)
HESS J1844-030 281.17 -—3.10 0.023 0.02 £ 0.013 0.67 (3.20)
HESS J1846-029 281.60 —2.97 0.015 0.01 £ 0.013 0.94 (4.50)
eHWC J1842-035 280.72 —3.51 0.30 0.39 = 0.09 0.44 (1.20)
LHAASO J1843-0338 280.75 —3.65 0.16 -* 0.35 (1.40)

T For Ry s, See HESS collaboration, 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.
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4FGL J1843.7-0326 (cataloged as a point source)

E>25TeV

vF, [10 " ergcm—2s71]
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Multi-wavelength flux (radio & X-ray bands) (1): The SNR G28.6-0.1 region

]8/144111205'

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

] 8/1 4 4111

18/143171405'

(a) Radio flux?3) @ 6 cm: 0.9 Jy
21cm: 2.1y

(b) X-ray observation?

TABLE 1
BEST-FIT MODEL PARAMETERS FOR AX J1843.8—0352

POWER LAW NEI
PARAMETER Observation 1 Observation 2 Observation 1+2 Observation 1+2

PhotOn INAEX . ...eeeeeeeeeeeee et 2.4:1):%, 2.1 ‘_ngj 2.1 fg:g .
KT (KEV).cveveeieeeeieeiseie e 54732
ADUNAANCER ... e 0.17017
10g [, (€M7 8)] v .. . ... 11.1704
Nz (1022 0M72) 1o 4.7+3% 3.7t07 3.8707 3.570¢
Absorbed flux? (10~ ergs cm=2s~! arcmin—2)....... 2.3 3.1 3.1¢ 3.0¢
Unabsorbed flux? (10~!4 ergs cm—2s~! arcmin—2)... 3.6 4.3 4.3¢ 4.1°¢
X2/ AOF e 18.9/27 48.1/52 68.1/81 65.3/79

Note.—The errors correspond to 90% confidence.
2 Assuming the solar abundance ratio (Anders & Grevesse 1989).
b Observed flux per unit area (arcmin?) in the energy band 2.0-10.0 keV.

¢ The fluxes of observations 142 are calculated from the normalizations for the spectrum of observation 2, which covers the whole

of AX J1843.8—0352.
d Absorption-corrected flux per unit area (arcmin?) in the energy band 2.0-10.0 keV.

1
2
3
4

Bamba et al., PASJ 53, L21 (2001)

Helfand et al., ApJ 341, 151 (1989)
Ueno et al., ApJ 588, 338 (2003)

—— — —

Altenhoff et al., A&AS 35, 23 (1979)
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Multi-wavelength flux (radio & X-ray bands) (1): The PSR J1844-0346 region

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

We also explored the archival multiwavelength data toward the
pulsar PSR J1844—-0346 and we did not find any radio or X-
ray counterpart that could indicate a possible PWN. Radio data
from MAGPIS and infrared data from Spitzer show a bright
extended emission southeast of PSR J1844—-0346.

0°40'

>
J."T A

§]18432033
4 S8 64+0.20
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20!

Significance map of gamma-ray emission -

o0 Chandra
observed by HESS (Devin et al., 2021)
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Results (4): Time variation of the integral flux
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No variation of the flux by ~¥30 % in <

(x? =3.2/3)

1 yr time scale is found
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Distance-Vrad relation in the direction of TASG J1844-038 (/ = 28.8 deg)

Radial velocity (km/s)

1
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[ Re|d et aI ApJ 783 130 (2014)

< |
[oR
é s
N I
5 F -
0F -
-5
In(R/Rret) = —(B — Bref) tan
Arm N .Bref (:3 Range) Reef Width ’#
(deg) (kpc) (kpc) (deg)
Scutum 17  27.6 (+3 — 101) 50+0.1 0.174+0.02 19.8+26
Sagittarius 18  25.6 (—2 — 68) 6.6+01 026002 69+1.6
Local 25 8.9 (-8 — 27) 84+0.1 033+£0.01 12.8+2.7
Perseus 24 142(-21—>88) 994+0.1 0.38+0.01 94+ 14
Outer 6 186 (-6 > 56) 13.0+£03 0.63+0.18 13.8+3.3




Interval of the integration over the velocity range

Velocity: +84.05 km/s Velocity: +84.90 km/s
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Reid et al., ApJ 783, 130 (2014)

- 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
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C'80 integrated in —0.5° < GLAT <0.2°
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Comparison b/w 12CO, 13CO and C180
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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

-03461 ! B / 30457 12

. 628.60-?.13 . e 0040|

radi | 10
_ 50
o
g 52 8 20'
E E
o -
k54 3
2 S ,
w 56 S Sl [Chandra’
© XY,

L. 3 G28.6-00.1
-04 00 -0°20'

% ~_ 18"44™0°  18"44™ I jghygmyys .

18 4130 E 00 20°20'  00'  28°40' 20’

RIGHT ASCENSION (1950)

Galactic Longitude



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

- age: ~ 10 kyr?
* distance: ~800 kpc?
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Right ascension (deg) Energy (TeV)

o E.y (TeV) Wei/p (10" erg) B (uG) x?/ndf

leptonic  2.307003 19072 14753 8.63% 12.8/15
hadronic 1.7975%8 4997382 50191 —  13.0/14




Association w/ PSR J1844-0346: TeV PWN?? (1) HES.s. collaboration, ARA 612, A2 (2018)
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Assouatlon w/ PSR J1844-0346: TeV PWN?? (2) H.E.S.S. collaboration, A&A 612, A2 (2018)
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Statistical research on PWNe

H.E.S.S. collaboration, A&A 612, A2 (2018)

. . . . . . 36 ".""l v i "'-"'I .' L v ML | ‘ ‘7'7""—
Firm identification: 10°FE v.s. Luminosity for PWNe® "%
Table 1. HGPS sources considered as firmly identified pulsar wind nebulae in this paper. I o) om ; |

1035 | 11825-=37. O /

HGPS name  ATNF name Canonical name IgE T, d PSR offset I’ Rpwn Li_101ev X II ' II ) IR <} %SHIS} Crab Nebulag 1

ky)  (kpo)  (po) (p0) (0ergsh >t 07 1Oy . > ]

J1813-178'  J1813-1749 3775 560 470 <2 2.07+0.05 40+03 190+15 | 107" ¢ v ‘ Kéw.' I E

J1833-105  J1833-1034 G21.5-0.9 3753 485 410 <2 2424019 <4 26+0.5 %) I + ¥

J1514-591  B1509-58  MSH 15-52° 3723 156 440 <4 226+0.03 11.1+20 521+18 o10} L 7 *

J1930+188  J1930+1852 G54.1+0.3* 37.08 289 7.00 <10 2.6+0.3 <9 55+1.8 B 1033 L Vela Xg 4

J1420-607  J1420-6048 Kookaburra (K2)’ 3700 130 561 51+12 2204005 79+06 44+3 N, [

J1849-0001 IGR J18490-0000°  36.99 429 7.00 <10 1.97+0.09 11019 12+2 > | ]

J1846-02 J1846-0258  Kes 75 3691 0728 580 <2 2.41+0.09 <3 6.0+0.7 2 1032} ) ]

J0835-455 \ B0833-45  VelaX’ 36.84 113 0280 237+0.18 1.89+0.03 29+03 0.83+0.11" o i ]

J1837-069% \ J1838-0655 36.74 227 660 17+3 2.54+0.04 41+4 204+ 8 — i 1

J1418-609  \J1418-6058 Kookaburra (Rabbit)® 36.69 103 500 73+15  226+0.05 94+09 313 2 31| ¥ Firm identifications 1

J1356-645°  Y1357-6429 3649 731 250 55+14  220+008 10.1+09 14714 -~ 107" 5 Candidate PWNe B

J1825-137%0 823-13 36.45 214 393 33x6 2.38+0.03 32+2 116 + 4 L 5 : ]

J1119-614  JN19-6127 G292.2-0.5" 3636 161 840 <11 264+0.12 14+2 234 . I PWNe outside HGPS

J1303-631'2 1-6305 3623 110 665 205+1.8 233+002 206+17 965 1 . Limits

§ _ O o weqel | YX: PSR 11844-0346 &
Counterpart?: eHWC J1850+001 abv. 56 TeV & LHAASO J1849-0003 @100 TeV
) ) ) . 1029 - —— Baseline Model HESS J1843-033
PWNe outside HGPS (firmly identified): —

Table 3. Pulsar wind nebulae outside the HGPS catalogue. ) . .
Spin-down Power E[ergs~'] F (erg S~ 1)

Canonical name ATNF name Ig E T d PSR offset T Rpwn Li_10Tev
(kyr) (kpc) (pc) (po) (10¥ ergs™)
N157B! J0537-6910 38.69 4.93 537 <22 2.80+0.10 <94 760 + 80
Crab Nebula? B0531+21 3865 126 200 <0.8 263+0.02 <3 32.1+£0.7
G0.9+0.13 J1747-2809 37.63 531 133 <3 240+0.11 <7 46 +7
3C584 J0205+6449 37.43 537 200 <2 24+02 <5 0.23 £ 0.06
CTA 1° JO007+7303 35.65 139 140 <4 22+02 6.6+05 0.71+0.10

Candidate PWNe: Other than firmly identified PWNe, safisfy E / d2 > 1034 erg s kpc? & OpsrTevy < 0.5deg & T <107 yr.

This list includes HESS J1908+063 for which eHWC J1907+063 and LHAASO J1908+0621 can be a counterpart.

Limits: PRSs (w/ E > 1035 erg s1) that coincide w/ a firm PWN HGPS src. or do not have a nearby HGPS src.
This list includes HESS J1841-055 for which eHWC J1839-057 and LHAASO J1839-0545 can be a counterpart.




