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Gamma-ray observation in the sub-PeV range helps us search for Galactic PeV cosmic-ray acceler-
ators, PeVatrons. Measurement of the energy spectrum of gamma rays from astrophysical sources
is especially crucial to discuss their hadronic or leptonic origin. In this study, gamma rays from
the sky region of HESS J1843—033 are observed by the Tibet air shower array equipped with the
underground muon detector array. A new gamma-ray source TASG J1844—038 is detected above
25 TeV with a 6.2 o level in the region of interest, the position of which is consistent with HESS
J1843-033, eHWC J1842—-035, and LHAASO J1843-0338. The gamma-ray energy spectrum of
TASG J1844—038 is successfully measured in 25—130 TeV for the first time; it smoothly connects
to that of HESS J1843-033 and gives consistent flux levels with those of eHWC J1842-035 and
LHAASO J1843-0338 at 56 and 100 TeV, respectively. The analysis of the combined gamma-ray
spectra between the H.E.S.S., LHAASO, and TASG sources indicates the cutoff at about 50 TeV.
The distribution of the molecular clouds around TASG J1844—-038 is investigated by analyzing
public CO line-emission data; our study finds the clouds in the velocity range of 75-95 kms™!
lying flat over the region with a S0 Kkms~! level. The association of the observed gamma rays
with a nearby supernova remnant SNR G28.6-0.1 is discussed, and it is proposed that cosmic rays
accelerated by SNR G28.6—0.1 up to about 500 TeV generate the observed gamma rays from the
collisions with the ambient gas found in the analysis.
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1. Introduction

Origin of cosmic rays in the knee region of the energy spectrum has been searched for through
gamma-ray observation above 100 TeV (sub-PeV range). Currently, many sub-PeV gamma-ray
sources have been detected mainly in the northern sky [1-5]. While it is revealed that supernova
remnants, pulsar wind nebulae, and star forming regions are found to be promissing candidates
of PeV cosmic-ray accelerators called PeVatrons, still large amount of gamma-ray sources remains
unidentified [5, 6]: there is no likely counterpart for the sub-PeV sources. It is worth noting
that many of these unidentified sources are not fully investigated to interpret gamma-ray emission
mechanism and more observational studies is needed to provide further information on the sources.

This study focuses on the gamma-ray observation of the sky region around HESS J1843-033,
an unidentified gamma-ray source found by the H.E.S.S. Galactic Plane Survey [6]. It has, in its
vicinity, several SNR candidates [7, 8] and PSR J1844-0346 [9] as well as gamma-ray sources eHWC
J1842-035 and LHAASO J1843-0338 [2, 4], but their associations are not detailedly discussed. In
particular, the energy spectrum of gamma rays from this sky region is not measured systematically
above 30TeV, which cannot be covered by H.E.S.S., and makes it difficult to interpret the relation
between the above sources. The fraction of hadronic contribution to the observed gamma rays from
the source has not been constrained from the neutrino observations [10]. This study aims to observe
gamma rays from the sky region of HESS J1843-033 by the Tibet air shower array equipped with
the underground muon detector array and to discuss its origin.

2. Experiment and Data Analysis

The Tibet air shower array is a cosmic-ray observatory operating since 1991 at Yangbajing
(90.522°E, 30.102° N, 4,300 m a.s.l.), Tibet, China [11-13]. The surface air shower array covers
an geometrical area of 65,700m? with 597 plastic scintillation detectors of a 0.5 m? area and
determines the energies and incoming directions of primary cosmic and gamma rays by detecting
particles in extensive air showers [14, 15]. The array of water-Cherenkov-type muon detectors
(MDs) with a total geometrical area of 3,400 m? is also installed under the ground [1]. The
detectors contain a water layer with a 1.5 m depth and detect Cherenkov light emitted by shower
muons passing the water. The MD array effectively discriminates primary cosmic and gamma rays
and provides high sensitivity to gamma rays from astrophysical sources [16], which has been proved
in previous studies [1, 3, 17, 18].

This study uses the data taken by the Tibet air shower array and the MD array from February
2014 to May 2017 (719 live days in total). The data are selected with the criteria introduced by
Amenomori et al. (2019) [1] with some following exceptions. First, the zenith-angle range analyzed
is extended up to 50° to improve statistics of gamma rays from the HESS J1843-033 region. This
extension is effective above 25 TeV from our simulation studies, so the threshold energy is according
fixed at 25 TeV. Second, the selection using XN, the total number of muons recorded with the MD
array (MD cut), is optimized for this study; it requires events to satisfy 2N, < 1.8 x 1073 (Zp/ m‘z)
or XN, < 0.4 where Zp is the sum of the particle number density recorded with the surface
scintillation detectors. This cut can reduce the background cosmic-ray events to less than a 0.1%
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level while keeping about 80% of gamma-ray events above the gamma-ray equivalent energy of
100 TeV.

Our Monte Carlo (MC) simulation generates a total number of 1.1 x 10% gamma rays following
a power-law spectrum with an index of 2.0 using Corsika v7.4000 [19]. These primary events
are injected into the atmosphere from a hypothetical point source with a declination of 0° and the
developement of air showers are simulated. The detector response for the showers is simulated with
Geant4 v10.0 [20]. The simulation includes the calculation of the energy loss of particles in the
scintillators and the soil layer and Cherenkov-photon emission in the water layer of MDs. Based on
the MC data analysis, the energy and angular resolutions of the experiment are estimated at =~ 30%
and 0.28° (50% containment), respectively.

3. Results

The study defines a square region of interest (ROI) of a 4° x 4° size centered at (a, ) =
(281.0°, =3.5°) (J2000) which includes HESS J1843-033. The distribution of events is modeled
with a source component of an axisymmetric Gaussian plus the background component constructed
from the data in OFF regions. Based on a two-dimensional unbinned maximum likelihood analysis,
the center of a potential source is determined as (@, §) = (281.09° + 0.10°, —3.76° + 0.09°). The
number of events in the circular ON-source window with a radius of 0.7° centered at the determined
center is counted, and the number of background is calculated using 20 OFF regions opened
following the equi-zenith-angle method [21]. The excess of events in the ON-source window over
background is significant with a 6.2 o level [22], leading to a successful detection of a gamma-ray
source, which is named TASG J1844-038. Figure 1 shows the significance map of the ROI, in which
the position and the extension of TASG J1844-038 as well as those of nearby sources are indicated.
The extension of the TASG source is estimated by fitting a one-dimensional Gaussian function to
the radial profile of the events against the position of the source, which leads to 0.34° + 0.12°.
Accounting for the statistical error of the determined position and the pointing systematics of the
experiment [13], the position of TASG J1844-038 is consistent with HESS J1843-033 and the other
nearby gamma-ray sources eHWC J1842-035 and LHAASO J1843-0338. The extension of TASG
J1844-038 is also consistent with HESS J1843-033 (0.24° +0.06° above E > 400 GeV) and eHWC
J1842-035 (0.39° + 0.09° above E > 56 TeV).

Figure 2 shows the energy spectrum of TASG J1844-038 measured between 25 and 130 TeV
with the spectra of nearby gamma-ray sources. The energy flux in each bin is calculated only
if the gamma-ray detection significance exceeds a 2 o level; otherwise, the 95% upper limit is
calculated. The resultant spectrum can be fitted with a simple power-law (PL) function, giving
dN/dE = (9.70 + 1.89) x 1071°(E /40 TeV)~3-26+0-30 Tev—! cm=2 s~! with y2/d.o.f. = 2.1/2. The
absolute energy scale uncertainty of 12% [13] and the statistical uncertainty in the source extension
contribute to the systematic uncertainty in the flux normalization of 43%. It is worth noting that
the spectrum of TASG J1844-038 smoothly connects to that of HESS J1843-033 at 30 TeV and also
gives consistent energy-flux level with LHAASO J1843-0338 at 100 TeV. The above facts imply the
common origin for their gamma-ray emissions, thus favoring the characterization of the combined
spectrum of gamma rays from the sky region including the TASG, H.E.S.S., and LHAASO sources.
The combined spectra rules out the fit with a simple PL function at a 5 o level (y?/d.o.f. = 47.3/9),
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Figure 1: Significance map of the ROI smoothed with the point-spread-function (PSF) radius of the
experiment. The position with the statistical errors of TASG J1844-038 is shown with the black cross and
the extension with the black circle. The white dashed line shows the Galactic Plane. The symbols and the
circles with different colors indicate the positions and the extensions of nearby celestial sources shown in the
right legend. The lower-left inset shows the PSF.
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registered as one of the Galactic diffuse gamma-ray events detected by the Tibet air shower array
[18]. It comes from the direction 0.53° apart from the center of TASG J1844-038, but it is not
inconsistent to consider that the gamma-ray event is of the TASG J1844-038 origin, taking into
account the extension of the source and the experiment’s angular resolusion of ~ 0.2° with a 50%
containment. The gamma-ray likeliness of the event is estimated based on the method described in
[1] from the number of muons in the shower event detected with the MD array, and the probability
of the event being a background cosmic-ray event is calculated as 10~*, highly favoring gamma-ray
nature of the event. Therefore, this is the highest energy gamma-ray event observed ever from the
direction of HESS J1843-033. On the other hand, the number of Galactic diffuse gamma-ray events
is expected to be ~ 0.01, so the scenario that the event is of Galactic diffuse gamma-ray origin
cannot be ruled out (only disfavored with 2.3 o~ assuming the Poisson statistics).

4. Discussion

In this section, the associations of the observed gamma rays with SNR G28.6-0.1 and PSR
J1844-0346, which are located within a positional uncertainty of TASG J1844-038, are discussed.
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Figure 2: Energy spectra of TASG J1844-038 (red) and nearby gamma-ray sources [2, 4, 6]. The error bars
are statistical and the downward arrows indicate the 95% upper limits. The black dotted line is the best-fit PL
function to our result, and the magenta short-dotted curve is the best-fit ECPL function (1) to the combined
spectra between HESS, LHAASO, and this work. The figure is cited from Amenomori et al. (2022) [23].
The flux of eHWC J1842-035 is our calculation from the published integral flux above 56 TeV [2].

Association with SNR G28.6-0.1 SNR G28.6-0.1 has a complex morphology seen in radio
(G28.60-0.13) found by Helfand et al. (1989) [24]. Later, the observation by the X-ray satellite
ASCA detected an X-ray source ASCA J1843.8-0352 overlapping with the radio complex, and the
authors concluded that the ASCA source is a supernova remnant with an age less than 2.7 kyr in
which high-energy electrons are accelerated [7]. Ueno et al. (2003) estimated the magnetic field
in the remnant at ~ 6 4G and the maximum acceleration energy of the electrons at ~ 200 TeV
[25]. In the above relatively weak magnetic-field strength, the energies of parent electrons for the
observed non-thermal keV X-rays and gamma rays with £ < 100 TeV generated through Inverse
Compton Scattering (ICS) should be the same order, thus leading to the same extensions of the
X- and gamma-ray emissions. However, there is a possible discrepancy of a 2.3 o level between
the extensions of TASG J1844-038 (0.34° + 0.12°) and of ASCA J1843.8-0352 (average radius
of 4.5 [25]), which indicates a hadronic contribution to the observed gamma rays. Under such
a situation, the cutoff in the energy spectrum of the contributing cosmic-ray protons would be at
~ 500 TeV, roughly one order of magnitude higher than the cutoff of ~ 50 TeV in the gamma-ray

energy spectrum, as found from our combined fit.

To validate the above idea, the distribution of target materials for cosmic rays to produce 7°-

decay gamma rays, such as molecular clouds, should be investigated. Ranasinghe & Leahy (2018)
determined the distance to the SNR as 9.6 kpc by measuring the HI absorption spectra and detecting
molecular clouds geometrically associated with the SNR in the velocity range of ~ 86 kms~! [26].
Considering the previous study, the >CO (J = 1 — 0) line emission data published by the FUGIN
Galactic Plane survey [27] are analyzed in the velocity range of 75 — 95 km s~! and the distribution
of molecular clouds is compared with the position of TASG J1844-038. The result shown in Figure
3 tells us that diffuse clouds lie flat over the TASG source extension with a ~ S0Kkms™! level.
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Figure 3: Brightness-temperature map of the '>CO (J = 1 — 0) line emission. The position uncertainty
and the extension of TASG J1844-038 are shown by the white dashed and solid lines, respectively. The
positions and extensions of nearby celestial sources are shown with symbols and circles with different colors,
respectively. The figure is cited from Amenomori et al. (2022) [23].

Therefore, it would be adequate to consider that cosmic-ray protons are possibly accelerated up to
~ 500 TeV by SNR G28.6-0.1 and diffuse into the molecular clouds producing 7°-decay gamma
rays from the collisions.

Association with PSR J1844-0346 A gamma-ray PSR J1844-0346 (also named 4FGL J1844.4-0345
[28]), discovered by the Fermi-LAT gamma-ray telescope [9], is another candidate for the coun-
terpart of TASG J1844-038. Its spin period, spin-down luminosity, and characteristic age are
P=113ms, E =4.2x 103 ergs™!, 7. = 12kyr respectively. It is noteworthy to associate the TeV
gamma-ray emission of HESS J1843-033 with PSR J1844-0346. Assuming the pulsar’s distance of
4.3 kpc for HESS J1843-033 [29], the TeV gamma-ray flux of 1.1 x 107! ergcm™2 5! corresponds
to the luminosity of 2.4 ~ 103 erg s™! and the extension of 0.24° translates into the physical size of
=~ 18 pc [6]. These characteristics of TeV gamma rays are typical for TeV pulsar wind nebulae [30].
Therefore, the gamma rays from TASG J1844-038, whose spectrum is continuously connected from
that of HESS J1843-033, can be associated with the PSR J1844-0346 under the leptonic scenario:
gamma rays are produced from ICS off the cosmic microwave background radiation by high energy
electrons accelerated in the pulsar-wind nebula around the PSR. In this scenario, our spectral anal-
ysis indicates the maximum acceleration energy for electrons of ~ 100 TeV. If the magnetic-field
strength of 3 uG is assumed, the cooling time of electrons due to the synchrotron emission and
ICS is roughly ~ 10kyr [31], which is similar to 7. of the PSR. The diffusion coefficient D of
~ 100 TeV electrons can be roughly estimated with 24/Dt.o01 = Rex¢ [32], Where t. is the cooling
time estimated above, and Rey; the extension of TASG J1844-038 (0.34° in apparent radius and thus
=~ 26 pc at the distance of 4.3 kpc). The estimation results in D ~ 5x 10?7 cm? s~ implying that the
particle diffusion is suppressed more than two orders of magnitude than the Galactic average [33].
The suppression is also observed for the Geminga PWN by HAWC [34] which is recently studied
as a category of celestial objects called 7eV halo [35]. No PWN-like radio nor X-ray emission is
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found around PSR J1844-0346 [36], which is consistent with the typical nature of TeV halos. Some
theoretical studies also propose the suppression of particle diffusion in halos by about two orders
of magnitude [37, 38].

5. Conclusions

Data taken by the Tibet air shower array and the MD array are analyzed to study gamma rays
from the sky region of HESS J1843-033. A new gamma-ray source TASG J1844-038 is detected
with a 6.2 o level and its position is consistent with nearby gamma-ray sources. The extension is
estimated at 0.34° + 0.12°, also consistent with those of the HESS J1843-033 and eHWC J1842-
035. The energy spectrum is measured between 25 and 130 TeV and can be fitted with a simple
PL function of dN/dE = (9.70 + 1.89) x 107'°(E /40 TeV) 3262030 Tey 1 cm~2s~!. The fit of a
PL function with an exponential cutoff to the combined spectra between TASG J1844-038, HESS
J1843-033, and LHAASO J1843-0338 results in a cutoff energy of 49.5 + 9.0 TeV. Discussions
of the associations of TASG J1844-038 both with SNR G28.6-0.1 and PSR J1844-0346 lead to
fascinating scenarios: cosmic-ray proton acceleration in SNR G28.6-0.1 up to ~ 500 TeV and the
slow diffusion of high-energy electrons with energies up to ~ 100 TeV in a TeV halo produced by
PSR J1844-0346. However, our simple discussion cannot account for the complex morphology of
HESS J1843-033, which may require detailed theoretical modeling. In addition, the associations
of the observed gamma-ray emission with other nearby SNR candidates [8] and the star forming
region N49 [39] (see Figure 3) should also be study in the future.
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