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The LHAASO J2018+3651 region is one of the brightest sources in the sky at TeV energies.
Photons with energies up to 0.27 PeV from this region have been detected with the Large
High Altitude Air Shower Observatory (LHAASO) and here we present a detailed study of
this region using more data from LHAASO. This analysis resolves the region into six sources:
LHAASO J2018+3641, LHAASO J2019+3649, LHAASO J2021+3657, LHAASO J2016+3712,
LHAASO J2013+3610 and LHAASO J2028+3655. An investigation of the morphology and
spectrum for LHAASO J2018+3641, LHAASO J2019+3649 and LHAASO J2021+3657 are the
focus and we find that the spectrum above TeV deviates significantly from a single power-law, and
is best described by a power-law with exponential cutoff. The three sources may be associated
with PSR J2021+3651 and its X-ray pulsar wind nebula. Additionally, LHAASO J2016+3712 is

tentatively associated with the evolved supernova remnant CTB 87.
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LHAASO J2018+3651

1. Introduction

The LHAASO J2018+3651 region is one of the brightest sources in the sky at TeV energies,
which was first observed by the Milagro for MGRO J2019+37[1]. Milagro measured its flux to be
about 80% of the Crab Nebula flux at 20 TeV and showed an extent of ~0.75° [2]. Deep observations
of this region by VERITAS resolved it into two sources: VER J2019+368 and VER J2016+371 [6].
VER J2019+368 is a brighter extended source. More tests provide statistically significant evidence
that the emission is due to two independent sources (the potential sources VER J2018+367+ and
VER J2020+368x ), the two sources are still candidates and may be related, meanwhile the origin
of the emission remained unknown [3]. VER J2016+371 is the other source, which is a point-like
source to VERITAS. It was suggested that the most likely counterpart of VER J2016+371 is a Pulsar
Wind Nebula (PWN) in the Supernova Remnant (SNR) CTB 87 because of the co-location of the
TeV y-ray and X-ray emission as well as the luminosity in those energy ranges.

Moreover, HAWC identified a source HAWC J2019+368 associated with VER J2019+368, and
it has significant VHE y-ray emission above 56 TeV ([4]). LHAASO identified a source LHAASO
J2018+43651, reported that y-rays with energies up to 0.27 PeV were detected from the source,
which is associated with VER J2019+368 [8]. The observation with the Tibet air shower array
detected y-rays of TASG J2019+368 have energies up to 200 TeV with a spectrum that can be fitted
with an exponential cutoff with an index of 1.6 + 0.5 and a cutoff energy of 44 + 21 TeV [7].

Within the region encompassing LHAASO J2018+3651, a fascinating amalgamation of as-
tronomical phenomena is observed, including several supernova remnants (SNRs), HII regions,
Wolf-Rayet (WR) stars, high-energy y-ray (> 100 MeV) sources, and the hard X-ray transient
IGRJ20188+3647 (17-30keV) [2, 8, 16]. A young energetic radio and y-ray pulsar, PSR J2021+3651
[11, 15] and its nebula, PWN G75.1+0.2, are also in the vicinity. PSR J2021+3651 has a period
(P) of 104 ms, spin-down luminosity (E) of 3.4 x 1036 erg s~! and a characteristic age (1) of
17.2 kyr [15]. Observations with Chandra, Suzaku, and XMM-Newton detected a nebula named
PWN G75.2+0.1 around PSR J2021+3651 [12]. Based on a one-zone time-dependent model for
multiband nonthermal emission from PWNe, [9] indicated that the pulsar could provide enough
energy into the PWN G75.2+0.1 to produce the 100 TeV gamma ray source. Assuming a power-law
distribution for the electrons/positrons injected into the nebula, the obtained PWN spectral energy
distribution is in general agreement with the fluxes detected by the VLA, Suzaku+XMM-Newton,
and HAWC [9, 12].

We will examine the morphology and spectrum of LHAASO J2018+3651 in this work, which
combines and extends the prior analyses presented in [8]. The high-energy sensitivity will enable
us to probe spectral features such as the existence of a spectral softening beyond the VERITAS
and HAWC energy range, which would be expected if the TeV emission originates from inverse
Compton (IC) scattering. Significant softening in the spectrum favors a leptonic scenario, because
of the suppression of the y-ray emission due to Klein-Nishina (KN) effects [14].
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Figure 1: The LHAASO exposure significance map of the observations used in this analysis (Left: LHAASO-
WCDA; Right: LHAASO-KM2A). The X-ray radiation is represented by a blue fan-shaped region, and the
radio radiation is represented by a black fan-shaped region.

2. Observations

2.1 LHAASO data analysis

LHAASO, a versatile extensive air shower (EAS) array, is purpose-built for investigating
cosmic rays (CRs) and gamma rays across an energy spectrum spanning from sub-TeV to over 1
PeV. This advanced facility integrates three detector systems: the 1.3 km? Kilometer-Square Array
(KM2A), which offers unprecedented gamma-ray detection sensitivity above 20 TeV; the 78,000
m? Water Cherenkov Detector Array (WCDA), engineered for TeV gamma-ray observations; and
the Wide Field-of-view Cherenkov Telescopes Array (WFCTA), specialized in cosmic ray physics
research.

For this study, we employed the full-array setup, with WCDA data collected from March 5Sth,
2021, to July 31st, 2024 (1136.2 days effective live time) and KM2A data from July 20th, 2021, to
July 31st, 2024 (1064.9 days). The number of fired hits (Ny;) was selected as the primary energy
estimator for WCDA [5], with events binned into seven segments: [30, 60), [60, 100), [100, 200),
[200, 300), [300, 500), [500, 800), and >800. KM2A events were log-binned with a 0.2 energy
width. The cosmic ray background was estimated using the direct integral method [10]. The
celestial region (RA 0°-360°, Dec —20°-80°) was divided into 0.1°x0.1° pixels, where detected
events and estimated background were filled for binned maximum likelihood analysis based on the
forward folding method. The significance of the target source was calculated via the test statistic
(TS): TS = =2(In Ly — In L), where Ly, and L.y, denote likelihoods for the background-only
and signal+background models, respectively. Assuming a power-law (PL) spectrum with pivot
energy Eog=10 TeV, the forward folding method was used to derive the gamma-ray spectral energy
distribution (SED), with spectrum parameters obtained via maximum likelihood fitting.

2.2 Spectral and Morphological

As illustrated in Figure 1, the emission near the center of the region of interest (ROI) dominates
this area. To better fit the data, we employed an alternative elliptical Gaussian shape model; however,
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Table 1: Description of model parameters assuming sources have an exponentially cutoff power law spectrum.
P10Tev 1S the flux normalization at 10 TeV in units of TeV-!em2s7L, Reported uncertainties are statistical.
For the DGE, a log-parabola (LP) function is employed for fitting.

Source Name RA and DEC [°] Spectral Parameters Morphology (o)
304.67 +0.013 T =1.59 + 0.04
LHAASO J2018+3644 0.254° +0.012°
* 36.73+0.01  Eyy = 18.85 + 0.56 TeV *
0.029° + 0.004°
LHAASO J201943649  S0+92+0.02 ['=1.33+0.02 0.218° + 0.023°

3681001 Eeu =4044+1.60TeV 000 oo

305.56 +0.03 I'=1.89+0.08

LHAASO J2021+3657 0.170° + 0.018°
* 36.95+0.02  Eey = 31.52+3.25TeV *

- I'=2.752+0.015

Background ~ 5 = 0.076 = 0.009 Dust Model

Velocity: -2.0km/s to 2.0km/s

b [ degree ]
Npfem™2

75.5° 75.0 74.5¢
I[ degree ]

Figure 2: The gas column density near this region derived from '2CO line observations.

the results did not yield convincing evidence to support its applicability. Three source candidates
were identified: LHAASO J2018+3641, LHAASO J2019+3649, and LHAASO J2021+3657. All
three sources exhibit local significance exceeding 200, and their spectra are well-described by a

power-law function with an exponential cutoff, given by

-
dN (E) exp(—E), )

— OC —
dE EO Ecut

where I" is the spectral index and E is the cutoff energy, I is the photon index of the spectrum. For
Energy-dependent morphology, the measured size exhibits large uncertainties, and no significant

variation is observed with increasing energy.
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Figure 3: Tri-color image of CTB 87. “+” in white (yellow) marks the best-fit position of LHAASO
(VERITAS) with Isigma uncertainty. “X” represents the PSR found by FAST [13].

3. DISCUSSION

Time-dependent leptonic model: High-energy electrons injected from the pulsar wind nebula
(PWN) upscatter cosmic microwave background (CMB) and infrared (IR) photons to very high-
energy (VHE) ranges. The J2019+3649 region contains "young" electrons, while the J2021+3657
and J2018+3644 regions are dominated by "old" electrons that are injected at an earlier time.

For J2021+3657, we also explore a hadronic model due to its potential association with WR
141. Additionally, the star-forming region Sharpless 104 (Sh 2-104) may contribute a portion of
the measured flux from J2018+3644. The hadronic emission model also works. As illustrated
in Figure 2, the gas column density near J2018+3644 and J2021+3657 is derived from '>CO line
observations. However, for J2019+3649, the hadronic model does not work.

LHAASO J2016+3712 is linked to a point source coincident with the SNR CTB 87 with a
TS value of 100.8 (corresponding to ~ 10.00"). Analysis of data of Fermi in the 1 GeV - 1 TeV
range revealed two point sources with distinct gamma-ray spectra [17]. A soft GeV spectrum (PsA:
index 2.90) is typical of SNR shock-MC interactions, while the hard GeV spectrum of PsB (index
1.69) smoothly connects to the TeV spectrum, supporting PsB as the GeV counterpart of LHAASO
J201643712 and VER J2016+371. Combining radio and X-ray observations of the PWN and the
hard GeV spectrum characteristic of PWNe, we conclude that LHAASO J2016+3712 originates
from the PWN associated with PSR J2016+3711.

4. Conclusions

In this work, we reanalyze the y-ray emission from the LHAASO J2018+3651 region (1136.2
days of WCDA and 1064.9 days of KM2A data). Three new sources were detected during the
LHAASO analysis, and the updated results for the three previously detected ILHAASO sources
indicate that a total of six source candidates were identified in this region. LHAASO J2018+3644,
LHAASO J2021+3657, and LHAASO J2019+3649 are detected at a significance level exceeding
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20070ca1, and their spectra are well-described by a power law with exponential cutoff. Those three
sources are likely associated with PSR J2021+3651 and its X-ray pulsar wind nebula. Furthermore,
LHAASO J2021+3651 may also be associated with WR 141. Additionally, LHAASO J2016+3712
is tentatively associated with the evolved supernova remnant CTB 87.
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