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Recent observations and theories suggest that GeV cosmic-rays are dominated by SNRs interact-
ing with molecular clouds while TeV cosmic-ray may have significant contributions from other
sources, such as PWNes. Now LHAASO-WCDA have enough significance with E=1 TeV for
SNR G150.3+4.5. Its spatial distribution and extension are consistent with that of the radio and
the GeV band revealed by Fermi , and the extension of about 1.5 degrees. A source inside SNR
G150.3+4.5 is detected by LHAASO-KM2A with a total significance of 9.4 sigma for E > 25 TeV.
The best-fit source location is (R.A., Dec.)= (66.63° £ 0.11°,54.63° + 0.05°), and the Gaussian
extension is 0.32° + 0.06°. It is spatially coincident with 4FGL J0426.5+5434, which has a soft
GeV spectrum reminiscent of a pulsar. The broadband nonthermal emission can be interpreted as
a contribution of a supernova remnant and a PWNe or high density molecular clouds interacting

with high energy proton.
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1. INTRODUCTION

Supernova remnants(SNRs) have been considered as the main sites of Galactic cosmic-ray
acceleration [1]. Charged particles are accelerated to relativistic energy through the diffusive shock
acceleration(DSA) in the blast wave of supernova explosions [2]. The observation of several SNRs
at GeV energies with the Fermi Large Area Telescope appear to the characteristic of the decay of
neutral pion, resulting in the direct evidence that cosmic-rays are accelerated in SNRs [e.g. 3-0].
Although there is some potential evidence to support that some particles can reach PeV energies
within SNRs [e.g. 7, 8], at the high-energy end, direct evidence of CR nuclei acceleration is still
obscure. The maximum energy of y-rays from SNRs can typically reach several tens of TeV [9]
implying an ion spectral cutoff below 100 TeV [10]. To produce PeV particles, Ohira et al. [11]
proposed a scenario of re-acceleration of particles pre-accelerated by shocks of SNRs in a pulsar
wind nebula (PWN) and SNR shocks interaction system. Since most Ultra-high energy y-ray
sources are associated with PWNs, they may contribute to PeV cosmic rays significantly [12, 13].

G150.3+4.5 is a shell-type SNR. The eastern part of the shell was initially discovered by
Gerbrandt et al. [14] with the faint, extended non-thermal radio emission, which was named as
G150.8+3.8. Gao & Han [15] reported the total shell-like morphology with a size of 2.5° x 3.0°
using the A6 cm survey data. The non-thermal radio spectral indices for the eastern and western
shells of G150.3+4.5 are ~ —2.4 and ~ —2.7, respectively [15]. The hard power-law y-ray emission
of G150.3+4.5 was discovered by [16] by analyzing seven years of Pass 8 data recorded by the Fermi-
LAT. And the y-ray morphology is also extended with a radius of about 1.4°. Then in Fermi catalog
(2FHL[17], FGES[18],4FGL [19]), G150.3+4.5, an extended source with about 1.5° is reported as
a hard spectra in GeV band with index about 1.9. Devin et al. [20] use a 2D symmetric Gaussian or
a disk model, spatially coincident with the radio emission, to describe the y-ray emission detected
with more than 10 years of Fermi-LAT data, and obtained a hard spectral index I' = 1.62 at Ey = 9.0
GeV with a logarithmic parabola. A unidentified source with a pulsar-like spectrum in east-southern
part of the shell (above G150.8+3.8 region) was pointed out. It also geiven a possible distances
of 0.3-5.0 kpc by the Hi spectrum, an unabsorbed nothermal x-ray uppler limit about 3.0 x 10~!2
erg cm™2 s~! with T’ = 2.0 and the maximum ambient density about 3.6 X 1073 cm™> estimated by
ROSAT data.

2. OBSERVATIONS AND RESULTS

2.1 WCDA data Analysis and result

Using 508 days of data collected by the Water Cherenkov Detector Array (WCDA) from March
2021 to September 2022, we performed a joint likelihood fit of the spectral energy distributions
(SEDs) and the extended Gaussian morphology, and the emission can be described by a power-law
function(PL): f(E) = (4.73 £ 0.65) x 10713 (55) 7206019 TeV~! cm™2 s™!. The detail of fitting
process can be found in Cao et al. [21]

2.2 KM2A data Analysis and result

With the data from December 2019 to September 2022, including 933 days of completed
Kilometer Squared Array(KM2A) and its partial array data, we performed a joint likelihood fit of
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model RAj000 (°)  Decyaoo0 (°) o(®) TS Nuot
WCDA Extended source 67.23+0.26 55.53+0.16 1.18 +0.12 153.8 5
KM2A Extended source 66.63+0.11 54.63+0.05 0.32+0.06 98.0 5

Table 1: Best-fit positions and extensions with the associated statistical errors [21].The TS values and the
number of degrees of freedom (Ngof) are given with respect to the null hypothesis (no emission from source).
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Figure 1: The gamma-ray SED of G150.3+4.5 including the Fermi-LAT data for SNR and 4FGL
J0426.5+5434, and LHAASO-WCDA and LHAASO-KM2A data. The data of LHAASO from Cao et al.
(21]

the spectral energy distributions (SEDs) and the extended Gaussian morphology, and the emission
can be described by a power-law function(PL): f(E) = (0.54 +0.06) x 10™(gf5) 73401 Tev~!
cm™2 s7!. We also test the Log-Parabola function to describe the SEDs, the TS improvement of
which is only 1 compared with a PL assumption, therefore, the PL is a good description of SEDs.

2.3 CO data Analysis and result

Actually, the SNR is less studied due to its large extension. Here we explored the large-scale
CO emission (~20 deg?) from the Milky Way Imaging Scroll Painting survey [i.e., the MWISP
project; see details in 22] to investigate the molecular gas environment toward SNR G150.3+4.5.

Briefly, we find that the local molecular gas is probably related to SNR G150.3+4.5. The weak
12CO line wings are detected for the molecular gas according to the high quality MWISP data (see
details in Feng et al., in preparation). The distance of the SNR is estimated to be about less than
0.8 kpc (or the radius < 14.0 pc), leading to an an age of <1.3x10* yr for an uniform density of
1 cm™3. The local density near the SNR is probably high (e.g., ~20-30 cm~> for the 3.7 x 10* M
MC) and the scale height of the SNR is <60 pc from the Galactic plane.
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Figure 2: The morphological of radio with Urumqi 6 cm observations from Gao & Han [15].The red boxes
correspond to the brightest parts of the shell. The green and blue solid lines are the best-fit models with a
2D symmetric Gaussian adn a disk model from Fermi-LAT data[20], respectively. The black and magenta
solid lines represent the results of LHAASO-WCDA and LHAASO-KM2A data with a 2D-Gaussian model,
respectively. The red star is a unidentified source 4FGL J0426.5+5434. The crosses are the center point of
the corresponding circles.

3. Discussion

Figure 2 show the morphological of radio from Gao & Han [15], and the fitted results of
Fermi-LAT [20], LHAASO-WCDA and LHAASO-KM2A [21]. We can found that the best-fit
spatial models (a 2D-Gaussian: green solid line or a disk: blue solid line ) of Fermi data and a 2D-
Gaussian morphology (black solid line) fitted by LHAASO-WCDA data, are spatially coincident
with the radio observation (red dashed line). The LHAASO-WCDA data is possible to be same
origin with the radio and Fermi-LAT data. The best-fitted center point of LHAASO-KM?2A data is
very closed the Fermi source 4FGL J0426.5+5434, and their have the same origin. Based on the
morphological of different energy band mentioned above, we propose two possible explanations for
the multi-wavelength observation of SNR G150.3+4.5

3.1 Scenario: Supernova remnant plus pulsar wind nebula

Due to the morphological of radio, Fermi-LAT and LHAASO-WCDA have the same spatial
structure, the radio emission and the gamma-ray from Fermi-LAT and LHAASO-WCDA come from
the Supernova remnant G150.3+4.5. The unidentified source 4FGL J0426.5+5434 is considered
as a pulsar. Because of the reason of the line of sight, no pulse radiation can be resolved, and the
pulsar powers a pulsar wind nebula responsible for the observed GeV emission[20]. Therefore the
gamma-ray from LHAASO-KM2A come from a PWN produced by accelerated electrons through
IC scattering on photon fields. In Figure 2, the radio spectrum of region A is harder than that of
region B [15], and the results of Gerbrandt et al. [14] imply that the radio spectral index from the
region of KM2A is less than 0.38, which is agree with the spectral index of PWNe. The fitted
SED of the model is showed in left panel of Figure 3. For SNR (the red lines in Figure 3)we use
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the synchrotron processes and IC scattering of background soft photons with the distribution of
electron, a broken power-law spectral with an super-exponential cutoff, to fit the multi-wavelength
emissions. The fitting results are show: the low-end spectral index @ = 2.0, the change index
A« = 1.0, the broken energy E;=1.0 TeV, the cutoff energy EZ=50.0 TeV, the total energy content
of electron above 1 GeV W, = 2.0 x 10*7 erg and the magnetic filed B = 3uG. For PWN (the
magenta lines in Figure 3), we also use the same processes and the results are @ = 1.5, Ae = 1.2,

E;=15.0 GeV, EZ=250.0 TeV, W, = 6.0 x 10*(;3=)° erg and B = 2.04G.

3.2 Scenario: Supernova remnant plus molecular cloud

The result of CO data analysis in section 2.3 show that there is an uniform density of 1 cm~> and

MC of higher density about 10*M, for the KM2A region. Therefore the gamma-ray from KM2A
region may be from high density molecular clouds interacting with high-enengy ions escaping the
SNR at the early stage of the SNR evolution. The GeV emission with soft spectrum of 4FGL
J0426.5+5434 is considered as to be generated by shock wave colliding with Molecular cloud.
Therefore, this model consists of three parts and the result show in the right of Figure 3. One is for
SNR (the red lines in Figure 3), the particles distribution trapped in SNR is described as a single
power-law with an exponential cutoff, and the ratio of electron and proton is 0.01 at E = 1 GeV.
The age of the SNR is set as the radiative energy loss time at the cutoff energy. The fitting results
show: @ = 1.9, E¢(B, T)=4.0 TeV, EF=60.0 TeV, W), = 1.5 x 10°(+-5—-)*(-2£) ! erg, B = 8uG

1.0kpc/ ‘1.0cm™3
and T 4. = 48.8 kyr. Second is for the escaped high-energy ions (the magenta lines in Figure 3),

the distribution is assumed to be proportional to

p- \J(Pc)? +m3, R2 \J(Pc)? +m,

————|1-exp|-———| |exp |- - ,
[D(E)T]? P Ep.oun P T apE)T o

where D = Dy(E /100 TeV)l/ 3 is the diffusion coefficient and E, cut < Ecur, R is the distance
between the acceleration site and molecular cloud. The fitting results are: E.,; = 0.2 PeV,
Mjoua = 1.0x 10*My and Dy is fixed as 4.5 x 1027 cm? s™! [23]. we can obtained the fiting result
of R? /4DoTyge = 0.55 with R = 40 pc. For comparison, we also show the result of R = 5 pc.
Third for the shock colliding with Molecular cloud (the green lines in Figure 3). A sample single
power-law with an exponential cutoff is use to fit the radio and the soft GeV emission in KM2A
region. The energy cutoff of electron and proton is assumed the same. We obtain the results:

a = 1.6, E<(B,T)=E'=8.0 GeV, W), = 1.0 x 1047(1‘5]2]”)2(1 o) erg, B = 20uG.

4. Conclusions

We analyzed the LHAASO-WCDA and LHAASO-KM2A data and investigated the morpho-
logical and the spectral properties of the gamma-ray from SNR G150.3+4.5. We find that a
2D-Gaussian morphology fitted by LHAASO-WCDA data is spatially coincident with the radio and
Fermi-LAT observation, and the best-fitted center point of LHASSO-KM?2A data is very closed the
unidentified source 4FGL J0426.5+5434. The fitting results of LHAASO-WCDA and LHASSO-
KM?2A data all show as an extended source. We also analyzed the CO emission from the MWISP
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Figure 3: Left: Broadband nonthermal modeling of the SNR G150.3+4.5 for Scenario: SNR plus PWN.
Right: Broadband nonthermal modeling of the SNR G150.3+4.5 for Scenario: SNR plus molecular Cloud.
The radio fluxes, which are the lower limits, come from Gerbrandt et al. [14] and the radio fluxes of KM2A
region is the result of the full region A minus the southern shell of region A.

project, and obtain the possible distance less than 0.8 kpc and an uniform density of 1.0 cm™

with an age of <1.3x10* yr. Therefore, two scenarios are carried out to interpret the broadband
nonthermal emission in region of SNR G150.3+4.5: a contribution of a supernova remnant and a
PWNe or high density molecular clouds interacting with high energy proton.
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