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The observation of ultra-high energy (UHE, E>100 TeV) gamma-ray sources plays a crucial role
in identifying Galactic PeV accelerators, also known as PeVatrons. The Large High Altitude Air
Shower Observatory (LHAASO) is a large hybrid extensive air shower array, constructed at Haizi
Mountain, 4410 m a.s.l., in China. With its wide field of view and high sensitivity, LHAASO is
an ideal instrument for the detection and study of PeVatrons within our Galaxy. Since July 2021,
the whole LHAASO detector array has been completed and operated in good states. Through an
all-sky survey, we have observed ultra-high energy gamma-ray emissions in 43 regions associated
with pulsars, supernova remnants (SNR), young star clusters, and other celestial objects. In
this proceeding, we will present the results obtained from representative gamma-ray sources and
discuss our observations of diffuse gamma-ray emissions along the Galactic plane.
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1. Introduction

Cosmic rays (CRs) exhibit an almost power-law energy spectrum from 109 eV to 1020 eV. It is
widely believed that CRs with energies up to a few PeV (the “knee” ) originate from accelerators
within Galaxy. Due to the deflection caused by the Galactic magnetic field, the arrival direction
of CRs at Earth does not directly point back to their sources. However, gamma-rays, prodeced by
relativistic protons interacting with the surrounding medium near the accelerators, can be used to
investigate the origin of CRs. The typical energy of gamma rays relative to parent CRs is about
1/10 [1]. Therefore, the detection of UHE gamma-rays is crucial to the identification of PeVatrons.

In recent years, extensive air shower arrays have detected gamma-ray emissions with energy
above 100 TeV. The first UHE source, the Crab Nebula, was observed and reported by Tibet AS𝛾 in
2019[2]. Subsequently, four additional UHE sources were revealed by the Tibet AS𝛾 and HAWC
[3]. With a sensitivity of approximately 1% Crab unit to gamma ray sources, LHAASO can survey
the northern sky with full duty cycle and a large field of view, corresponding to almost 2/3 of
the celestial sphere [4]. In 2021, the LHAASO half-array reported the detection of twelve UHE
gamma-ray sources with a statistical significance over 7𝜎 [5]. The photons detected by LHAASO
far beyond 100 TeV prove the existence of Galactic PeVatrons. It seems that the Milky Way is full
of these particle accelerators. However, no Galactic sources have been firmly identified as proton
PeVatrons.

The whole LHAASO array has been in service since July 2021. More data can be used to
analyse which could give us a much better overview of UHE gamma-ray sky. In this proceeding,
we will first introduce the detectors of LHAASO experiment in section 2. We will present the
first LHAASO gamma-ray source catalog which include nearly one hundred gamma-ray sources
with tens of new discovery in section 3. Some important measurements on different types of UHE
gamma-ray sources and on the Galactic plane diffuse gamma-ray will be shown in section 4 and
section 5, respectively.

2. The LHAASO experiment

The LHAASO experiment is a hybrid extensive air shower detector, which is located at an
altitude of 4410m a.s.l. in Sichuan province, China [4]. One of the most important scientific
objectives of LHAASO is to survey the northern UHE gamma-ray sky to investigate the origin
of CRs [6]. It is composed of three detector arrays: the square kilometer array (KM2A), 78,000
𝑚2 water Cherenkov detector array (WCDA) and 18 wide-field air Cherenkov telescopes array
(WFCTA). The layout of LHAASO in shown in Fig1.

The KM2A comprises 5195 electromagnetic particle detectors (EDs) and 1188 muon detectors
(MDs). It is primarily designed to observe a significant portion of the northern sky, with the
aim of detecting gamma-ray sources at energies exceeding 10 TeV. Each ED consists of 4 plastic
scintillation tiles covered by 5-mm-thick lead plates to absorb low-energy charged particles in
showers and to convert shower gammas into electron–positron pairs [7]. The embedded wavelength-
shifting fibers collect scintillation light generated by charged particles and transmit it to a 1.5-inch
photomultiplier tube (PMT). The arrival time and number of the particles recorded by PMT can
be used to reconstruct the information on the primary shower, such as direction, core location, and
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Figure 1: The layout of LHAASO [6].

energy. Each MD includes a water bag with a diameter of 6.8 m and a height of 1.2 m to enclose
pure water [8]. The water bag is housed within a cylindrical steel tank, which is buried under
2.5 meters of soil for shielding against high-energy electrons/positrons and photons from showers.
At the tank’s top center, an 8-inch PMT is installed to collect the Cherenkov light produced by
high-energy particles as they traverse through the pure water. The MD array is used to detect
mainly the muonic component of showers to discriminate between gamma-ray and hadron induced
showers. We conducted a performance study on the KM2A half-array [9]. At 100 TeV, the core
resolution of is about 2-4 m, the energy resolution is about 13% and the rejection power is about
4 × 103 for showers at zenith angle below than 20°.

The WCDA is constituted by 3 water ponds, focusing on surveying the northern sky for steady
and transient sources from 100 GeV to 20 TeV. Each water pond is divided into 5𝑚 × 5𝑚 cells
partitioned by black plastic curtains to prevent penetration of the light from neighboring cells,
with an effective water depth of 4 m. WCDA-1 and WCDA-2, each with an effective area of
150 × 150𝑚2, are equipped with 900 detector units each. On the other hand, WCDA-3, with an
area of 300 × 110𝑚2 , contains 1320 detector units. For gamma-ray induced showers, WCDA-1
has a threshold of 600 GeV, while WCDA-2 and WCDA-3 have a threshold below 100 GeV due to
a modification in the original design. The combination of 8-inch PMT and 1.5-inch PMT pairs has
been replaced by the combination of 20-inch and 3-inch PMT pairs. The performance of WCDA-1
was tested by observing the Crab Nebula as a standard candle [10]. The angular resolution of
WCDA-1 is approximately 0.45◦ at 1 TeV and better than 0.2◦ above 6 TeV. The energy resolution
is about 33% for gamma rays around 6 TeV. Considering an aproximate photon acceptance of 50%,
the rejection rate of cosmic ray induced showers is about 97.7% at 1 TeV and 99.8% at 6 TeV.
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The WFCTA contains 18 Cherenkov telescopes. Each telescope consists of an array of 32 ×
32 Silicon photomultipliers ( SiPMs ), a 5 𝑚2 spherical aluminized mirror, a power supply system
and a slow control system [11]. It has a field of view (FOV) of 16◦ × 16◦ with a pixel size of
approximately 0.5◦ × 0.5◦. The telescopes are located close to the edges of WCDA pond. WFCTA,
WCDA and KM2A can be combined together as a calorimeter-like complex detector to measure
air shower energy and composition. For example, all the three array recorded a giant gamma-ray
induced shower on 11 January 2020 at 17:59:18 coordinated universal time (UTC), Fig 2. The
energy estimated by KM2A and WFCTA is 0.88 ± 0.11 PeV and0.92+0.28

−0.20 PeV, respectively [12].

Figure 2: The 0.88-PeV gamma-ray event from the Crab recorded by the LHAASO detectors [12].

3. All Sky survey

With about 400 days of data collected by WCDA and 900 days of data recorded by KM2A, the
LHAASO conducted a survey of the northern gamma-ray sky, covering a declination range from
−20◦ to 80◦ [13]. As a result, a total of 92 sources were observed with an extended size smaller
than 2◦ and a significance above 5.9𝜎. Among them, 43 gamma-ray sources were detected with
UHE emission at a significance level of 4𝜎, as shown in Fig 3. Most of these UHE sources exhibit
higher significance or harder spectral index compared to other sources, indicating that the remaining
sources are likely to be detected with UHE gamma-ray emissions as more data is accumulated. This
provides important evidence that the Milky Way is rich in UHE sources, which could be associated
with pulsars or pulsar wind nebulae, supernova remnants, young massive star clusters, and so on.
Further investigations into the spectral and morphological characteristics of these UHE sources are
necessary for identification. In section 4, we will present measurements conducted on representative
regions.
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Figure 3: LHAASO significance map with energies above 100 TeV [13].

4. PeVatron Candidates

4.1 Pulsar/Pulsar Wind Nebula

Pulsars are rapidly rotating neutron stars that form after the explosion of a massive star in a
supernova event. The strong electric field generated by the rotation of the pulsar is believed to
accelerate a relativistic wind of electron-positron pairs, which carries away most of the pulsar’s
rotational energy and eventually interacts with the surrounding interstellar medium. In this situation,
a nonthermal nebula can be formed with the spectrum extends from radio wavelengths to ultra-high
energy gamma-rays. In the first LHAASO catalog, a total of 35 sources have been identified as
being associated with pulsars, with a chance probability of less than 1% [13]. Fig 4 illustrates the
properties of these associated pulsars, highlighting their energetic spindown power and relatively
young ages. Among the 35 sources, 22 have been observed as UHE sources. This suggests that
PWNe make a significant contribution to the population of UHE sources.

4.1.1 Crab Nebula

The Crab Nebula is the brightest known pulsar wind nebula, powered by the ultrarelativistic
electron-positron wind from the pulsar PSR J0534+2200. Serving as a unique cosmic laboratory,
the Crab Nebula exhibits an exceptionally broad spectrum of nonthermal radiation that spans an
impressive 21 decades of frequencies [14]. This broad-band spectrum displays a distinctive double-
peaked structure, following a common characteristic observed in all pulsar wind nebulae. At TeV
energies, the Crab Nebula has been observed to have an angular size of approximately 50 arc
seconds.

The KM2A data set collected in the operation of half-array for 314 days and three-quarter array
for 87 days from December 2019 to February 2021 and 10 months of WCDA-1 data were used to
make a dedicated measurement of the Crab Nebula [12]. A total of 89 UHE photons with energy
exceeding 100 TeV were detected from the Crab during the time. Two photons with energy of about
0.88 PeV and 1.12 PeV were detected. The energy spectrum was measured from 500 GeV to 1.1
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Figure 4: Pulsar spindown power versus age for all pulsars of the ATNF catalog within the FOV of LHAASO
[13].

PeV with a spectrum showing gradual steepening over three energy decades. As shown in Fig 5, the
fluxes measured by WCDA and KM2A are connected smoothly in the narrow overlapping region
around 12.5 TeV. From sub-TeV to multi-TeV, the results of LHAASO are consistent with previous
measurements.

The broad-band nonthermal emission of the Crab Nebula can be reasonably explained by the
synchrotron radiation and inverse Compton (IC) scattering of relativistic electrons. At energies
above 100 TeV, the cosmic microwave background radiation dominates the gamma-ray production
and the relation between energies of the photons and the parent electrons is simple. For instance,
a photon with an energy of 1.1 PeV corresponds to a parent electron energy of approximately 2.3
PeV. Therefore, the detection of such high-energy photons by LHAASO provides the evidence
of a PeV electron accelerator in the nebula. Considering the classical electrodynamics and ideal
magnetohydrodynamics theory, it has been found that the acceleration efficiency of electrons in
the Crab Nebula can exceed 15% of the theoretical limit. Additionally, the size of the PeVatron is
constrained to be between 0.025 and 0.1 parsecs. The spectral points measured by LHAASO below
60 TeV are consistent with the predictions of the one-zone model (as shown in Fig5). However,
deviations with a significance of 4𝜎 are observed between 60 and 500 TeV. For more in-depth
discussions and analysis, detailed multiwavelength studies can be found in the [12].

4.1.2 PSR J1740+1000

Another interesting UHE source is LHAASO J1740+0948, which is associated with PSR
J1740+1000. This pulsar is considered to be middle-aged and is located approximately 1.2 parsecs
away from Earth. The pulsar’s position is significantly above the Galactic plane, suggesting that
it may have originated from a halo-star progenitor. In the X-ray region, an extended and elogated
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tail spanning approximately 5.5′ was observed [15]. However, in the TeV energy range, the
VERITAS experiment only reported an upper limit of 10−13𝑐𝑚−2𝑠−1 between 1 TeV and 10 TeV
[16]. Additionally, the HAWC detected a faint gamma-ray source with 0.13◦ away from the PSR
J1740+1000.

KM2A analyses this region with approximately 900 days of data [17]. A significant excess,
named LHAASO J1740+0948, has been observed in both energy bands of 25− 100 TeV and > 100
TeV, with significances of h 11.4𝜎 and 5.4𝜎, respectively. The LHAASO J1740+0948 locate near
the extrapolated path of the PWN tail represented by the purple striped line in Fig 6. The source
is not significantly extended and the 95% confidence level upper limit is about 0.14◦. The energy
spectrum of LHAASO J1740+0948 is better described by a logparabola function rather than a
simple power-law model. Considering the small extension and large offset, the Pulsar Halo scenario
does not seem suitable. If the observed gamma ray emission originates from the pulsar wind nebula
tail, the position and offset can be consistently explained.

Figure 5: The spectral energy distribution of the Crab Nebula [12].

4.2 Supernova Remnant

Generally, supernova remnants (SNRs) are believed to be the main source of cosmic rays in
the Milky Way [18]. There are two main reasons supporting this hypothesis. Firstly, our galaxy
experiences approximately three supernova explosions per century, releasing an enormous amount
of energy ranging from 1050 to 1051 ergs. If 10% of this energy is converted into cosmic ray particles,
it would provide the necessary energy to sustain the current state of cosmic rays. Secondly, the
Diffusive Shock Acceleration (DSA) mechanism offers an efficient way to transfer energy from the
explosion’s outer shell to cosmic rays, accelerating them to relativistic energies. In 2013, the Fermi
observatory detected characteristic decay signals from neutral pions in two middle-aged supernova
remnants, IC443 and W44. This direct evidence indicates that SNRs are capable of accelerating
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protons to energies in the GeV range. However, further observations and theoretical modeling are
still required to determine whether SNRs can accelerate hadronic particles to PeV energies.

Figure 6: The significance map around LHAASO J1740+0948 region. details can be seen in [17].

4.2.1 W51

W51C is one of the SNRs that has been observed to exhibit a pion zero decay bump [19].
In the case of W51C, the interaction between the expanding shockwave of the supernova remnant
and the surrounding molecular clouds leads to the acceleration of cosmic rays. This interaction is
supported by the discovery of the 1720 MHz OH maser and the presence of shocked gas in the
interaction zone. Many experiments have reported gamma-ray emission in the region.

Recently, a dedicated analysis of this region was conducted by a group from LHAASO [20].
As shown in Fig 7, the LHAASO revealed a significant excess of gamma rays with statistical
significances of 17.58𝜎, 18.37𝜎, and 5.96𝜎 in three distinct energy ranges: < 25 TeV, 25-100
TeV, and > 100 TeV, respectively. The gamma-ray emission from W51C exhibits an extension of
approximately 0.17◦ ± 0.02◦ for energies below 25 TeV. However, no significant extension was
observed for energies above 25 TeV, with an upper limit of about 0.19◦ at a 95% confidence level.
LHAASO conducted measurements of the differential energy spectrum ranging from 1 TeV to
several hundred TeV. It is proposed that the gamma-ray emission is characterized by a power-law
function with an exponential cutoff. The observed gamma-ray emission can be explained by high-
energy CRs that escaped during the early stages of the SNR, illuminating the adjacent molecular
cloud (MC).

4.2.2 SNR G150.3+4.5

LHAASO has also detected UHE gamma-ray emissions in the SNR G150.3+4.5 region [21].
The radio emission from the SNR exhibits a shell-like morphology, measuring approximately
2.5◦ × 3.0◦ in size, as depicted in Fig 8. The Fermi-LAT also observed an extended gamma-ray
source with a radius of about 1.4◦. Below 25 TeV, the gamma-ray emission detected by WCDA
is spatially coincident with the radio contours. However, above 25 TeV, the gamma-ray emission
detected by KM2A diminishes significantly and appears to be closer to a PSR-like Fermi source.
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The energy spectra measured by both WCDA and KM2A can be represented by power laws, but
there is a noticeable discrepancy between them due to the significant difference in the sizes of the
sources. The challenge lies in determining the origin of the UHE emission, whether it originated
from a pulsar or molecular clouds. Two scenarios are discussed in [21].

Figure 7: The significance map around W51. The cyan cross and dashed circle are the fitted position and
90% events coverage region of LHAASO [20]. The yellow contours represent the 21 cm radio continuum
emission from VLA.

Figure 8: The radio map detected by Urumqi 6 cm observations [21].
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4.2.3 SNR G69.7+1.0

The SNR G69.7+1.0 was initially proposed as a SNR in the radio range. However, different
experiments have reported varying distances to the SNR from Earth, ranging from 14.4 kpc to
7.8 kpc. In terms of gamma-ray observations, Fermi-LAT is the only instrument that has observed
energies lower than 10 TeV. At energies exceeding 25 TeV, LHAASO observed the gamma-ray source
appearing as a point-like object [22]. The position of LHAASO is in agreement with the radio and
Fermi results, and the energy spectrum exhibits a remarkably hard nature. No significant cutoff
was observed before reaching 400 TeV. Currently, the available multiwavelength measurements
are insufficient to provide a definitive explanation for the observed phenomena. The data can be
accounted for by both leptonic and hadronic models, as shown in Figure 9.

Figure 9: Upper: the multi-wavelength spectrum in the leptonic scenario. Below: the multi-wavelength
spectrum in the hybrid scenario [22].

4.3 Star-forming Regions

Star-forming regions are characterized by the presence of young and massive stars, known as
OB stars. These stars emit powerful stellar winds, which create shockwaves and turbulence in their
surrounding environments [23]. These shockwaves can efficiently accelerate charged particles to
relativistic speeds. The Cygnus region, located in the Galactic plane, is famous in the northern sky
for the complex features observed across various wavelengths, including radio, infrared, X-rays, and
gamma-rays. Situated in the star-forming region of Cygnus X, the Cygnus Cocoon is interpreted
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as a cocoon of recently accelerated cosmic rays that are closely associated with the Cygnus super-
bubble. Recently, LHAASO reported the detection of a photon with energy up to 1.4 PeV in the
cocoon region [5]. The measured ratio of muon number (𝑁𝜇) to electromagnetic particle number
(𝑁𝑒) for the highest-energy photon is 1/941. This ratio means that nearly all of the CR background
is rejected, with an estimated chance probability of 0.028%. With the availability of more data,
the Cygnus region was subjected to a detailed analysis, revealing a greater number of photons with
energies exceeding 1 PeV. It is evident that the energy spectrum extends beyond the PeV range.
Consequently, the results will be published.

LHAASO has the potential to observe interesting star-forming regions, including W43, MC9,
RSGC 1, and others. The analysis of these regions is currently in progress, which will contribute
to our deeper understanding of the acceleration mechanisms within star-forming regions.

4.4 New UHE Sources

Through the all-sky survey, LHAASO has discovered 32 gamma-ray sources, out of which 13
sources have been detected as ultra-high-energy (UHE) sources [13]. This remarkable achievement
opens up the possibility of identifying new candidates for PeV accelerators.

LHAASO J2108+5157 is the first UHE source discovered by LHAASO [24]. No significant
counterparts were detected in other wavelengths within the region of LHAASO J2108+5157. While,
it is found to be correlated with the molecular cloud [MML2017]4607. The observed UHE gamma
rays could potentially be explained by the interactions of protons with the surrounding gas (Fig
10). Other possible scenarios, such as a PWN, can also be invoked to explain the gamma-ray
emission. However, no conclusion can be reached regarding the origin of its ultra-high-energy
(UHE) emission. The LHAASO J2108+5157 was initially reported as a point-like source with an
upper limit of 0.26◦ at a 95% confidence level (CL). However, with the extensive accumulation of
data, the source’s extension was observed and the WCDA detected TeV emission from the source.
This is beneficial for further identifying and verifying the nature of this source.

5. Galactic Plane Diffuse Gamma-ray

Diffuse gamma-rays are produced through the interactions of cosmic rays with the interstellar
medium and radiation fields. They serve as the natural background for a variety of signals. The
observation of diffuse emission is vital for accurately detecting gamma-ray sources, whether they
are point-like or extended in nature. Additionally, diffuse gamma-rays can be utilized to investigate
the spectrum and density of cosmic rays throughout the entire Galaxy.

LHAASO has reported the measurements of diffuse gamma-rays from the Galactic plane
between 10 TeV and 1 PeV energies [25]. The inner region (15◦ < 𝑙 < 125◦, |𝑏 | < 5◦) was detected
with a total significance of 29.1𝜎. On the other hand, the outer region (125◦ < 𝑙 < 235◦, |𝑏 | < 5◦)
was detected with a significance of 12.7𝜎 (see Fig11). This marks the first detection of diffuse
emission from 10 TeV to hundreds of TeV in the outer Galactic plane. The fluxes of the diffuse
emission in the two regions can be fitted by a power-law function, with an index of −2.99± 0.04 for
the inner Galaxy region and −2.99± 0.07 for the outer Galaxy region. The latitude distributions of
the diffuse emission are consistent with the gas distribution. However, there is a noticeable deviation
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observed in the longitude distributions. These measurements suggest the presence of additional
emission sources or spatial variations in cosmic ray intensities.
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Figure 10: Multiwavelength SED of LHAASO J2108+5157 with hadronic and leptonic models [24].

Figure 11: The significance maps in Galactic coordinate of the inner Galaxy region (panel (a)) and outer
Galaxy region (panel (b)) above 25 TeV [25].
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