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Scientific Goals
γ-ray astronomy

Survey for sources (above 500 GeV)

PeVatrons (above 100 TeV)

All kind of sources: SNR, PWN, MYC, binary, 

pulsar

AGN, GRB etc.

Cosmic Ray Physics

The knees 

Compositions : individual species H, He and Fe 

Anisotropy: (1 TeV to 10 PeV)

New Physics Front: DM, LIV, etc.

Large High Altitude Air 

Shower Observatory
Electromagnetic Detectors (EDs)

Muon Detectors (MDs)

Water Cherenkov Detector Array (WCDA)

Wide Field of view Cherenkov Telescope Arrays (WFCTA)

WFCTA

MDs WCDA EDs



起源：和核衰变对应产生的高能辐射对应
来自大气层之外

物质粒子：引力波与电磁波对应
宇宙线是来自宇宙空间的高能粒子流,是
自动送上门来的宇宙深处的高能物质样品.

宇宙线中大部分是带电粒子，如：质子，
粒子、铁核等等；还有少量的中性粒子
如：光子、中微子等等。

宇宙线无处不在，我们人类浸泡在大量的
宇宙线粒子中，例如每秒有数以万亿的中
微子穿过我们的身体。暗物质粒子？

什么是宇宙线？胡红波

能量：导致空气电离 （必要条件）
进入大气的宇宙线和空气中的原子核很快
的反应，产生大量短寿命的粒子并最后都
衰变到稳定的粒子。



Low-energy: Gradual Thermal 
Coronal Source

Lin et al. 2003

High-energy: Impulsive 
Non-thermal 
Chromospheric
Footpoints

RHESSI, Lin et al (2003)

太阳耀斑
X-ray Light curves

X-ray Spectrum

X-ray Contours



太阳高能粒子



太阳高能粒子



探测方法： 空间（直接） 地面（间接）

起源： 太阳 银河系内？ 银河系外？

加速源： 耀斑 超新星遗迹？ 活动星系核？

太阳高能粒子



宇宙线的能谱和流量各向异性



Cosmic Ray Composition

Cosmic Ray Abundance

Solar Abundance

From B/C flux 
ratio one has a 
grammage of 
~10 g/cm2.
For an ISM 
density of 1 per 
cc, the distance 
travelled by CR 
is about
10000kpc, 
corresponding 
to an age of 
~10 million 
years.



宇宙线的起源



物种起源与食物链

低

高



电磁辐射的波长、频率、能量
http://en.wikipedia.org/wiki/Electromagnetic_radiation

太阳

微波背景2.7K

地球

AC交流电CT透视



Cas A

蟹状星云



Origin of Cosmic Rays

Multiwavelength spectra of 44 

SNRs normalized at 100 GeV 

and their distribution in the 

Galaxy

Spectra of Proton and Helium
10TeV



Gamma-ray detectors

EAS arrays:
Milagro, ARGO-YBJ
Tibet Asγ, HAWC，

LHAASO

Space-based
EGRET, AGILE, 
Fermi, DAMPE

IACTs:
H.E.S.S., MAGIC, VERITAS, 

CTA

HE: >0.1 GeV
Large FOV

80% duty cycle
0.1º ~ 5º 

resolution
1 m2 area

VHE:>0.1 TeV
3º~5º FOV

15% duty cycle
0.06º~ 0.17º 

resolution
105 m2 area

VHE：>0.1 TeV
UHE：>0.1 PeV

Large FOV
100% duty cycle

0.1º ~ 1º resolution
103-6 m2 area

高能 甚高能 超高能



Impressive Gamma-ray Source Catalogs

Fermi-LAT 

12ys data 

6658 sources

50 MeV to 1 TeV

HAWC 

5ys data 

65 sources

1~100 TeV

H.E.S.S. 

10ys data 

78 sources

0.2-100 TeV



LHAASO sensitivity 

With large FOV and high sensitivity, LHAASO is an ideal 
detector for sky survey to search VHE and UHE sources! 



Field of view for GRB/TOO

LHAASO HAWC

VERITAS

MAGIC

H.E.S.S.

1/7 of the sky at any time







LHAASO开启了超高能伽马射线天文学！

252

6658

Great progresses are achieved in ground-based VHE 
gamma-ray astronomy! 

High energy高

Very high energy甚高

Ultra-high energy超高



➢ Survey discovered 30+ new sources, 40+ PeVatrons and diffuse γ-ray emission  

Ultra-High-Energy γ-ray Astronomy
arXiv:2305.17030v1

地
球

大型 超高能伽 马源立体 跟踪观测 设备（ L A C T ） 22

HESS

LHAASO-WCDAFermi-LAT

LHAASO-KM2A LHAASO-KM2A





WCDA&KM2A

◼ Separation Angle

◼ Position error 

◼ Source extension

Construction of the 1st LHAASO 

sources

WCDA 

69

KM2A 

75

WCDA&KM2A 

54

90 1st LHAASO sources



◼ WCDA detected 69 sources at >5σ (TS>37) and extension <2º

◼ KM2A detected 75 sources at >5σ (TS>37) and extension <2º

Features of WCDA and KM2A sources 

Source extension Spectral index



◼ The position and extension 

achieved by KM2A at >25 TeV

are used.

◼ Sources with significance >4σ

at >100 TeV are labeled as 

UHE sources

UHE gamma-ray sources

>25 TeV

75

>100 TeV

43



82 sources with the Galactic latitude 

|b|<12º

AGN(z=0.04

4)



8 sources with the Galactic latitude 

|b|>12º

1ES 1727+502

z=0.055

Mrk 421

z=0.031
Mrk 501

z=0.034

NGC 4278

z=0.002
4 

AGNs



◼ 58 sources with TeVCat+3HAWC association

◼ 32 new sources（25+7）

Association with known TeV Sources 

32 90



◼ 65 1LHAASO sources with pulsar 

nearby <0.5º.

◼ 35 associations with chance 

coincide probability <1%. (13

labeled as PWN or Halo in 

TeVCat)

◼ 22 new possible PWN/TeV Halo

Association with ATNF pulsars



蟹状星云



APC Colloquium: LHAASO results from first years of observation,   June 13, 2023

2023/9/1 LHAASO合作组会议，2023，成都 32



宇宙线正负电子

2023/9/1 LHAASO合作组会议，2023，成都 33



>7 SNRs Detected by LHAASO

The higher energy spectra are softer (but 

harder than an exponential cutoff)

10TeV

Preliminary



Gamma Cygni

Considering the low density inferred from 
X-ray observations of 0.2-0.3 cm-3 and a 
high magnetic field

17 µG 



YMSC IN OUR GALAXY
• ~20 in our Galaxy

• More to be discovered (high 
extinction in Galactic plane  )

• The wind power of a 
single young star  can be 
as high as 1e37 erg/sDavies et.al 2011



弥散伽马射线

LHAASO collaboration arXiv: 2305.05372





LHAASO diffuse

arXiv: 2305.05372



Gamma-ray flux in inner and outer Galaxy

LHAASO data from 

LHAASO collaboration,

2305.05372

Fermi from R. Zhang et al,
2305.06948

Gamma-ray flux in LHAASO is same 1/E^3, 

but combination with Fermi looks different.

IceCube data from IceCube 7 years limit on Kra-gamma model approximated to  |b|<5 





结论

◼ 宇宙线起源问题是粒子天体物理的核心科学问题之一，也是LHAASO的主要科

学目标之一

◼ 过去几十年从射电到甚高能伽马射线的天文多波段研究表明GeV宇宙线主要来

自于高密度环境中的超新星遗迹激波加速而TeV宇宙线主要来自于低密度环境

中的高速激波粒子加速

◼ LHAASO观测有望澄清PeV宇宙线的起源问题



Summary
◼ Construction of LHAASO finished in September 2021. LHAASO  operates

with almost 100% duty cicle. It’s one year sensitivity is better compared to 50 

hours for present Cherenkov telescopes above few TeV.  Above 20 TeV it is

better compared to future CTA.  

◼ LHAASO presented first catalog of 90 sources from about 2 first years of 

observation. 32 are new sources.  Number of UHE gamma-ray sources 

above 100 TeV increased from 4 to 43 by LHAASO observations

 35 sources are PWN. Crab, Geminga, milisecond pulsar

 7 SNR, gamma-Cygni can not be explained by leptons

 Star clusters Cygnus, w43

◼ Diffuse emission from Galaxy:  new models requered

◼ GRB 221009A: detailed properties of GRB afterglow from 60000 photons in 

LHAASO WCDA



1054年的客星





0.88PeV



1st LHAASO source catalog



◼ 51% (35/69) 1-25TeV sources are UHE sources.

◼ 57% (43/75) >25TeV sources are UHE sources.

◼ 19% (8/43) UHE sources are not detected at 1-25TeV (new class?).

PeVatrons

Milky Way is full of UHE sources!



◼ 90 in 1st LHAASO sources.

◼ 32 new discoveries

◼ 43 UHE

LHAASO catalog

69

75 43



LHAASO J0534+2202

GRB-1, Science accepted Crab, Science, 373, 425 (2021)

Cygnus Bubble, submitted

PeVatrons, Nature 594:33-36 (2021)

GRB-II,  submitted

Discovery Highlights



◼ Triggered on a weak precursor

◼ Fluence: >5e-2 erg/cm^2，low redshift 

(z=0.151)

◼ deriving an enormous energy Eγ,iso~10
55 erg

◼ brightest-of-all-time (BOAT GRB)

GRB 221009A: brightest-of-all-time (BOAT) GRB

Fermi/GBM

Many detectors 

are saturated

Fermi

R_GRB≤ 6.1 × 10−4 Gpc−3 yr−1

z=0.151 volume ~ 1 Gpc^3

R<10-3 yr



GECAM/Konus-Wind Observations of GRB 221009A

E_iso∼ 1.5 × 10^55 erg

E_iso∼ 1.5 × 10^55 erg

Main peak 1 lasts ~10 s



◼ LHAASO detection of GRB 
221009A: first GRB seen by a 
extensive air shower detector

◼ High statistics: >60,000 photons 
above 0.2TeV (LHAASO-WCDA)

◼ TeV count rate light curve: 
Smooth temporal profile –
external shock origin

LHAASO GRB221009A

GRB 221009A

First time detection of the TeV

afterglow  onset !



MeV vs TeV light curves: external shock origin



APC Colloquium: LHAASO results from first years of observation,   June 13, 2023

◼ EBL model: A. Saldana-

Lopez et al. (2021)

SED measured by LHAASO-WCDA

Intrinsic spectrum

Observed spectrum



Fast decay phase

Revealing a jet break at the 

earliest time.



◼ Jet breaks have been 

seen in optical/X-ray 

bands

◼ First time seeing a jet 

break at TeV band

◼ Helps to understand 

the total energy of the 

GRB

A narrow GRB jet



Pulsars – the most commonly potential counterparts of detected VHE gamma-ray emitter

Among the 47 sources not yet identified, 

most of them (36) have possible 

associations with cataloged objects, 

notably PWNe and energetic pulsars that 

could power VHE PWN.          —— HGPS

HESS Collaboration 2018, A&A

We have presented the third catalog of steady gamma-

ray emitters detected by HAWC using 1523 days of data. 

The catalog consists of 65 sources, including two 

blazars. The most abundant source class among the 

potential counterpart of HAWC sources in the Galactic 

plane is pulsars (56). —— 3HWC (HAWC 

Collaboration 2020, ApJ)

14 firmly identified PWN by HESS

Pulsars as Counterparts of VHE gamma-ray 

sources



Gaensler & Slane 2006

Conservation of Momentum: Natal kick velocity: 400-500 km/s

Giacani et al. 1997 Frail et al. 1996

From PWN to Pulsar Halos

HAWC Collaboration 

2017

suppressed 

diffusion



SNR G21.5-0.9

PSR J1833-1034

HESS J1825-137

PSR J1826-1334

Geminga

Monogem

Three Evolution Stages

Giacinti et al. 

2020



LHAASO Collaboration 2021, PRL

LHAASO J0621+3755

D ≈ (8.9 +4.5 
−3.9 ) x1027(d/1.6 kpc)2 cm2s−1 for Ee~160 TeV



1LHAASO Catalogue

35 sources associated with pulsars with ሶ𝐸 > 1034erg/s at a chance probablity <1%  (65 have ≥1 

pulsar within 0.5 deg)

|b − bc| < 2.5◦ & |l − lc| < 10◦



Crab:    PWN as a Super-PeVatron of 

protons?

3000eV/cm2/s/sr

100eV/cm2/s/sr

Liu & Wang 

2021

KASCADE-Grande Collaboration 

2014

Nie et al. 2022 Zhang et al. 2020

Lepto-Hadronic fitting

Wp~1% Wrot inside the 

nebula

Considering escape

Wp~(10-50)%

may account for 10-

100PeV protons if 

each pulsars can 

accelerate protons 

>10PeV when they 

were young

Estimation 

with a 

leaky box 

model



Highlight Talks in PWN/Pulsar Halos by 

LHAASO

Benbow et al. 

2021

Renfeng Xu’s talk Dr. Zhe Li’s talk
Dr. Yingying Guo’s 

talk



Gamma-ray emitting YMSC

Cocoon 

New GAMMA-RAY 
Source population:

Cygnus Cocoon(GeV-
TeV)[Fermi 2012, 
HAWC2022]
Westerlund 1 (TeV) 
[HESS collaboration 



LHAASO VIEW ON CYGNUS

Huge bubble beyond ~10 degrees (200 pc)

Curved and uniform spectral shape

inner bubble: r~3 degrees, similar to “cocoon”

cygnus bubble:  r~10 degrees



LHAASO view on w43

•UHE gamma-ray emission reveal good correlation with  dense gas

•Spectrum up to PeV


