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LHAASO

—— 开启超高能 -天文学
及后续发展



Bird’s eye view of LHAASO，2021-08

• Location：29o21’ 27.6” N , 100o08’19.6” E

• Altitude: 4410 m

• 2021-07 completed built and in operation
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Multi-Messenger

Collaboration Network
ANTARES (NT)

LST/CTAO
(CT)

GVD (NT)

VERITAS (CT)

IceCube(NT)

LHAASO
合作组：
5国家
31单位
275成员

MAGIC(CT)

KM3Net (NT)
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Water Cherenkov 

Detector Array (WCDA)

 Area：

78,000 m2

 Detector units：

3120

 Energy Range：

0.1-10 TeV



KM2A

Selection of γ–rays out of CR background

~1 PeV CR event: many muons

~1 PeV from the Crab  Area：

1.3 km2

 Detectors：

5242 ED

1188   MD

 Energy Range：

0.01-10 PeV

~ 1 PeV γ–ray event ：very few muons

Active Area for Muons vs. Array Area: 4% 



CR background Rejection Power

 Counting number of measured muons in a shower
 Cutting on ratio Nμ/Ne<1/230
 BG-free (Nγ>10NCR) Photon Counting 

for showers E>100 TeV from the Crab

10-5

10-4



1.1 PeV Photon

from the Crab Direction Record by KM2A
LHAASO, Science, 373, 425-430, 2021

Background-Free measurement 
of the γ–ray Photon：
In total,  64  events that have energy 
>1.1 PeV are measured by KM2A in
0.27°cone respect to the direction of the 

Crab. The criterion of muon-content 
<1/356 cuts 0.22 million non-photon 
events, thus estimates the chance 

probability of 0.03% ！



 WFCTA measured the event 
simultaneously 

L/W~2.6, Npe~9100 in 11 pixels

 Energy：0.9±0.2 PeV

 KM2A measured the event

Nparticle~4574 in 395 EDs

 Energy： 0.9±0.1  PeV

 Chance probability:  <0.1%

Nμ~15 in 11 MDs

Wide FoV C-Telescope Array (WFCTA)

Cross-checking inside Collaboration

WFCTA 
tele.-10

tele.-10  image

WCDA

KM2A

 Telescopes：

18

 Energy Range：

0.1-100 PeV



羊八井AS

羊八井
ARGO-YBJ

墨西哥、美国
HAWC
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与所有望远镜对比

LHAASO在宇宙线和伽马天文研究中占据了显著
的领先地位，其两大主力设备（一平方公里探测
器阵列和水切伦科夫探测器阵列）与上一代装置
相比，性能指标都有了跨代提升。

高海拔宇宙线实验“四代同堂”



SCIENTIFIC RESULTS

I. The Crab
II. PeVatrons
III. New TeV Catalog
IV. LIV Testing



Standard candle 
for γ–ray

Observation 
The pulsar

The Crab Nebula （from NASA）

The coverage of 3.5 orders of magnitudes of energy 
0.5 - 12 TeV 40-400 TeV 0.4-1.2 PeV
PSF：0.22° 0.26° 0.15°
Pointing accuracy：0.01°



SED of the Crab: “standard Candle”& PeVatron

LHAASO, Science, Science, 373, 425 (2021)

 LHAASO:
➢ Covering 3.5 decades of energy
➢ Agreeing with other experiments 

below 100 TeV
➢ Self cross-checking between WCDA & 

KM2A

 LHAASO-KM2A: 
➢ Unique UHE SED
➢ A PeVatron without ambiguity  
 Clear origin: a well-known PWN

 An extreme e-accelerator:
➢ 2.3 PeV electrons 
➢ in ~0.025 pc core region
➢ accelerating efficiency of 15% 

( 1000× better than SNR 
shock waves)

KM2AKM2A



Extreme Electron Accelerator

 Chandra has observed many 
knots in between the pulsar 
and the inner ring

 They are apparently in the 
region that ~PeV photons 
may be emitted by electrons

0.18 pc

0.025 pc

M.C.Weisskopf, et al., ApJ 536 L81 (2000)



MHD PIC Simulation 

Yingchao Lu et al., ApJ 908, 2, 147 (2021) 

磁重联电流片、
终端激波面



SED of the Crab: EEA or Super-PeVatron
LHAASO, Science, DOI10.1126/science.abg5137, 2021

16

 Perfect interpretation of one-zone electronic 

origin up to 50TeV

 Reasonable extension up to 1 PeV, with a 

deviation of 4 σ

 Can not rule out proton origin of photons ~1.1 

PeV, yet

 Accelerator boosting protons to few PeV to 30 

PeV nearly perfectly explain the LHAASO data

 这将是首次发现超过“膝”能量的宇宙线源，存

在于银河系内，并且不是SNR，而是PWN！

 2-3年之内可望敲定！

?

L. Nie et al., ApJ, 7, 96(2022)  

https://arxiv.org/abs/2201.03796


Discovery in KM2A Survey
Our Galaxy is full of PeVatrons

12 PeVatrons are discovered

◆High Standard：significance >7σ

◆BG-free：Cosmic Ray background

rejection rate  <10-4

◆High Statistics：530 UHE photons

◆Multiple Type of Sources

LHAASO J0534+2202

LHAASO, Nature, 594,  p.33-36, 2021



UHE γ–ray 
(0.1-1 PeV)

Sky Map



Discovery in KM2A Survey
Do not observe clear cut-off up to ~1 PeV

Three brightest 
PeVatrons

◆ No trend of cut-off 

in SED of γ–ray sources

◆ Updates using newer 

data show continuous 

extension to higher 

energiesLHAASO, Nature, 594,  p.33-36, 2021

1.4 PeV

河内存在
许多PSP，
都是
宇宙线源
候选天体！



Discovery Using KM2A
Onset of UHE γ–ray Astronomy

E > 0.1 PeV: all types of candidates 
◆ Spectroscopy: 15% resolution

◆ Morphology:   0.25°PSF

这只用到
LHAASO设计
灵敏度的
~1/20！



New TeV Catalog

 WCDA New Sky Map



Exploring Lorentz Invariance Violation

3 orders of 
magnitudes
below the 
Planck-scale

LHAASO Coll., Phys.Rev.Lett. 128 (2022) 5, 051102, Phys.Rev.Lett. 126 (2022) 051102



PROSPECTS

I. Era of UHE γ-ray Astronomy
II. Morphological Details
III. Multi-messenger Astronomy



LHAASO开启UHEγ-天文学新时代
LHAASO的建成，突破了

国际上长期没有超高能伽马射
线望远镜的瓶颈，使我国天文
观测领域拥有了几乎全波段的
观测能力。

采用“边建设、边运行”
模式，LHAASO运行一年即发
现人类历史上从未观测到的最
高能伽马光子，达1.4拍（拍=

千万亿）电子伏；发现一批亚
拍电子伏以上银河系伽马源，
揭示了银河系内广泛存在“拍
电子伏粒子加速器”，其加速
能力突破了传统认知，加速能
力超过人类最大的加速器1千
到1万倍，开启了“超高能伽
马天文学”时代。

UHE
伽马
射线

射电

红
外
太
赫
兹

紫外
及

远紫外
软X
射线

硬X
射线

伽马
射线

VHE
伽马
射线

可
见
光

蟹状星云的全波段观测能谱

FAST LHAASO悟空慧眼郭守敬



LHAASO的科学问题
γ-ray astronomy

星系中央超大质量黑洞

《科学》：Zhen Cao, et al., LHAASO Coll., Science, 373, 425 (2021)

蟹状星云

宋朝时期的超新星，
中国人的天文记录

eR O SITA

eR O SITA

银河系的X射线和伽马射线泡

伽马暴几秒钟内
释放1052尔格

超新星爆发及其遗迹

洛伦兹协变性破坏
量子引力等
新物理前沿探索

发现银河宇宙线起源的候选天体、揭示超高能伽马辐射机制及宇宙线的加速原理

12个银河系

拍电子伏

加速器

《自然》：Zhen Cao, et al., LHAASO Coll., Nature, 594,  33-36, 2021



Charged Cosmic Rays
• Measuring AS front by WCDA or ED array (0.2°)

• Measuring E-flux near core by WCDA (2m) 

• Measuring µ–content by MD array (1-104 each) 

• Measuring Xmax by WFCTA (40 g/cm2 ) 

• Measuring AS Energy by WFCTA (15%)

53°37°
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➢ Calibrate E-scale using moon 

shadow  by WCDA at 6 <E<30 TeV

➢ ΔE/E currently 30% dominated by 

Statistics and <10% in 4 yrs

➢ Propagating the E-scale to WFCTA

by using commonly triggered CRs



The knee of Proton spectrum 
（Eb~0.7 PeV）• Coincident events by WCDA and                     

6 telescopes (phase I)

• Shower cores in WCDA-1

• Selecting  pure proton showers by 4 
parameters: aperture of 1000 m2 sr

• H+He showers: aperture of 1800 m2 sr

expectations from the data 

taken ~750 hrs in 2020-2021
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The knee of Fe spectrum 
（Eb~24 or 50PeV）

➢ Coincident events by both WFCTA and full KM2A (phase-II)

➢ Shower cores are in 1 km2

➢ Incline shower with depth of 840 g/cm2

Expectation of 6 yrs

Expectation of 3 yrs



LOOKING OUT FOR FUTURE

I. UHE γ-Astro.: identifying CR-sources

II.Multi-messenger Astro.: ν-Astronomy



4410

美国天文和天体物理的十年规划报告（ASTRO2020）：

多信使项目的发展情况 和 LHAASO的国际地位

蓝色：存在的实验
绿色：计划的项目
红色：尚缺失的能力

现在对超高能中微子信使观测缺失
实施IceCube-Gen2，保持领导地位

在未来至少15年里，LHAASO一家独大的局面
将由CTA的建成而改变；
SWGO具有重大意义：我们已经正式加入，
目标是 4 X LHAASO in Peru/Chili



2020年代伽马天文学研究的“国际分工”

• 中国的LHAASO：巡天普查、精确测量能谱

• 欧洲的CTA：定点观测、精确测量光源内部结构

2004年，欧洲科学家提出CTA计划

建设10平方公里百台望远镜阵列

2009年，中国科学家提出LHAASO计划

建设1平方公里地面探测器阵列

2021年7月，全阵列建成，
2021年10月，工艺验收，投入运行！

2021年，一台LST！



亚丁机场跑道

LACT 设计的核心思想

 32台成像C-望远镜：Φ6 m （@HESS）
~ Φ12 m （@LACT）

分8组覆盖1km2面积： 8×HESS 升级换代



大型超高能伽马源立体跟踪观测设备（LACT）

分8组

每组4台(≧HESS)

立体观测

角分辨率
@5TeV

灵敏度

@10TeV

能量

分辨率

<0.06° <3% Crab <15%

➢ LACT总体
性能指标：

来自宇宙
加速器
γ射线

空气簇射

切伦科夫光

立体跟踪观测系统



4410

34

• 利用贝加尔湖或南海的优势，

占领中微子学科领域的制高点

• 建设 >30 km3 中微子望远镜，

超越IceCube-Gen2，实现探测

单源灵敏度

高能中微子望远镜

• 宇宙线源发出的高能伽马光子，

必然存在相伴生的中微子

• 一锤定音，高能宇宙线起源问

题的最后一块拼图！

6 km



Conclusion

 LHAASO is completely built, and in full operation since July 2021 
 Open-up “UHE (>0.1 PeV) Astronomy”

① 12 PeVatrons are discovered in our galaxy
② A photon at 1.4 PeV is recorded toward Cygnus constellation

 First Discoveries：
① Our galaxy is full of PeVatrons accelerating particles over 1 PeV
② Potential CR origins: many type of candidates
③ The Crab: extreme e-PeVatron emitting 1.1 PeV γ posing challenges  

 Fundamental rules, e.g. LIV, are tested in  extreme condition
 Precision Measurements of individual species CRs around knees will be 

measured at first time
 Lookout for future:

① PSF~0.05°for identifying for CR sources by LACT
② 𝜈-telescope with the sensitivity for single-PeVatron: 30 km3 in LB or SCS 


