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PeVatrons in LHAASO’s View 
—— Origins of CRs at the knee

 Zhen Cao, on behalf of LHAASO Collaboration



~10KM

(Aug. 2018, at 4410 m a.s.l. )

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

The Site

LHAASO, Nature Astronomy 5:849 (2021)

LHAASO

Airport
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LHAASO Physics Topics
 Gamma Ray Astronomy
 Charged CRs measurement
 New Physics Frontier

78,000
1188

4,410 m 

High Energy Cosmic Rays
Large High Altitude Air Shower Observatory (LHAASO)

(muon detectors) 
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Survey for PeVatrons



~190 Sources ( without AI-aid analysis)

120 
σ

20 σ



Better DGE measurements



总结

1. 超高能伽马源系统观测的情况：53 个

2. 4 个微类星体是超高能源的起源天体；

3. 4 个SNR潜在联系到超高能伽马射线源；

4. 10余个脉冲星风云被很好的认证；

了解：不同演化阶段，不同环境这些天体

~ 190

>100 TeV
(65)

>400 TeV
(7)





PeVatrons



Six μ-Quasars in the Milky Way: PeVatrons
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 Six μ-Quasars are identified to be PeVatrons

GRS 1915+105

MAXI J1820

Cygnus X-1

V4641 Sgr

SS 433

Many ways to accelerate 
Particles to PeV energy



LHAASO HESS
1-20 TeV

25-100 TeV

Above 100 TeV



TeV γ-rays = CR particles

UHE γ-rays

PeV protons 

Atomic gas

        SS 433 SED

 LE:  Leptons 
 HE: Hadrons
 PeV proton power:
               ~1038 erg/s 
 ~10 sources are sufficient

30 pc ~ 1020 cm



•This guarantees the 
proton accelerator 

•~4 PeV photons implies 
40 PeV proton A super-
PeVatron:

•For Protons >40 PeV, 
radiation mechanism: 

  proton-γ scattering 

Cyg X-3：4.8 hour orbiting 

3 R⊙ ~ 1011 cm



Flaring for months or a half years

•Flaring of the companion 
star of 14 M⊙

•Super-Edington accretion 

•Strong UV photon field 
during flares



SED of a source of proton-photon scattering  



Black Holes as super-
PeVatrons?
Very difficult to detect: not only due to the distant: ~20,000 light-year !
But also out of main field of view of LHAASO: a source in southern hemisphere 
Powerful accelerator generating particle at E >10 PeV !!



Gamma ray binaries



From PWNe to Pulsar Halos

Free Expansion Phase RS-interaction Phase Bow-Shock Phase

Age of Pulsars

Pulsar Wind Nebula

Pulsar Halos

g-Binary X-Binary(μQ) MSP

Pulsar Halos

Pulsar Wind 
Nebula

Too faint 
to be 

detected



Composite X-ray/Optical Image
Credit: NASA/ESA

Limit from Hillas 
Condition
Limit from 
Synchrotron Cooling

rotational energy → electromagnetic energy                                                

   nonthemral energy    ← kinetic energy 
Lu et al. 2021, ApJSironi & Spitkovsky 2014, ApJ

X-points electric field Fermi-type

Young PWNe: Extreme Particle Accelerators



Esyn= 7MeV (Ee/1PeV)2 (B/100μG)
EIC= 0.37(Ee/1 PeV)1.3

Extreme acceleration efficiency

(� =
ℇ
� < 1)

Implication from Crab Nebula

LHAASO Coll. 2021, Science



PSR J1849-0001: engine of another extreme accelerator

low magnetic field → size-limited acceleration

BTS
2/8π= εBLs/4πRTS

2c → EH=eBTSRTS= (2εBLs/c)1/2=2.5PeV (Ls/1037ergs-

1)1/2(εB/0.1)1/2

  η = Ee,max/EH



PWNe:



Einstein Probe (天关(Taurus)Telescope)
Follow-up FXT

Wide FoV WXT
WXT:
•Fast Surveying
•3’resolution

FXT:
•Large FoV
•Very low BG 



XMM-Newton EP FXT

(Cao et al. 2026)

XMM FXT
2400 
cm2

500 
cm2
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V4641 vs. SS 433

Similar pattern 
Much Lower luminosity
Activity, low B-field
Version of  SS 433

(Chi et al. 2026, submitted)

BH

Diffuse X-ray

V4641 Sgr SS 433



Cygnus Bubble 
with a size of ~10°

•This guarantees the proton source 

•~2.5 PeV photon implies

    25 PeV protons propagation

•Slow diffusion yields the bubble

•Size of 300 pc or 1 kpc

•Distance is unclear

(Science Bulletin, 2024) 



LHAASO VIEW 
ON CYGNUS

Huge bubble 
beyond ~10 

degrees (200 pc)



3-D distribution of Molecular Clouds



HE Protons injection from the core region 

High energy cosmic rays 
escape from the accelerator in 
the core

Diffusing through the H1 gas 
and producing γ’s in p-p 
collisions

Hitting on clampy molecular 
clouds making hot-spots

 Slow diffusion ~1%DC in 
ISM



A Bubble of UHE γ’s centered at a complex core 
Cygnus OB2, binary J2032+4107, MQ X-3

Energy
(TeV)

Ne Nu Theta
(deg)

Dr
(m)

1087 5904 13 19.4 143

1188 5480 14 34.4 73

1208 6939 13 14.2 131

1350 6938 8 27.1 43

1379 6469 9 17.4 52

1421 6258 7 12.7 57

1784 6665 13 18.0 41

2481 13815 29 33.0 99

 PeV Photons are scattered in the Bubble, and seem 
not to associate with any small scale sources

8 γ’s above 1 
PeV! 

2.5 PeV

1.4 PeV
(Nature, 2021)



Dark PeVatrons

LHAASO J0212+4254 is a bar of 5° at b ≈ −17.5◦ 
seem have a head LHAASO J0216+4237 with a 
high energy knot  LHAASO J0206+4302



DARK PEVATRONS



LACT (36 MST) as the upgrading of LHAASO 
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 Stereo  measurement of Cherenkov image 
 At least 4 telescopes simultaneously 

 Reconstruction 

 Angular resolution 0.04° for E>30 TeV

空间立体成像测量系统

A.R.：<0.04°

 for E>30TeV



• Funded
• 8X4 array at LHAASO site
• 6-m telescopes
• two proto type telescopes 

•First light soon in this year! 

LACT : an IACT array in 
LHAASO



4 Telescope Array Performance 
•Effective area for small elevation targets
•Angular resolution 

Rp~ 630 m 



Jet Termination vs central accelerator

•LHAASO           vs.         LACT (either two point sources or complex morphology) 

LACT PSF

LHAASO PSF



Spectra of Rigidity of protons and helium nuclei
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 Two or Three Components 
existence

 Strong enhancement of proton 
flux in the component around 
the knee

 Proton-rich source population

 Strong enhancement of helium 
flux in the component below 
100 TV

 Helium-rich source population

 No perfect rigidity dependence



Summary
  

•LHAASO updated the survey for TeV-PeV sources with improved analysis combining the DGE and source 
measurements together

•DGE is measured with better statistics and agreed with the prediction in “out-galaxy” and still large shortage in the 
“inner-galaxy”

•More than 50 UHE sources are found withe the total number of sources exceeding 190

•Micro-quasars are found the most important population of PeVatrons and unvailing detailed radiative mechanisms 
particularly by their temporal and spatial features 

•Extreme accelerators are found among PWNe which pose chellanges to bassical rules such as Hillas limit

•Special morphological investigation together with multi wavelength deep observation reveals particle propagation 
features in sourceregions

• In future, the improved spatial resolution enables a deeper investigation for the very interesting extended sources 
revealing Super-PeVatrons  

•High precision measurements of proton and helium spectra reveal  a new component of CRs in the “knee” which 
naturally associated with the PeVatrons or even Super-PeVatrons 
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