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Outline

Cosmic rays and UHE gamma-ray emission

Crab Nebula and three brightest sources at 100TeV

Diffuse Galactic Gamma-ray Emission

Summary



Cosmic Rays

 Charged particles from outer space, 
mostly protons

 Spectrum spanning 11 order of 
magnitude, E<1PeV from Galaxy

 Reflect extreme processes in the 
universe

 Ubiquitous in the universe, important 
feedback on galaxy and star 
formation, interstellar medium and etc

LHC



CR Deflection by magnetic field

Apparent 
direction

Real 
direction

Lower energy cosmic rays propagate 
more diffusively

Secondary photons or neutrinos 
may be a solution:

γ or ν produced by CR interaction inside or 
in the vicinity of the sources

credit: www.hap-astroparticle.org/ A. Chantelauze)
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Gamma ray emission mechanism

Kelner et al. 2006
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Proton-proton collision Inverse Compton scattering

UHE emission is the probe of PeV
particle accelerator



LHAASO Collaboration 2021， Nature, 594, 33

LHAASO’s first results



Update:1.1PeV

Credit: NASA's Goddard Space Flight Center

Kuranz et al. 2018

Cygnus region in infrared

Credit: ESA



Record of the supernova explosion in 
ancient Chinese Chronicle （1054AD）

Crab Nebula

Appearing Time
Position in the sky
Duration
Brightness 





spindown energy → 
Magnetic energy

electron energy

proton energy?
Lsd=4.5x1038erg/s

Atoyan & Aharonian 1996, A&A

Aharonian et al. 2012, Nature

Proton fraction < 0.5% (n/10cm-3)-1

Zhang et al. 2020, MNRAS

Crab Pulsar:

Gaensler & Slane 2006



2 Leptonic components

Leptonic+Hadronic component

LHAASO’s measurement on Crab Nebula

LHAASO Collaboration 2021, Science



How much fraction of the spindown
energy can go into protons?

ηp = (10 − 50)%
Ep,max = 10 PeV, 30 PeV, 100 PeV
αp = 1.6, 1.8, 2.0

Liu & Wang 2021, ApJ accepted

Protons injected at early 
time have escaped



Possible contribution of pulsars to CRs beyond the knee

Crab:

3000eV/cm3

100eV/cm3

KASCADE-Grande

Not yet arrived



A leptonic scenario cannot 
be excluded even if several 
PeV photon is detected from 
Crab Nebula

Neutrino observation might help
IceCube >100TeV νμ
~0.3 for 10 years
10 x IceCube 



1. Gradual softening of the spectrum
2. No clear spectral cutoff
3. complex region

SED of three brightest sources at 100TeV



Blue: Atomic (HI) Cloud
Red: Molecular Cloud

Head: Interacting with HI Cloud
Tail: Expanding into a Cavity

Fermi-LAT 3-500GeV (Xin et al. 2019) 

HAWC 1-100TeV (HAWC Collaboration 2020)

VERITAS 1-10TeV (VERITAS Collaboration 2009)

Tibet AS+MD, 10-100TeV (ASγ Collaboration 2021)

LHAASO, >100TeV (LHAASO Collaboration 2021)

Gamma-ray coincident 
with the molecular cloud

Ge, RYL, Niu, Chen & Wang 2021, 
The Innovation, 2, 100118

LHAASO J2226+6057



The inferred high shock velocity 
empowers  the shock to accelerate 
PeV protons! 

Ge, RYL, et al. 2021



Ge, RYL et al. 2021



LHAASO J1908+0621

Li, RYL et al. 2021, 
ApJL

VERITAS Collaboration 2014

Duvidovichi et al. 2020

Malone 2021 ICRC



Fermi-LAT‘s observation

Li, RYL et al. 2021, ApJL



Two components

Muon neutrino flux upper limit by IceCube

Another hadronic gamma-
ray component is allowed

IceCube Collaboration 2020, PRL

2σ deviation 
from best-fit 
function beyond 
100TeV

Li, RYL et al. 2021, ApJL

Malone 2021, ICRC



Khangulyan et al. 2018

1ms period at birth, braking 
index<2, Rpwn ~ 60pc

LHAASO J1825-1326

100pc

1. anisotropic morphology

2. energy-dependent morphology

3. extreme extension

HESS Collaboration 2019, A&A

RS crushing

PSR J1826-1256

PSR J1826-1334

Chandra



Energy-dependent 
extension can be well 
reproduced in a 
pulsar halo scenario

Hybrid system:
pwn+halo

RYL & Yan 2020

PWN

RS

Escaping 
electrons



E>177TeVPossible Contribution from an 
additional hadronic component

Interaction between CR and MC

Voisin et al. 2016

HAWC Collaboration 2021



Credit: 
NASA

Galactic Diffuse Gamma-ray Background

Fermi-LAT Collaboration 2016, ApJS

Interaction between CR protons and ISM

Fermi-LAT Collaboration 2016, ApJ

γ-ray emissivity per H atom measured at 2 GeV

proton flux integrated above 10GV

proton spectral index

proton flux integrated above 10GV 
star formation rate



ASγ Collaboration 2021, PRL

DGE at sub-PeV



RYL & Wang 2021, ApJL

Co-produced Neutrino would exceed the IceCube’s upper limit
π0→γ π± →ν



ASγ Collaboration ICRC2021

Gaussian Profile
σ=2.1 deg
0.5 deg ~ ¼ σ

¼ σ : only ~3%
of total flux

The UHE diffuse 
gamma-ray 
emission detected 
by ASγ contains 
source contribution！

11Insufficient mask



ξ：ratio of contribution between 
other sources to Cygnus Cocoon 

ξ=0.5 ξ=5

Diffusive + Source Contribution RYL & Wang 2021, ApJL



Summary

 Ultrahigh-energy gamma-ray sources are probes of extreme particle accelerators. 
Currently more than 10 have been detected.

 The spectrum of Crab Nebula extends up to 1.1PeV, consistent with a leptonic
model, but also shows a possible indication of an additional spectral component 
above several hundred TeV. 
 The second spectral component could either be hadronic or leptonic origin. In the case of 

hadronic origin, the fraction of pulsar’s spindown energy converted to protons can reach as 
high as (10-50)%

 LHAASO J2226+6057, LHAASO J1908+0621, LHAASO J1825-1326 are brighter 
than Crab Nebula at 100TeV. They are extended sources in spatial coincidence 
with more than one candidates (PWNe and SNRs mostly). There are hints of (a 
fraction of) the emission being hadronic for all three sources. 

 Diffuse Galactic sub-PeV Gamma-ray emission detected by Asgamma are probably 
partly contributed by extended sources and unresolved sources.

Thanks for your attention!



Crab flares

fast acceleration and synchrotron cooling of PeV electrons in compact 
(R ≤ 0.01 pc) highly magnetized (B ≥ 1 mG) regions



k

W(k)

Wave-particle interaction k ~ 1/λ ~ 1/rg

Injection 
scale

2pc~k-q

D(E) ~ E2-q

L>λinj>rg,max

Liu & Wang 2021, ApJ

Tang & Chevalier 2012, ApJ





Li, RYL et al. 2021

LHAASO 
Collaboration 2021



G18.9-1.1 G18.9-1.1

Voisin et al. 2016

Van Etten & Romani 2011
HESS Collaboration 
2006,2019

Suzaku HESS

X-ray: 
Compact nebula 
+diffuse nebula
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