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Outline
• Brief introduction of kpc-scale jets (P. 3-7)

• Shear acceleration: theory and application  (P. 8-15)


• FR I jet: Centaurus A 

• FR II jet: 3C 273 

• Acceleration of Cosmic rays


• RMHD simulations (P.16)

• Summary (P.17)
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Blandford R., Meier D., Readhead A., 2019, ARA&A, 57, 467  

AGN jets in all scales
Mass and Energy transfer from < sub-pc scale to ~Mpc scale
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X-ray jet: accelerators

Harris D. E., Krawczynski H., 2006, ARA&A, 44, 463
>100 sources @ https://hea-www.harvard.edu/XJET/#morph
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Fanaroff–Riley (FR) classification of jets 
• Radio morphology: 


• FR I: low power & the brightest emission near the radio cores 

• FR II: high power  & the brightest emission at outer extremities (hotspots)


• SED for FR I jets: X-rays can be explained by synchrotron radiation 

one population of electrons
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FR II jets: synchrotron for X-rays 

Fermi observation rules out IC/CMB 

for PKS 0637-752

 Polarimetry Rules out IC/CMB 

for PKS 1136-135 

 Georganopoulos M., Meyer E., Perlman E., 2016, Galaxies, 4, 65

two populations of electrons
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Particle (re-)acceleration
• Synchrotron origin of X-rays requires sub-PeV electrons:




• Cooling time of sub-PeV electrons: 
  —>   


• For jet length >> kpc, particles accelerated by the jet head shock will cool 
down immediately after the shock passes (standing shocks may exist in 
specific locations)


• In-situ (re-)acceleration mechanisms required for large-scale X-ray jet

• Shear acceleration

Esyn = 2(Ee/0.1PeV)2(B/10μG) keV

τc = 1.2 × 103(B/10μG)−2(Ee/0.1PeV)−1 yrs cτc = 0.37kpc
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• Shear acceleration is Fermi II like

• Velocity profiles in jets (spine-sheath)

• Turbulences are embedded in shearing layers

• Particles scatter off turbulence and sample the 

velocity difference
v

r/rj

Shear acceleration
vmax vmin

β



• Fokker–Planck description for energy-space diffusion equation 
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Formulation of shear acceleration

Liu R.-Y., Rieger F. M., Aharonian F. A., 2017, ApJ, 842, 39

Escape 

Cooling

Injection at  γ < γcr

Acceleration
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Steady-state solution
• Steady state: can be solved analytically and exactly


• The exact solution:

Kummer’s confluent 

hypergeometric function: 

Wang et al., 2021, MNRAS, 505, 1334
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• Exact solutions for shear acceleration:


• Kolmogorov turbulence: q=5/3


• Assume a linear decreasing profile 

Wang et al., 2021, MNRAS, 505, 1334

Particle spectra
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Application to Centaurus A (FR I)
Radio and TeV gamma-ray

H. E. S. S. Collaboration et al., 2020, Nature, 582, 356 Wang et al., 2021, MNRAS, 505, 1334

IC and Syn from one population of electrons

An examplary fitting with code NAIMA
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Application to 3C 273 (FR II)

HST 

VLA 

Jester et al., 2006, ApJ, 648, 900 

Chandra 

IC and Syn from two 

populations of electrons

Fitting with code NAIMA
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• Shear acceleration accounts for the population of high-energy electrons

• Consistent with General picture: FR I low-power jets / FR II high-power jets

Wang et al., 2021, MNRAS, 505, 1334

Shear accelerationuncooled component
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Shear acceleration of UHECRs

Hillas, 1984, ARAA, 22, 425; Kotera & Olinto, 2011, ARAA, 49, 119

Escape spectrum:

Wang et al., 2021, MNRAS, 505, 1334

Emax = min[9, 2w3/2η−3] Z B/(10μG) Δr/(1 kpc) EeV
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RMHD simulations with PLUTO
Preliminary 
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Short Summary
• Shear acceleration can produce cut-off power-law spectra

• Multi-wavelength SED of FR I/II jets can be explained

• >10 Z EeV CRs can be achieved

• More to come: RMHD simulations + test particle simulations

• The SED difference between FR I and II jets remains to be answered


