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from PhD times…😀

to recent times….



• Basics on Shear Acceleration in AGN (intro & context) 

• (i) On Particle Acceleration in the kpc-scale jet of Cen A  

• (ii) On Extended VHE emission in M87 

• (iii) On Cosmic-Acceleration in Seyfert Galaxies (NGC1068) 

• Conclusions
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Short Overview



4

 ‘vacuum’ gap shock
(1st order)
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(2nd order)
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efficiency?
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Basics: Possible Acceleration Processes in AGN (not exhaustive) 
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n turbulence
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• like 2nd Fermi, stochastic process with average gain: 

                                                     

             

           using characteristic effective velocity:

                                                    ,  where    particle mean free pathλ = cτ

< ΔE > ∝ ( ueff

c )
2

E =
1
c2 ( ∂uz

∂x )
2

λ2 E

!u = uz(x) !ez

(Berezhko & Krymsky 1981;  Berezhko 1982;  Earl+ 1988;  Webb 1989;  Jokipii & Morfill 1990;  Webb+ 1994;  FR & Duffy 2004ff…)

FR 2019 [review]

non-relativistic

Basics: On Fermi-Shear Particle Acceleration

ueff = ( ∂uz

∂x ) λ



• leads to:

 

⇒ seeds from acceleration @ shock or ‘classical’ stochastic…

⇒ easier for protons…( ➩ UHECR)

tacc =
E

(dE/dt)
∼

E
< ΔE >

⋅
λ
c

∝
1
λ
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(FR & Duffy 2019)

Power-law index for steady state solution

momentum-diffusion coefficient:      and     Dp ∝ (dβ/dr)2 p2 τs τesc ∝ (Δr)2 /κ

Power-law solution:

λ = c τs ∝ pα

• PL index s sensitive to maximum flow speed 
 diagnostics of jet (spine) speed 

• for relativistic flow speeds approximating: 

⇒

n(p) ∝ p2 f (p) ∝ p−(1+α)
(see also  

Webb+ 2018)

linear velocity shear

Γ = (c2 /15) γb(r)4 (dβ /dr)2

Basics: Simplified leaky-box model for shear acceleration

f(p) ∝ p−s

for mean free path:  λ = c τs ∝ pα



Fermi-type Particle Acceleration in AGNs 

For favourable conditions, Fermi-type particle acceleration 
known to produce power-laws:  n(p) ∝ p−α
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Fermi-type Particle Acceleration in AGNs 

• shock - power-law:  

• “shear” - power-law index depends on flow speeds
➡  for highly relativistic flows
➡  for sub-relativistic flows

• “classical” - can be as hard as spectra  

➡ energy content  keeps growing

➡ expect non-linear feedback to set-in

α ≃ 2

α → 1
α ≫ 1

n(p) ∼ p−1

ϵp ∝ p2n(p)

For favourable conditions, Fermi-type particle acceleration 
known to produce power-laws:  n(p) ∝ p−α

in the jet (e,p)

in the accretion flow
or corona (p)
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(Lemoine, Murase & FR 2024)



 I. On Particle Acceleration in the 
(kpc-scale) Jet of Centaurus A
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(I.)  On ultra-relativistic electrons in large-scale AGN jets 

VHE (>240 GeV) emission along kpc-jet of Cen A

• inverse Compton up-scattering of dust by ultra-relativistic 
electrons with ɣe = 108

• verifies X-ray synchrotron interpretation

• continuous re-acceleration required to avoid rapid cooling

optical (HST)
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explains unusual spectral 
hardening observed at GeV

(H.E.S.S. & Fermi-LAT 2018)
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optical (HST)

‣ Jet origin:             BH-driven (BZ) jet & disk-driven (BP) outflow… (e.g., Mizuno 2022)

‣ Jet propagation:   instabilities, mixing, layer formation…                  (e.g.,  Perucho 2019)

‣ Jet observations:  limb-brightening & polarisation signatures…        (e.g.,  Kim+ 2018) 

‣ M87: significant structural patterns on sub-pc scales 
⇒ presence of both slow (~0.5c) and fast (~0.92c) components….

                                         [similar indications in Cen A, cf. EHT observations in Janssen+ 2021]

Radio VLBI observations (M87)

Mertens+ 2016

Disk
 w

ind

Disk 
wind

BH

(II.)  On the naturalness of velocity shears in AGN jets…
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‣ 3D relativistic jet sims (PLUTO, ) probe KHI sheaths in kinetically dominated flows ( )

‣ study shear flow profile & turbulence spectrum for particle acceleration…

‣ typically  (transition stage) and  (deep saturation)…

‣ Kolmogorov-type (q ~ 5/3) turbulence spectra…

vj /c ∈ [0.6, 0.99] σ ∈ [0.002, 0.2]

Wsh /Rj ∼ 0.2 − 0.5 ∼ 0.5 − 0.8

(III.)  Self-consistent formation of macroscopic shear layers

jet structure and KHI evolution

V9B-3

Parameters:
vj = 0.6c, σ = 0.002,
R0 = 0.1 kpc 
Lj ≈ 1E43 erg/s

(azimuthally) averaged flow velocity profiles

σl,t = ⟨B2
l,t⟩/8πρoc2

box size ~ 6 R0

(Wang, Reville, Mizuno, FR & Aharonian 2023)
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‣ SED reproduction with shear - related 
power-law & shock-accelerated seeds

‣ Kolmogorov turbulence description 

‣ quasi-linear velocity shear,  with: 

Δr =100 pc,  B =17 μG,  β0 =0.67

‣ electron acceleration up to ɣe ≈ 108

‣ estimated (kinetic) jet power               
Lj ~ 4 x 1042 erg/s

‣ UHECR acceleration ( eV) 

λ ∝ γ1/3

Ep ≳ 1018

shear
acceleration

ICsynchrotron

n(p) ∝ p−3.9

(Wang, Reville, Liu, FR & Aharonian 2021)

Shear Acceleration in Cen A:  Fokker-Planck Model    (synchrotron-limited)n(p)

(IV.)  Accelerating electrons to ultra-relativistic energies

jet flow

electron

shock
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(V.)  Accelerating electrons to ultra-relativistic energies

shock

Shear Acceleration in Cen A:  Full Transport Theory  (synchrotron-limited) 

➡ general support for FP modelling approach ( ) 

➡ sensitivity to jet flow speed & profile

n(r, p)
γe,max ∼ 108

linearly decreasing with
,  ,  ,  βj,0 = 0.7 γ0 = 105 Δr = 100pc B = 10μG

Particle distribution - numerical solution of relativistic transport equation 

vj,max = 0.7c vj,max = 0.95c

linearly decreasing with
,  ,  ,  βj,0 = 0.95 γ0 = 106 Δr = 100pc B = 10μG

Cen A - type spatial structures emerging  
at higher flow speeds 

Particle distribution - numerical solution of relativistic transport equation 

(FR & Duffy 2025)
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(Wang, Reville, FR & Aharonian 2024)

High-resolution MHD jet + test-particle simulations  

➡   time-integrated particle-spectra mostly peak at ~ 10% Hillas ( )  

➡  “current” Cen A (FRIc) may account for UHECR (8-32 EeV) dipole anisotropy 

E ∼ qβBRj

(VI.)  Accelerating protons in kpc-scale radio galaxy jets

simulations parameters localisation of acceleration time-integrated particle spectra 

Rigidity = E /Z

low sigma (σ ∼ 0.02 − 0.2)

jet flow

proton

pa
rti

cl
e 

Lo
re

nt
z 

fa
ct

or



 II. On extended VHE emission in M87
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High-energy emission from the kpc-scale knots in M87
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Wang, +FR , A&A 708 [2026]



High-energy emission from the kpc-scale knots in M87

• Background: Comprehensive Chandra re-analysis of FR I jets including M87. 

M87 large-scale jet (Chandra/X-rays)

BH
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Wang, +FR , A&A 708 [2026]



High-energy emission from the kpc-scale knots in M87

• Background: Comprehensive Chandra re-analysis of FR I jets including M87. 

• Trend: Two e--populations needed to fit radio-X-ray knot SEDs via synchrotron  .(B ∼ 10μG)

M87 large-scale jet (Chandra/X-rays)

BH

ultra-relativistic  
electrons
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High-energy emission from the kpc-scale knots in M87

• Background: Comprehensive Chandra re-analysis of FR I jets including M87. 

• Trend: Two e--populations needed to fit radio-X-ray knot SEDs via synchrotron  .(B ∼ 10μG)

• Explanation: Stochastic acceleration in fast shear flows  accounts for 2nd 
component with  (modulo flow profile).

(𝑣𝑗 > 0.5 𝑐)
γe ∼ 108

M87 large-scale jet (Chandra/X-rays)

BH

ultra-relativistic  
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jet flow

electron

1st: shock or 
stochastic
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High-energy emission from the kpc-scale knots in M87

• Background: Comprehensive Chandra re-analysis of FR I jets including M87. 

• Trend: Two e--populations needed to fit radio-X-ray knot SEDs via synchrotron  .(B ∼ 10μG)

• Explanation: Stochastic acceleration in fast shear flows  accounts for 2nd 
component with  (modulo flow profile).

(𝑣𝑗 > 0.5 𝑐)
γe ∼ 108

• Implication: IC-(CMB+Syn) of all components in M87 ~ VHE low-state emission               

 IC emission from large-scale jets may account for (steady) VHE low states ⇒

M87 large-scale jet (Chandra/X-rays)

BH

ultra-relativistic  
electrons

jet flow

electron

1st: shock or 
stochastic
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Wang, +FR , A&A 708 [2026]

(cf. Tavecchio 2025 for 3C273)



 III. On Cosmic-Ray Acceleration in 
Seyfert Galaxies
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I. Cosmic-ray acceleration in Seyfert (jetted) coronas

(Lemoine & FR 2025)
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I. Cosmic-ray acceleration in Seyfert (jetted) coronas

• Constraints: IceCube neutrinos likely originate close to supermassive BHs 
(e.g.,   for  NGC 1068)≲ 30rg

(IceCube 2022) 
 [Science 378]

(Lemoine & FR 2025)
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I. Cosmic-ray acceleration in Seyfert (jetted) coronas

• Constraints: IceCube neutrinos likely originate close to supermassive BHs 
(e.g.,   for  NGC 1068)≲ 30rg

• Requires: Turbulent acceleration of protons to PeV energies in corona env.

(Lemoine & FR 2025)

Corona
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I. Cosmic-ray acceleration in Seyfert (jetted) coronas

• Constraints: IceCube neutrinos likely originate close to supermassive BHs 
(e.g.,   for  NGC 1068)≲ 30rg

• Requires: Turbulent acceleration of protons to PeV energies in corona env.

• Enables: Plasma probe via non-linear feedback (e.g., Alfven speed)
TOY MODEL: couple diffusive Fokker-Planck model: 

   

with  particle energy spectrum

∂f
∂t

=
1
p2

∂
∂p (p2Dpp

∂f
∂p ) −

f
τesc

+ . . . .

ϵp ∝ p2n(p) ∝ p4 f (p)

to turbulent energy cascade model

   

with  differential magnetic energy spectrum

∂ϵBk

∂t
= − k

∂
∂k

(γkϵBk) − ∫
dp
p

Φ(k; p)
∂ϵp

∂t
+ . . .

ϵBk = kSB(k, t)

observations

feedback

Numerical solutions of particle transport equation

proton spectra - corona scenario

(Lemoine & FR 2025)

Corona

rco = 30rg
lc = 10rg
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 G

Γs ≃ 3
Δrs ≃ 2rg
B = 50

proton spectra - hybrid scenario
Numerical solutions of particle transport equation

observations

feedback

Numerical solutions of particle transport equation

proton spectra - corona scenario

(Lemoine & FR 2025)

rco = 30rg
lc = 10rg
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II. Example: Cosmic-ray acceleration by strong turbulence

(Le Bihan, Lemoine & FR 2026)

Photons

MeV missions

Gen-2

Neutrinos

 Ld = 5 × 1044 erg /s, rco = 15rg, ξp = 0.3; lc = rco /3.5, vadv = 0.03c, vA = 0.25c,
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II. Example: Cosmic-ray acceleration by strong turbulence

• Enables: Predictive broadband modelling across energy bands.

(Le Bihan, Lemoine & FR 2026)

Photons

MeV missions

Gen-2

Neutrinos

 Ld = 5 × 1044 erg /s, rco = 15rg, ξp = 0.3; lc = rco /3.5, vadv = 0.03c, vA = 0.25c,



Conclusion & Outlook

Turbulent shearing flows are ubiquitous in astrophysics 

 fast (jetted) flows facilitate efficient stochastic-shear particle acceleration 

• in-situ (distributed) acceleration of ultra-relativistic electrons                                                                    
 X-ray synchrotron & VHE-IC emission from kpc-scale AGN jets 

• FR I jets (e.g., Cen A) as UHECR cosmic-ray accelerators                               
 up to ~ ‘Hillas’ for sufficiently high magnetization ~ UHECR dipole anisotropy  

• Stochastic acceleration in Seyfert coronae yields PeV protons                           
 hybrid (jetted corona) needed if neutrino PL extends & solving Seyfert “crisis”  

• In general:  may in reality see hybrid acceleration at work

⇒

⇒

⇒

⇒

⇒

2 0
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Thank you! Questions =)
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BONUS
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Stochastic Particle Acceleration in (jetted) BH corona

IceCube Neutrino (Candidate) Source NGC 1068: 

• ~80 HE neutrinos from direction of NGC 1068

• nearby (10 Mpc),  X-ray bright (  erg/s)  Seyfert AGN

• BH mass ~107 Msun, , weak jet Ljet ~1043 erg/s ~ Lacc/102-3

• isotropic equivalent:    erg/s

• steep neutrino spectrum:   

• absence of  VHE -rays (MAGIC) points to compact region 
 BH environment  turbulent (jetted) corona?

‣ would need to accelerate protons to ~ (30-300)  TeV

Lx ∼ 1044

Lν(1.5 − 15 TeV) ∼ 3 × 1042

nν(ϵ) ∝ ϵ−3

γ
⇒ ⇒

(IceCube 2022) 
 [Science 378]
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̂p, ̂k−1

(Lemoine, Murase & FR 2024)

particle spectrum

cascade spectrum

Stochastic Particle Acceleration - Nonlinear Aspects

Toy Model: 
• couple common diffusive Fokker-Planck model 

   

with ,    particle energy spectrum

• to turbulent energy cascade model

   

with  differential turbulent magnetic energy spectrum and 
 turbulent energy transfer rate ( )…                 

considering gyro-resonance type conditions ( )

➡ feedback (damping at all scales )          
when energy flow along cascade integrated over time ~ 
peak energy → shapes   

∂f
∂t

=
1
p2

∂
∂p (p2Dpp

∂f
∂p ) + . . .

Dp ∝ (v2
A / lcoh) p2 ϵp ∝ p2n(p) ∝ p4 f (p)

∂ϵBk

∂t
= − k

∂
∂k

(γkϵBk) − ∫
dp
p

Φ(k, p)
∂ϵp

∂t
+ . . .

ϵBk = kSB(k)
γk = kδυk δυk ∝ ϵ1/2

Bk
rL = pc/cB ∼ k−1

k ≫ (1/ ̂pmax)

nnl(p) ∝ p−2
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∂f
∂t

=
1
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∂
∂p (p2Dpp

∂f
∂p ) + . . .
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∂ϵBk
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∂
∂k
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p

Φ(k, p)
∂ϵp

∂t
+ . . .

ϵBk = kSB(k)
γk = kδυk δυk ∝ ϵ1/2

Bk
rL = pc/cB ∼ k−1

k ≫ (1/ ̂pmax)

nnl(p) ∝ p−2

relevance for Neutrino - AGN (Seyfert) 
where substantial amount of energy needs 

to go into acceleration of protons 



Stochastic Particle Acceleration in (jetted) BH corona

(Lemoine & FR 2025)

Corona
(I) Acceleration in the BH Corona of NGC 1068 

expect non-linearity when 

 

with  for strong MHD turbulence,  
 coherence length…

up /(tacc) ∼ (υA/ℓc) uB ⇒ up /uB ∼ c/υA

tacc ∼ (c/υA)2 (ℓc /c)
ℓc



Stochastic Particle Acceleration in (jetted) BH corona

(Lemoine & FR 2025)

Corona

‣ can reproduce spectrum with reasonable 
set of parameters

‣ no ad-hoc normalisation (self-regulation)

‣ close to (radiation-limited) cut-off region,   
 expect increasing curvature 

‣ more complex shapes possible if r-distribution 
of Alfven speeds…

⇒
 

 
υA ≃ 0.2c
βp ≃ 1/2
ℓc = 10rg

proton spectra  
(expressed in units of background gas pressure)

Numerical solution of particle transport equation 

radiative-loss  
limited

(I) Acceleration in the BH Corona of NGC 1068 

expect non-linearity when 

 

with  for strong MHD turbulence,  
 coherence length…

up /(tacc) ∼ (υA/ℓc) uB ⇒ up /uB ∼ c/υA

tacc ∼ (c/υA)2 (ℓc /c)
ℓc


