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Outline:  Particle Acceleration in (relativistic) Shearing Flows
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optical (HST)

• Astrophysical Motivation & Exemplary Context 

‣ Large-scale Jets in AGN 

‣ Origin of extended high-energy emission 

‣ Ubiquity of Shearing flows

• Shear Particle Acceleration  

‣ Focus on stochastic Fermi-type acceleration (basic idea) 

‣ Particle transport, acceleration and power-law formation 

‣ Modelling electron shear acceleration in large-scale jets

‣ On UHECR acceleration in shearing AGN flows

‣ Summary



Exemplary Astrophysical Context 
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optical (HST)

Worrall & Birkinshaw 2006FR II radio galaxy Cygnus A at 5 GHz , d ~ 220 Mpc (z=0.056), extension ~120 kpc 
(credits: NRAO/AUI, A. Bridle)

_Large-scale Jets in Active Galaxies

‣ relativistic jets & hot spots & back flows 

‣ flow Lorentz factors  

‣ spatial dimension up to several 100 kpc ~ 106 lyr

‣ laminar appearance (though high fluid Reynolds numbers, Re = 𝞺 u L/μ > 1010) 

Γ ∼ (1.5 − 10)
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optical (HST)

ν ∝	ɣ2 B

Radio (VLA)

Optical (HST)

X-ray (Chandra)

1 arcsec ~ 0.1 kpc (0.081 kpc)

Marshall+ 2002

M87

Relativistic particles
throughout whole jet

HST Chandra

SED can be fitted by broken power-law

(B = 3x10-4 G,  ɣb~106, ɣmax~108, Pjet~ 1043 erg/s,  Δ𝛂 ~ 2)

Synchrotron origin:
spectral index radio ≠ X-ray 
(should be similar in IC-CMB)

VLA (14 GHz)

~1400 ksec (2000-2016)

On ultra-relativistic electrons in AGN Jets I

_Example: High-Energy Emission from large-scale jets

‣ extended X-ray electron synchrotron emission  

‣ needs electron Lorentz factors ɣe~108

‣ short cooling timescale tcool ∝ 1/ɣe ; cooling length c tcool <<  kpc 

‣ distributed acceleration mechanism required  (Sun,Yang,  FR,  Liu & Aharonian 2018 for M87)



VHE emission along the 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)

On ultra-relativistic electrons in AGN Jets II
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VHE emission along the 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
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optical

X-raysradio

H.E.S.S.

Fermi

Parameters:  ECBPL: 𝛂1=2.30,  𝛂2=3.85 , ɣb =1.4 x 106,  ɣc=108, B=23μG,  Wtot = 4 x 1053 erg

Inverse 
Compton 
emission

On ultra-relativistic electrons in AGN Jets II
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Phenomenological Context

 _large-scale jets as possible UHECR accelerators (Hillas)
(e.g.,  Aharonian, Belyanin, Derishev+ 2002)
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How to accelerate electrons to ɣe~108 and keep them energized ?
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radio (VLA)

optical (HST)

vacuum gap shockreconnection stochastic shear

“Fermi-type”
(repeated)

“one-shot”

charge density?
topology?

transparency?

limited in size?
luminosity output?
spectral shape?

efficiency
(Γs, σ)?

localized?

efficiency?
spectral 
shape?

efficiency?
energetic 
seeds?

BH magnetosphere inner jet jet, hot spots jet, lobes jet

A possible scenario…



What are shearing flows ? 
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z

x

uniform u0

non-gradual / velocity jumpz

x

gradual shear

Berezhko & Krymsky;  Earl, Jokipii & Morfill; 
Webb+ ;  FR & Duffy…

Jokipii & Morfill;  Ostrowski;  Kimura+….



On the naturalness of velocity shears in AGN…
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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
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Fermi-type Particle Acceleration

Kinematic effect resulting from scattering off magnetic inhomogeneities
E. Fermi, Phys. Rev. 75, 578 [1949]

_Ingredients: in frame of scattering centre 
‣ momentum magnitude conserved

‣ particle direction randomised

_Characteristic energy change per scattering: 

                  

     ➡ energy gain for head-on (!"1·#"s < 0),  loss for following collision (!"1·#"s  > 0)

‣ 1. stochastic:  average energy gain 2nd order:  <Δε> Ķ (us/c)2 ε

‣ II. shock: spatial diffusion, head-on collisions, gain 1st order:  <Δε> Ķ�(us/c) ε

Δϵ = ϵ2 − ϵ1 = 2 Γ2
s (ϵ1 u2

s /c2 − ⃗p1 ⋅ ⃗us)

ε1,!"1

ε2, !"2

#"s, Γs

p1 ≃ ϵ1/c
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Stochastic Shear Particle Acceleration

‣ III.  Non-gradual shear flow  

‣ like 2nd Fermi, stochastic process with average gain per 
cycle (crossing and recrossing): 

                                                           

         with relative velocity  

         provided particle mean free path 

< Δϵ > ∼ Γ2
Δ β2

Δ ϵ

βΔ = (u1 − u2)/[(1 − u1u2/c2) c]
λ > Δr

Jokipii & Morfill 1990;  Ostrowski 1998, 2000;  Stawarz & Ostrowski 2002;  FR & Duffy 2004;  Kimura+2018…

flow velocity jumpz

x

u1

u2

{

Δr



‣ characteristic acceleration timescale: 

          

          with cycle time 

tacc ≃
ϵ

(dϵ/dt)
≃

ϵ
⟨Δϵ⟩

tc ∝ λ

tc
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Stochastic Shear Particle Acceleration

‣ III.  Non-gradual shear flow  

‣ like 2nd Fermi, stochastic process with average gain per 
cycle (crossing and recrossing): 

                                                           

         with relative velocity  

         provided particle mean free path 

< Δϵ > ∼ Γ2
Δ β2

Δ ϵ
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u1
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{

Δr
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Stochastic Shear Particle Acceleration (basic idea) I

‣ IV.  Gradual shear flow with frozen-in scattering centres: 

‣ like 2nd Fermi, stochastic process with average gain: 

                                                     

             
           using characteristic effective velocity:

                                                        , where    particle mean free pathλ = cτ

⌅u = uz(x) ⌅ez

u =
�

⇥uz

⇥x

⇥
�

non-relativistic

Berezhko & Krymsky 1981;  Berezhko 1982;  Earl+ 1988;  Webb 1989;  Jokipii & Morfill 1990;  Webb+ 1994;  FR & 
Duffy 2004, 2006, 2016;  Liu, FR & Aharonian 2017;  Webb+ 2018, 2019;  Lemoine 2019;  FR & Duffy 2019, 2021….  

< Δϵ > ∝ ( u
c )

2

ϵ =
1
c2 ( ∂uz

∂x )
2

λ2 ϵ



‣ leads to:

 ⇒ seeds from acceleration @ shock or stochastic…

 ⇒ easier for protons…( ➩ UHECR)
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Stochastic Shear Particle Acceleration (basic idea) I

‣ IV.  Gradual shear flow with frozen-in scattering centres: 

‣ like 2nd Fermi, stochastic process with average gain: 

                                                     

             
           using characteristic effective velocity:

                                                        , where    particle mean free pathλ = cτ

⌅u = uz(x) ⌅ez

u =
�

⇥uz

⇥x

⇥
�

non-relativistic

Berezhko & Krymsky 1981;  Berezhko 1982;  Earl+ 1988;  Webb 1989;  Jokipii & Morfill 1990;  Webb+ 1994;  FR & 
Duffy 2004, 2006, 2016;  Liu, FR & Aharonian 2017;  Webb+ 2018, 2019;  Lemoine 2019;  FR & Duffy 2019, 2021….  

< Δϵ > ∝ ( u
c )

2

ϵ =
1
c2 ( ∂uz

∂x )
2

λ2 ϵ

tacc =
�

(d�/dt)
� �

< �� >
� �

c
� 1

�



Calculate Fokker Planck coefficients for particle travelling across shear uz(x) with

           p2 = p1+ m δu    where   δu = (duz/dx) δx    and   δx = vx 𝜏 ,    

⇒ detailed balance satisfied [scattering being reversible P(p, -Δp) = P(p-Δp, Δp)]

τ = λ /c

13(cf.  Jokipii & Morfill 1990;  FR & Duffy 2006)

⌧
�p

�t

�
/ p
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@uz
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◆2

⌧
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�t

�
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⌧

Stochastic Shear Particle Acceleration (basic idea) II

Δp := p2 − p1 ⇒﹛ 1 2



Calculate Fokker Planck coefficients for particle travelling across shear uz(x) with

           p2 = p1+ m δu    where   δu = (duz/dx) δx    and   δx = vx 𝜏 ,    

⇒ detailed balance satisfied [scattering being reversible P(p, -Δp) = P(p-Δp, Δp)]
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Stochastic Shear Particle Acceleration (basic idea) II

Δp := p2 − p1 ⇒﹛

D =
1
15 ( ∂uz

∂x )
2

p2τ ∝ p2+α for  τ := τ0pα

Fokker Planck eq. reduces to momentum diffusion equation:

1 2
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radio (VLA)

optical (HST)

• Momentum-dependent part of the phase space distribution function f(t,p) obeys  
diffusion equation in momentum space:

                  

  

   
     with  momentum-space diffusion coefficient  D(p) ∝ < (Δp)2 > = D0 p2+α, (α ≥ 0)

Stochastic Shear Particle Acceleration (basic idea) III

∂f(t, p)
∂t

=
1
p2

∂
∂p (p2D(p)

∂f(t, p)
∂p ) + . .
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radio (VLA)

optical (HST)

• Momentum-dependent part of the phase space distribution function f(t,p) obeys  
diffusion equation in momentum space:

                  

  

   
     with  momentum-space diffusion coefficient  D(p) ∝ < (Δp)2 > = D0 p2+α, (α ≥ 0)

∂f(t, p)
∂t

=
1
p2

∂
∂p (p2D(p)

∂f(t, p)
∂p ) + . . . = (4 + α)

D(p)
p

∂f(t, p)
∂p

+ D(p)
∂2f(t, p)

∂p2
+ . . .

change of mean energy broadening of distribution

Stochastic Shear Particle Acceleration (basic idea) III
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radio (VLA)

optical (HST)

• Momentum-dependent part of the phase space distribution function f(t,p) obeys  
diffusion equation in momentum space:

                  

  

   
     with  momentum-space diffusion coefficient  D(p) ∝ < (Δp)2 > = D0 p2+α, (α ≥ 0)

∂f(t, p)
∂t

=
1
p2

∂
∂p (p2D(p)

∂f(t, p)
∂p ) + . . . = (4 + α)

D(p)
p

∂f(t, p)
∂p

+ D(p)
∂2f(t, p)

∂p2
+ . . .

change of mean energy broadening of distribution

Example: Instantaneous injection at  time t = 0  with  p0 = 5  for  𝛼 = 0

Phase-space distribution function f(t,p) Energy distribution n(p) p2 ∝ p4 f(t,p)

t=0 t=0

t=0.01

t=0.03

t=0.01

t=0.03

distribution broadens 
with time

mean energy increases 
with time

Stochastic Shear Particle Acceleration (basic idea) III



Local power law formation above injection p0 with index depending on scaling 

of particle mean free path:                                                   

‣  with 𝜏 = 𝜏0 p𝛂  ,  e.g.   α=1/3 for Kolmogorov,  or α=1 for Bohm-type

‣  characteristic for time-independent (steady-state) solution

15

Time-dependent solution of
Fokker-Planck equation for 
non-relativistic shear using
impulsive injection with p0 

at t0  =0 for α =1

 0

 0.1

 0.2

 0.3

 0.4

 0.5

 0.6

 0  1  2  3  4  5

p2  f(
p,

t)

p/p0

t’=0.1
t’=0.3
t’=0.5

 0.001

 0.01

 0.1

 1

 0.1  1  10

power law
formation

(e.g., Berezhko 1982;  FR & Duffy 2006)

n(p) / p2f(p) / p�(1+↵) for 𝛂>0

Stochastic Shear Particle Acceleration (basic idea)  IV  
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Diffusive Particle transport
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radio (VLA)

Full non-relativistic Particle Transport Equation (PTE)

Start from non-relativistic Boltzmann equation with simple BKG-type collision term

‣ use mixed system of phase-space coordinates

‣ Galilean trafo  pi = pi’ + m ui   (background flow speed ui, comoving pi’)

‣ diffusion approximation f = f0 + f1, with <f1> = 0      

(Earl, Jokipii & Morfill 1988;  
cf.  also Williams & Jokipii 1991;  FR 2001)

shear 
term

“inertial drifts”
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Full non-relativistic Particle Transport Equation (PTE)
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shear 
term

“inertial drifts” for steady shear flow u = uz(x) ez, adiabatic and inertial terms vanish; 
space-independent part equivalent to shear-diffusion equation
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radio (VLA)

Relativistic PTE Generalisation 

shear term
𝚪 relativistic shear coefficient

0

Particle Transport Equation (PTE) - mixed frame - for isotopic distribution 

function f0(x𝛂,p), with x𝛂 = (ct,x,y,z,) and metric tensor g𝛂β  

(fluid four velocity u𝛂  and fluid four acceleration ů𝛂 = uβu𝛂;β)

(Webb 1989;  cf. also FR & Mannheim 2002;  Webb+ 2018)
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radio (VLA)

Relativistic PTE Generalisation 

shear term
𝚪 relativistic shear coefficient

0

Particle Transport Equation (PTE) - mixed frame - for isotopic distribution 

function f0(x𝛂,p), with x𝛂 = (ct,x,y,z,) and metric tensor g𝛂β  

(fluid four velocity u𝛂  and fluid four acceleration ů𝛂 = uβu𝛂;β)

Note:  for steady shear flow profile , 
fluid four acceleration  = 0 and divergence 

⃗u = u(r) ⃗ez
·uβ ∇βuβ = 0

(Webb 1989;  cf. also FR & Mannheim 2002;  Webb+ 2018)
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radio (VLA)

Relativistic PTE Generalisation 

shear term
𝚪 relativistic shear coefficient

0

Particle Transport Equation (PTE) - mixed frame - for isotopic distribution 

function f0(x𝛂,p), with x𝛂 = (ct,x,y,z,) and metric tensor g𝛂β  

(fluid four velocity u𝛂  and fluid four acceleration ů𝛂 = uβu𝛂;β)

Note:  for steady shear flow profile , 
fluid four acceleration  = 0 and divergence 

⃗u = u(r) ⃗ez
·uβ ∇βuβ = 0

(Webb 1989;  cf. also FR & Mannheim 2002;  Webb+ 2018)



For introduction & overview…
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optical (HST)

Galaxies 7 (2019), 78
[review]



For introduction & overview…
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optical (HST)

Galaxies 7 (2019), 78
[review]

Kinetic/PIC: 
Alves, Grismayer+, 
Liang+, Sironi+…

turbulence: 
Bykov & Toptygin, 
Ohira…
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On electron shear acceleration in large-scale jets 
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Simplified leaky-box model for shear acceleration

(FR & Duffy 2019)

Power-law index for steady state solution

Momentum-diffusion:

Power-law solution:

Escape time:

λ = c τs ∝ pαmean free path:

• PL index s sensitive to 
maximum flow speed

• only for relativistic flow 
speeds is classical index 
s = 3 + 𝛂 obtained. (see also  

Webb+ 2018)

linear velocity shear

[  for Kolmogorov]α = 1/3

Γ = (c2 /15) γb(r)4 (dβ /dr)2
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On continuous electron acceleration in large-scale AGN jets

Ansatz:  Fokker-Planck equation for f(t,p) 
incorporating  acceleration by stochastic 
and  shear,  and losses due to synchrotron 
and escape for cylindrical jet.

Parameters I:  B = 3μG, vj,max ~ 0.4c,  rj ~ 30 pc, βA~ 0.007, Δr ~ rj/10,

mean free path λ = ξ-1 rL (rL/𝝠max)1-q ∝ ɣ2-q, q=5/3 (Kolmogorov), ξ=0.1

Radiative-loss-limited electron acceleration in mildly relativistic flows
jet flow

particle
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On continuous electron acceleration in large-scale AGN jets

Ansatz:  Fokker-Planck equation for f(t,p) 
incorporating  acceleration by stochastic 
and  shear,  and losses due to synchrotron 
and escape for cylindrical jet.

Parameters I:  B = 3μG, vj,max ~ 0.4c,  rj ~ 30 pc, βA~ 0.007, Δr ~ rj/10,

mean free path λ = ξ-1 rL (rL/𝝠max)1-q ∝ ɣ2-q, q=5/3 (Kolmogorov), ξ=0.1

Radiative-loss-limited electron acceleration in mildly relativistic flows

particle distribution

4/3

2/3

time-dependent
without escape

steady-state
without stochastic

β0 ∼ 0.4

(Liu, FR & Aharonian 2017)

(Wang, Reville, Liu, FR & Aharonian 2021) (cf . also FR & Duffy 2019, 2022;  Tavecchio 2021)

‣ from 2nd Fermi to shear…

‣ electron acceleration beyond ɣ~108 

possible

‣ formation of multi-component particle 
distribution

‣ incorporation of escape softens the 
spectrum
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On continuous electron acceleration in large-scale AGN jets

Ansatz:  Fokker-Planck equation for f(t,p) 
incorporating  acceleration by stochastic 
and  shear,  and losses due to synchrotron 
and escape for cylindrical jet.

Parameters I:  B = 3μG, vj,max ~ 0.4c,  rj ~ 30 pc, βA~ 0.007, Δr ~ rj/10,

mean free path λ = ξ-1 rL (rL/𝝠max)1-q ∝ ɣ2-q, q=5/3 (Kolmogorov), ξ=0.1

Radiative-loss-limited electron acceleration in mildly relativistic flows

particle distribution

4/3

2/3

time-dependent
without escape

steady-state
without stochastic

β0 ∼ 0.4

(Liu, FR & Aharonian 2017)

(Wang, Reville, Liu, FR & Aharonian 2021) (cf . also FR & Duffy 2019, 2022;  Tavecchio 2021)

caveat: simplification of spatial transport;
in general, high jet speeds needed.

‣ from 2nd Fermi to shear…

‣ electron acceleration beyond ɣ~108 

possible

‣ formation of multi-component particle 
distribution

‣ incorporation of escape softens the 
spectrum
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Radiative-loss-limited electron acceleration in mildly relativistic flows

‣ SED reproduction with shear-
related broken power-law & 
shock-accelerated seeds

‣ Kolmogorov turbulence 
description 

‣ quasi-linear velocity shear 

‣ parameters:  Δr = 100 pc, 

B=17 μG,  β0=0.67

‣ electron acceleration up to 
ɣ≈108

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

λ ∝ γ1/3

shear
acceleration

ICsynchrotron

n(p) ∝ p−3.9

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

On continuous shear acceleration in the kpc-scale jet of Cen A



Developments I
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Characterising velocity shears in large-scale jets  (Wang, Reville, Mizuno, FR & Aharonian 2023) 

‣ employ 3D relativistic MHD jet simulations (PLUTO) for vj/c ε [0.6 , 0.99]

‣ examine sheath formation in kinetically dominated jets (KHI) with 0.002< σ <0.2

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

‣ typically Wsh/Rj ~1/4 −1/2 (transition stage) and ~1/2 −4/5 (deep saturation)…

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

white = contours
for  Γj=2 

jet structure and KHI evolution

V9B-3

box size ~ 6 R0
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Characterising velocity shears in large-scale jets  (Wang, Reville, Mizuno, FR & Aharonian 2023) 

‣ employ 3D relativistic MHD jet simulations (PLUTO) for vj/c ε [0.6 , 0.99]

‣ examine sheath formation in kinetically dominated jets (KHI) with 0.002< σ <0.2

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

‣ typically Wsh/Rj ~1/4 −1/2 (transition stage) and ~1/2 −4/5 (deep saturation)…

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

white = contours
for  Γj=2 

jet structure and KHI evolution

V9B-3

Parameters:

vj = 0.9c, 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
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Developments II

Solve full PTE for cylindrical shear flow

without radiative losses

(FR & Duffy 2022)

‣ at ultra-relativistic flow speeds, 
universal PL index recovered:  

 with 

‣ at mildly relativistic flow speeds, 
PL index gets softer & becomes 
sensitive to flow profile

‣ 1st-order FP-type approximation 
possible…

f ∝ p−s s → (3 + α)

Cen A

[α = 1/3]

On continuous electron acceleration in large-scale AGN jets

jet flow

particle
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Developments II

Solve full PTE for cylindrical shear flow

without radiative losses

(FR & Duffy 2022)

‣ at ultra-relativistic flow speeds, 
universal PL index recovered:  

 with 

‣ at mildly relativistic flow speeds, 
PL index gets softer & becomes 
sensitive to flow profile

‣ 1st-order FP-type approximation 
possible…

f ∝ p−s s → (3 + α)

allows to constrain flow profile 
through observed PL index…. 

Cen A

[α = 1/3]

On continuous electron acceleration in large-scale AGN jets

jet flow

particle



Interlude -  On highly magnetized shear flows…
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Example:   2D PIC of relativistic (Γy ~ 1.3-3)  highly-magnetized ( )  e+e- - jet          

                 and stationary, weakly-magnetized ( ) ambient e-p - plasma     

‣ focus on wide(r) shear layers with   (typical model setup: )

‣ initialize with out-plane Bz ( ) and in-plane By ( )

‣ as a result of KHI,  field lines get twisted and significant Bx ( ) develops… 

σ ∼ 100
σ ∼ 0.1

Δ ≫ c/ωp Δ = 64 c/ωp

σz ∼ 90 σy ≡ B2
j,y /4πn0mec2 ≃ 7

σx ∼ 4

shear & magnetic field evolution

white = 
ωpt = 80

ωpt ≃ 104

y

x

(Sironi+2021)
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Example:   2D PIC of relativistic (Γy ~ 1.3-3)  highly-magnetized ( )  e+e- - jet          

                 and stationary, weakly-magnetized ( ) ambient e-p - plasma     
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‣ electron acceleration in reconnection layers to  ⇒ seeds for further shear acceleration γe ∼ 30

(Sironi+2021)
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On UHECR acceleration 

in shearing large-scale AGN jets



28(cf. also Liu+ 2017;  Wang+2021;  Webb+ 2018, 2019)

On gradual shear in mildly relativistic, large-scale AGN jets

(tacc,shear ∝ ɣq-2)

(FR & Duffy 2019) Potential for UHECR acceleration:

need jet widths such as to 

(1)  laterally confine particles, 

(2)  beat synchrotron losses,  

(3)  operate within system lifetime 

- expect KHI-shaped shear width               

(FR & Duffy 2021)

‣ for protons ~1018 eV achievable in jets with 
relatively plausible parameters (i.e., lengths 
10 kpc – 1 Mpc,  B ~ [1– 100] μG)

‣ escaping CRs may approach 

Δr > 0.1rj

N(E) ∝ E−1
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On gradual shear in mildly relativistic, large-scale AGN jets

(tacc,shear ∝ ɣq-2)

(FR & Duffy 2019)

‣ proton acceleration to ~1020 eV in mildly 
relativistic jets appears quite restricted 

Potential for UHECR acceleration:

need jet widths such as to 

(1)  laterally confine particles, 

(2)  beat synchrotron losses,  

(3)  operate within system lifetime 

- expect KHI-shaped shear width               

(FR & Duffy 2021)

‣ for protons ~1018 eV achievable in jets with 
relatively plausible parameters (i.e., lengths 
10 kpc – 1 Mpc,  B ~ [1– 100] μG)

‣ escaping CRs may approach 

Δr > 0.1rj

N(E) ∝ E−1

caveat: 
simplification of spatial transport



Bohm diffusion λj ~ rL inside jet, in cocoon   at high energies 
(non-resonant scattering), and   at lower (<  eV) 

energies (resonant scattering)

Model parameters: jet length lj =5 kpc,  Rjet= 0.5 kpc,  Bj =300 μG,  Bcoc=3μG,   
vj = 0.7 c, vexp,coc=3000 km/s, thin velocity shear of 0.01 Rjet…..

λcoc ∝ (E /Z )2

λcoc ∝ (E /Z )1/3 5 × 1017

29

Non-gradual shear particle acceleration:

entrainment & recycling of GCR & re-acceleration 
to 100 EeV in trans-relativistic jets  (Kimura+ 2018):

‣ MC simulations $ acceleration leads to hard 

spectrum for escaping CR  ( )

‣ more complex UHECR abundance due to 
injections at TeV-PeV energies, @ Einj,i =15 Zi TeV

‣ diffusion in cocoon (residence time) determines 
max. energy Ei,max ∝ Zi 

(via tacc= tconf , with cycle time in tacc dominated by  λi,coc 

   and “confinement” time by accelerator region ~ Rjet/c) 

dN/dE ∝ E−α, α ≤ 1

(Kimura+ 2018)

On non-gradual shear in large-scale FR I type jets

(cf. also Ostrowski 1990, 1998;  FR & Duffy 2004)

Intrinsic energy spectrum of UHECR

break due to change in energy dependence of  λcoc

λcoc

λj

Ei,max

E2dN/dE
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20 ≤ z ≤ 25
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Non-gradual shear particle acceleration:

entrainment & recycling of GCR & re-acceleration 
to 100 EeV in trans-relativistic jets  (Kimura+ 2018):

‣ MC simulations $ acceleration leads to hard 

spectrum for escaping CR  ( )

‣ more complex UHECR abundance due to 
injections at TeV-PeV energies, @ Einj,i =15 Zi TeV

‣ diffusion in cocoon (residence time) determines 
max. energy Ei,max ∝ Zi 

(via tacc= tconf , with cycle time in tacc dominated by  λi,coc 

   and “confinement” time by accelerator region ~ Rjet/c) 

dN/dE ∝ E−α, α ≤ 1

(Kimura+ 2018)

On non-gradual shear in large-scale FR I type jets

(cf. also Ostrowski 1990, 1998;  FR & Duffy 2004)

Intrinsic energy spectrum of UHECR

break due to change in energy dependence of  λcoc

λcoc

λj

caveat:
all sources assumed to be the same, sensitive to 

turbulence description, narrow shear layer…
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“Non-gradual” shear particle acceleration:

recycling of GCR in relativistic (Γ~10) large-scale 
jets (Mbarek & Caprioli 2019, 2021):

‣ Γ2 boost possible ⇒ only few cycles (‘espresso 
shots’) needed

‣ following test particles in simulated MHD jets 
(3d, PLUTO)

‣ particle injection spectrum  , 
spanning gyro-radii range 

‣ modelling effect of unresolved turbulence via 
gyro-dependent diffusion where     

with  $ spectral hardening 
  for low 𝜅… 

dNi /dEi ∝ E−1
i

rL,i ∼ (10−4 − 10) Rjet

D = κ rL c/3
κ = 1,10,100,1000

dN/dE ∝ E−α, α ∼ 0.5

On cosmic-ray acceleration in powerful large-scale jets

Resolution of jet simulations ~ Rjet/10 
Model reference parameters:  Rjet = 100 pc,  Bj =100 μG,   Γ0=7…..

λcoc

λj

sub-grid scattering allows 
more particles to reach 

higher energies by 
probing jet spine

η =
ϵ̃
N

d N
d ϵ̃

with ϵ̃ ≃ Ef /EiCumulative distribution of energy gains:  

equivalentequivalent

for particle injection spectrum with rL ∼ (0.0002 − 0.2) Rjet

for injected rL,i =0.075 Rjet;   B(r ≥ Rjet) ∝ 1/r ; B(z ) ∝ 1/z

2d projection

log10(ϵ̃)

η (
>

lo
g 1

0(
ϵ̃)

)
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Resolution of jet simulations ~ Rjet/10 
Model reference parameters:  Rjet = 100 pc,  Bj =100 μG,   Γ0=7…..

λcoc

λj

caveat: 
jet resolution;  gyro-dependent diffusion;  

requires strongly magnetized (σ~0.6), 
high-power jets (L ≳1044 erg/s)…
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For overview & discussion of shear acceleration of UHECRs

31

optical (HST)

Universe 8 (2022), 607
[review]



Summary

32

optical (HST)

Particle Acceleration in Astrophysical Shear Flows:

‣ needs relativistic flow speeds to work efficiently (hard spectra) 

‣ depends on seed injection for electrons (➩ e.g., shocks)

‣ represent a ‘natural’ mechanism in AGN jets

‣ origin of ultra-relativistic electrons & extended emission

‣ multiple power-law formation possible…

‣ spectral shape (power-law index) indicative of flow profile… 

‣ large-scale AGN jets as possible UHE accelerators….

Outlook & tasks ahead:

‣ incorporation in jet simulations…

‣ UHECR characteristics for AGNs…

‣ and many more…

Cen A
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‣ UHECR characteristics for AGNs…

‣ and many more…

Thank you!
&

Questions ?
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