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In several jetted AGNs, structured jets have been observed. In particular spine-sheath configura-
tions where the jet is radially divided into two or more zones of different flow velocities.
We present a model based on the particle and radiation transport code CR-ENTREES. Here,
interaction rates and secondary particle and photon yields are pre-calculated by Monte Carlo
event generators or semi-analytical approximations. These are then used to create transition
matrices, that describe how each particle spectrum evolves with time. This code allows for
arbitrary injection of primary particles, and the possibility to choose which interaction to include
(photo-meson production, Bethe-Heitler pair-production, inverse-Compton scattering, 𝛾-𝛾 pair
production, decay of all unstable particles, synchrotron radiation — from electrons, protons, and
all relevant secondaries before their respective decays — and particle escape).
In addition to the particle and radiation interactions taking place in each homogeneous zone, we
implement the feedback between the two zones having different bulk velocities. The main mech-
anism at play when particles cross the boundary between the two zones is shear acceleration. We
follow a microscopic description of this acceleration process to create a corresponding transition
matrix and include it in our numerical setup. Furthermore, each zone’s radiation field can be
used as an external target photon field for the other zone’s particle interactions. We present here
the first results of the effect of a two-zone spine-sheath jet, by applying this model to typical
low-luminosity AGNs.
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1. Introduction

Structured jets, and in particular spine-sheath configurations, are naturally formed in astrophys-
ical environments because of density and velocity gradients. Observations hinting towards such
transversal structures have been reported in the case of Active Galactic Nuclei (AGNs), e.g. for the
blazar Mkn 501 [1] or for the radio-galaxy M87 [2]. Furthermore, several relativistic and magneto-
hydrodynamic simulations of two-component AGN jets have demonstrated that the presence of a
sheath stabilizes the jet (see, e.g. [3–5]).

Large-scale jets of AGNs are particularly interesting to study the impact a spine-sheath con-
figuration can have. Detection of non-thermal X-ray emission along the extended, kpc-scale jet
indicates the presence of (ultra-)relativistic particles [6, 7]. In the classically preferred scenario,
this emission is attributed to electron synchrotron radiation, implying in this case very large Lorentz
factors 𝛾 ∼ 108 [8]. Due to the typically very short cooling length of electrons with such en-
ergies, there must be a (re-)acceleration process occurring continuously or distributed along the
jet, to keep the electrons energized. Stochastic shear acceleration can be one of these continuous
(re-)acceleration processes [9, 10].

When energetic particles cross the shear layer between the spine and the sheath, they can be
accelerated to higher energies. This mechanism has been shown to be an efficient re-acceleration
process in specific environments. Similarly to Fermi acceleration, shear acceleration is due to the
fact that particles can gain energy by scattering off (small-scale) magnetic field inhomogeneities
moving with different local velocities (see [11] for a review).

In this framework, this re-acceleration can also facilitate the acceleration of cosmic rays (CRs)
up to very high energies (see e.g. [10, 12–14]).

In this work, we describe the implementation of shear acceleration into the CR-ENTREES
– Cosmic-Ray ENergy TRansport in timE-Evolving astrophysical Settings – code (see [15], this
conference). CR-ENTREES solves the coupled time- and energy-dependent kinetic equations for
protons, pions, muons, electrons, positrons, photons and neutrinos in a one-zone setup, with a
free choice of particle and photon injection. The radiation-dominated, magnetized astrophysical
environment is evolving in time and all relevant interactions, as well as particle and photon escape,
are considered. Particle and photon interactions are pre-calculated using event generators. We
use the matrix multiplication method for transporting the radiation and particle energy, including
the non-linear feedback from radiation and particle re-injected into the simulation chain after
interacting.

2. Two-zone models in CR ENTREES

We use the CR-ENTREES code to compute the densities of the particles in the comoving jet
frame (see [15]). CR-ENTREES – Cosmic-Ray ENergy TRansport in timE-Evolving astrophysical
Settings – is fully time-dependent and its modular structure allows us to implement new features,
such as shear acceleration and spatial diffusion, in the case of two-zone jets.
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2.1 Shear Acceleration

The effect of shear acceleration on the particles’ distribution function is described by a Fokker-
Planck differential equation, assuming no particle escape, and no energy losses or further accelera-
tion:

𝜕 𝑓

𝜕𝑡
=

1
𝑝2

𝜕

𝜕𝑝

(
𝑝2𝐷
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)
+𝑄(𝑝, 𝑡) (1)

where 𝑓 (𝑝, 𝑡) is the momentum-space particle distribution, 𝑝 and 𝑡 are the momentum and time
respectively, 𝐷 denotes the momentum space diffusion coefficient and 𝑄(𝑝, 𝑡) is the source term.
For an impulsive mono-energetic source term 𝑄(𝑝, 𝑡) = 𝑄0𝛿(𝑝 − 𝑝0)𝛿(𝑡), this equation has been
shown to have an analytical solution [16]
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where 𝐼𝜈 (𝑧) is the modified Bessel function of the first kind [17], we assume that the local scat-
tering time 𝜏 is a power-law function of momentum such that 𝜏 = 𝜏0𝑝

𝛼 and Γ is the shear
flow coefficient and depends on the velocity gradient in the shear layer. For a gradual non-
relativistic two-dimensional shear flow with a velocity profile ®𝑢 = 𝑢𝑧 (𝑟) ®𝑒𝑧 , where the z-direction
is along the jet axis and the r-direction is the transverse radial direction, the shear flow coef-
ficient is given by Γ = (1/15) (𝜕𝑢𝑧/𝜕𝑟)2 (in the case of a relativistic flow, one can replace
Γ → Γ = (1/15) (Γ2

𝑗
𝜕𝑢𝑧/𝜕𝑟)2, where Γ 𝑗 is the bulk Lorentz factor of the flow, [11]). The

momentum space diffusion coefficient is then written as 𝐷 = Γ𝑝2𝜏 [16]. Eq. 2 is however, valid
only at large times, and we turned to numerical methods to solve the differential equation. Following
[18] we rewrite Eq. 1 as:
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=

1
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𝜕
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[
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]
− 𝑢
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Where 𝑥 represents either the momentum or the energy 𝐸 , 𝐴 is the phase factor, such that

𝐴(𝑥) =
{

1 if 𝑥 = 𝐸 or 𝛾
4𝜋𝑥2 if 𝑥 = 𝑝

(4)

With these definitions, 𝑓 (𝑥, 𝑡)𝐴(𝑥)𝑑𝑥 is the number of particles in the interval 𝑥 and 𝑥 + 𝑑𝑥 at a
time t. In this way, Eq. 3, combined with a no-flux boundary condition can be transformed into a
tri-diagonal system of linear equations and solved with a Gaussian elimination algorithm. The terms
𝐵(𝑥), 𝐶 (𝑥), 𝑇 (𝑥) and𝑄(𝑥) belong to the advection, diffusion, escape and source terms respectively.
Comparing Eq. 1 to Eq. 3 one yields 𝐴(𝑥) = 4𝜋𝑝2, 𝐵(𝑥) = 0, 𝐶 (𝑥) = 4𝜋𝐷𝑝2, 𝑇 (𝑥) → ∞ and
𝑄(𝑥, 𝑡) = 𝑄(𝑝, 𝑡), if we use 𝑥 = 𝑝. If instead, we choose 𝑥 = 𝛾, assuming 𝑝 ≈ 𝛾𝑚𝑐 for relativistic
particles and assuming an isotropic particle distribution, then 𝑛(𝛾, 𝑡)𝑑𝛾 = 4𝜋𝑝2 𝑓 (𝑝, 𝑡)𝑑𝑝. Re-
writing Eq. 1 in the form of Eq. 3 then yields 𝐴(𝑥) = 1, 𝐵(𝑥) = −(2/𝛾)𝐷, 𝐶 (𝑥) = 𝐷, 𝑇 (𝑥) → ∞
and 𝑄(𝑥, 𝑡) = 𝑄(𝛾, 𝑡). Following [18] we use the fully implicit method (see equations (25)-(28)
in [18]) to solve equation 3. In our case, we find satisfactory results with this simple method (see
Figure 1), using 𝑥 = 𝛾.
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Figure 1: Comparison between the analytical solution Eq. 2 (black lines) and the numerical solution
(yellow, pink and cyan lines) of the Fokker-Planck Eq. 3 using CR-ENTREES at times 𝑡 = 0.1, 0.3, 0.5 𝑡𝑐
respectively, where 𝑡𝑐 = (𝛼2Γ𝜏0𝑝

𝛼
0 )

−1, for 𝛼 = 1.

We further tested the implementation of shear acceleration in CR-ENTREES by running a
simulation where electrons experience both acceleration and synchrotron losses. The parameters
are the same as in [9]: the magnetic field strength 𝐵 = 3𝜇G, the electrons are injected continuously
with an initial Lorentz factor of 𝛾0 = 100, the shear layer has a width Δ𝐿 = 1019 cm and is located in
the jet between 9×1019 cm and 1020 cm. The velocity profile of the jet is linear and the bulk Lorentz
factor goes from Γj,in = 1.1 to Γj,out = 1.0. The other relevant parameters for shear acceleration
are set to 𝑞 = 2 − 𝛼 = 1.67, 𝜉 = 0.1 and Λmax = 1018, where the latter two are related to the

mean free path of the particles such that 𝜆 = 𝜉−1𝑟𝑔

(
𝑟𝑔

Λmax

) (1−𝑞)
, with 𝑟𝑔 the Larmor radius of the

particle, 𝜉 the ratio between the turbulent and regular magnetic field energy densities and Λmax the
longest interacting wavelength of the turbulence. Figure 2 shows the time evolution of the electron
spectrum. The cutoff at high energies is when the acceleration timescale and the loss timescale are
comparable. We highlighted five timesteps to compare with the results of [9].

2.2 External target fields

Considering two-zone models gives a new source of target photon fields for the interactions
occurring in the jet. Indeed, the photons emitted by the spine (sheath) can serve as external targets
for the particles in the sheath (spine). Because both layers move with different velocities, the external
emission of one layer is seen boosted in the comoving frame of the other layer. The transformation
of the spectral energy density between the external frame (unprimed quantities) and the comoving
frame (primed quantities) is given by

𝑢(𝐸 ′,Ω′) = 𝑢(𝐸,Ω)
Γ2

rel(1 − 𝜇′𝛽rel)
, (5)
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Figure 2: Evolution of the electron spectrum, for a continuous mono-energetic injection of electrons at
𝛾0 = 100. The particles are accelerated via shear acceleration and experience synchrotron losses at the same
time. The black lines highlight snapshots of the simulation, in order to compare with the results of [9].

where 𝜇′ is photon direction cosine, 𝛽rel𝑐 = 𝑐(𝛽j,in − 𝛽j,out)/(1 − 𝛽j,in 𝛽j,out) is the relative bulk
velocity between the two frames and Γrel = (1− 𝛽2

rel)
−1/2 is the corresponding relative bulk Lorentz

factor. The external photon energy is related to the comoving energy by 𝐸 = Γrel𝐸
′(1 + 𝜇′𝛽rel) and

𝜇 = (𝜇′ + 𝛽rel)/(1 + 𝜇′𝛽rel).
For a mono-energetic isotropic radiation field 𝑢(𝐸,Ω) = 𝑢0 𝛿(𝐸 − 𝐸0)/(4𝜋) we get

𝑢′(𝐸 ′) = 𝑢0Γ
2
rel(1 − 𝛽2

rel/3)𝛿(𝐸
′ − 𝐸 ′

0). (6)

In the comoving frame, the external emission is not isotropic. However, 𝑢′(𝐸 ′) peaks at 𝐸 ′ =

𝐸0/Γrel/(1 − 𝛽rel) (i.e. for 𝜇′ = −1), and we make the approximation that all the external emission
in the comoving frame peaks at this energy and hence is also mono-energetic, in order to implement
external photon fields in CR-ENTREES.

2.3 Spatial diffusion

For shear acceleration to occur in the jet, particles need to cross the shear layer. This can
happen because particles escape their initial emission region, or when they diffuse due to a density
gradient (Δ𝑛/Δ𝐿). We calculate the number 𝑁 of particles diffusing through the shear layer surface
𝑆 within a time Δ𝑡 with Fick’s law:

𝑁 = 𝜅(𝛾) Δ𝑛
Δ𝐿

Δ𝑡 𝑆 (7)

where 𝜅(𝛾) = 𝜏 𝑐2/3 is the spatial diffusion coefficient. Only these particles will experience shear
acceleration as they pass through the shear layer.

5
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3. Example: a typical low-luminosity AGN

We show the results of two simulations of cylindrical jets where all the features described
above are implemented. Electrons are injected at 𝑡 = 0 with a power-law spectrum of index 𝑝el = 2,
in the spine and the layer, with an energy density ratio of 1. They suffer from synchrotron losses
and further interact with the synchrotron photons (Synchrotron Self-Compton case) and experience
shear acceleration in between the two layers. Furthermore, as discussed in Section 2.2, photons
emitted in the other layer also serve as target field for the electrons in the comoving frame (External
Compton case). Figure 3 shows the observed photon spectrum, where both External Compton and
Synchrotron Self-Compton interactions are taken into account, with solid lines. The jet is assumed
to be observed with an angle 𝜃j = 3◦ or 𝜃j = 30◦, representing a typical blazar or radio galaxy
respectively. The spine has a bulk Lorentz factor of Γj,in = 8 and the sheath Γj,out = 1.1. The shear
layer has a width of 5 × 1015 cm, the spine has a radius of 3 × 1016 cm and the layer spans from
3.5 × 1016 cm to 7.5 × 1016 cm. The length of the cylinder is fixed to 7.5 × 1017 cm We also show
the same simulation, without the External Compton interaction, to highlight the importance of such
process, represented in dashed lines.

1011 1013 1015 1017 1019 1021 1023 1025 1027

obs (Hz)

10 16

10 15

10 14

10 13

10 12

10 11

10 10

10 9

ob
sF

,o
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 (e
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/c
m

²/s
)

viewing angle = 3.0°
spine
sheath
spine w/o EC
sheath w/o EC

1011 1013 1015 1017 1019 1021 1023 1025 1027

obs (Hz)

viewing angle = 30.0°
spine
sheath
spine w/o EC
sheath w/o EC

synch = yes, IC = yes, shear = yes, diff = yes,
Q0, spine/Q0, sheath = 1.0, j, spine = 8.0, j, sheath = 1.1,

Last timestep (t=2000.0s)

Figure 3: Observed photon spectral energy distributions, solid lines show the simulation taking into account
the additional external target field, while dashed lines show the same simulation without this effect. Left:
Blazar-like case, with a jet inclination of 3◦. Right: Radio-galaxy-like case, with a jet inclination of 30◦.

4. Conclusion

We have implemented shear acceleration in the CR-ENTREES code and tested this process
with simple cases. The two-zone model requires further mechanisms to be taken into account
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like External Compton interaction between the layers’ frames, or spatial diffusion due to particle
density gradients. These combined interactions are tested in the simulation shown in Figure 3.
The importance of External Compton is visible, especially for the spine, which has a larger bulk
Lorentz factor than the sheath. This figure also shows the difference between a blazar jet, seen
face-on, compared to a radio galaxy jet, where the jet is more inclined. Indeed, in the latter case,
the sheath is dominant, even though it is very mildly relativistic, while the relativistic spine is of
less importance.

References

[1] M. Giroletti, G. Giovannini, L. Feretti, W.D. Cotton, P.G. Edwards, L. Lara et al.,
Parsec-Scale Properties of Markarian 501, ApJ 600 (2004) 127 [astro-ph/0309285].

[2] J.Y. Kim, T.P. Krichbaum, R.S. Lu, E. Ros, U. Bach, M. Bremer et al., The limb-brightened
jet of M87 down to the 7 Schwarzschild radii scale, A&A 616 (2018) A188 [1805.02478].

[3] Y. Mizuno, P. Hardee and K.-I. Nishikawa, Three-dimensional Relativistic
Magnetohydrodynamic Simulations of Magnetized Spine-Sheath Relativistic Jets, ApJ 662
(2007) 835 [astro-ph/0703190].

[4] P. Hardee, Y. Mizuno and K.-I. Nishikawa, GRMHD/RMHD simulations & stability of
magnetized spine-sheath relativistic jets, Ap&SS 311 (2007) 281 [0706.1916].

[5] Z. Meliani and R. Keppens, Transverse stability of relativistic two-component jets, A&A 475
(2007) 785 [0709.3838].

[6] M. Georganopoulos, E. Meyer and E. Perlman, Recent Progress in Understanding the Large
Scale Jets of Powerful Quasars, Galaxies 4 (2016) 65.

[7] D.E. Harris and H. Krawczynski, X-Ray Emission from Extragalactic Jets, ARA&A 44 (2006)
463 [astro-ph/0607228].

[8] X.-N. Sun, R.-Z. Yang, F.M. Rieger, R.-Y. Liu and F. Aharonian, Energy distribution of
relativistic electrons in the kiloparsec scale jet of M 87 with Chandra, A&A 612 (2018) A106
[1712.06390].

[9] R.-Y. Liu, F.M. Rieger and F.A. Aharonian, Particle Acceleration in Mildly Relativistic
Shearing Flows: The Interplay of Systematic and Stochastic Effects, and the Origin of the
Extended High-energy Emission in AGN Jets, ApJ 842 (2017) 39 [1706.01054].

[10] L. Merten, M. Boughelilba, A. Reimer, P. Da Vela, S. Vorobiov, F. Tavecchio et al.,
Scrutinizing FR 0 radio galaxies as ultra-high-energy cosmic ray source candidates,
Astroparticle Physics 128 (2021) 102564 [2102.01087].

[11] F.M. Rieger, An Introduction to Particle Acceleration in Shearing Flows, Galaxies 7 (2019)
78 [1909.07237].

7

https://doi.org/10.1086/379663
https://arxiv.org/abs/astro-ph/0309285
https://doi.org/10.1051/0004-6361/201832921
https://arxiv.org/abs/1805.02478
https://doi.org/10.1086/518106
https://doi.org/10.1086/518106
https://arxiv.org/abs/astro-ph/0703190
https://doi.org/10.1007/s10509-007-9529-1
https://arxiv.org/abs/0706.1916
https://doi.org/10.1051/0004-6361:20078563
https://doi.org/10.1051/0004-6361:20078563
https://arxiv.org/abs/0709.3838
https://doi.org/10.3390/galaxies4040065
https://doi.org/10.1146/annurev.astro.44.051905.092446
https://doi.org/10.1146/annurev.astro.44.051905.092446
https://arxiv.org/abs/astro-ph/0607228
https://doi.org/10.1051/0004-6361/201731716
https://arxiv.org/abs/1712.06390
https://doi.org/10.3847/1538-4357/aa7410
https://arxiv.org/abs/1706.01054
https://doi.org/10.1016/j.astropartphys.2021.102564
https://arxiv.org/abs/2102.01087
https://doi.org/10.3390/galaxies7030078
https://doi.org/10.3390/galaxies7030078
https://arxiv.org/abs/1909.07237


P
o
S
(
I
C
R
C
2
0
2
3
)
9
5
8

Spine-sheath jet model for low-luminosity AGNs Anita Reimer

[12] M. Ostrowski, Acceleration of ultra-high energy cosmic ray particles in relativistic jets in
extragalactic radio sources, A&A 335 (1998) 134 [astro-ph/9803299].

[13] G.M. Webb, A.F. Barghouty, Q. Hu and J.A. le Roux, Particle Acceleration Due to
Cosmic-ray Viscosity and Fluid Shear in Astrophysical Jets, ApJ 855 (2018) 31.

[14] S.S. Kimura, K. Murase and B.T. Zhang, Ultrahigh-energy cosmic-ray nuclei from black
hole jets: Recycling galactic cosmic rays through shear acceleration, PhRvD 97 (2018)
023026 [1705.05027].

[15] A. Reimer, L. Merten, M. Boughelilba, P. Da Vela, S. Vorobiov and J.P. Lundquist,
CR-ENTREES - Cosmic-Ray ENergy TRansport in timE-Evolving astrophysical Settings, in
38th International Cosmic Ray Conference, 2023.

[16] F.M. Rieger and P. Duffy, A Microscopic Analysis of Shear Acceleration, ApJ 652 (2006)
1044 [astro-ph/0610187].

[17] M. Abramowitz and I.A. Stegun, Handbook of Mathematical Functions (1972).

[18] B.T. Park and V. Petrosian, Fokker-Planck Equations of Stochastic Acceleration: A Study of
Numerical Methods, ApJS 103 (1996) 255.

8

https://doi.org/10.48550/arXiv.astro-ph/9803299
https://arxiv.org/abs/astro-ph/9803299
https://doi.org/10.3847/1538-4357/aaae6c
https://doi.org/10.1103/PhysRevD.97.023026
https://doi.org/10.1103/PhysRevD.97.023026
https://arxiv.org/abs/1705.05027
https://doi.org/10.1086/508056
https://doi.org/10.1086/508056
https://arxiv.org/abs/astro-ph/0610187
https://doi.org/10.1086/192278

	Introduction
	Two-zone models in CR ENTREES
	Shear Acceleration
	External target fields
	Spatial diffusion

	Example: a typical low-luminosity AGN
	Conclusion

