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ABSTRACT
It has been proposed that blazar jets are structured, with a fast spine surrounded by a slower
sheath or layer. This structured jet model explains some properties of their emission and
morphology. Because of their relative motion, the radiation produced by one component is
seen amplified by the other, thus enhancing the inverse Compton emission of both. Radiation
is emitted anisotropically in the comoving frames and causes the emitting plasma to recoil.
As seen in the observer frame, this corresponds to a deceleration of the fastest component
(the spine) and an acceleration of the slower one (the layer). While the deceleration of the
spine has already been investigated, here we study for the first time the acceleration of the
sheath and find self-consistent velocity profile solutions for both the spine and the sheath while
accounting for radiative cooling. We find that the sheath can be accelerated to the velocities
required by the observations if its leptons remain energetic in the acceleration region, assumed
to be of the order of ∼100 Schwarzschild radii, demanding continuous injection of energetic
particles in that region.

Key words: radiation mechanisms: non-thermal – relativistic processes – BL Lacertae ob-
jects: general.

1 IN T RO D U C T I O N

Relativistic jets in low-power radio-loud active galactic nuclei
(AGN) are thought to be structured, namely composed of a fast
central part, which we call the spine, and a sheath or a layer sur-
rounding it, moving at a slower speed. There are several arguments
which support the structured jet hypothesis. It is very unlikely that
the jet plasma moves with a large bulk Lorentz factor � (∼10–15)
inside the jet and with � = 1 just outside it. The velocity of the
plasma should decrease gradually across the edge of the jet be-
cause of shear viscosity and/or Kelvin–Helmoltz instabilities (e.g.
Henri & Pelletier 1991; for a review see Ferrari 1998, see also Bodo
et al. 2003). Structured jets could also result from the acceleration
mechanism itself (e.g. McKinney 2006).

Observationally, the emission of high-energy γ -ray radiation re-
quires a large bulk Lorentz factor in blazars (i.e. sources whose
jets are pointing at us), to avoid suppression by the γ γ → e±

process. Low-power, TeV emitting BL Lacs require the largest val-
ues of � among all blazars (Tavecchio et al. 2001; Kino, Taka-
hara & Kusunose 2002; Krawczynski, Coppi & Aharonian 2002;
Katarzynski, Sol & Kus 2003; Konopelko et al. 2003; Tavecchio
et al. 2010). However, the Large Area Telescope onboard the Fermi

� E-mail: chhotraa@oregonstate.edu

satellite has detected (low-power) radio galaxies at ∼ GeV energies
(Abdo et al. 2010; Grandi 2012). Their radiation cannot be the de-
beamed emission coming from plasma moving with � ∼ 15, since
the de-beaming would be too strong, making the flux undetectable.
The GeV radiation of radio galaxies must be produced by material
moving with � ∼ 3 (Ghisellini, Tavecchio & Chiaberge 2005) which
is high enough to avoid the γ γ absorption process but sufficiently
small to avoid strong de-beaming of the flux.

Detailed very long-baseline interferometry (VLBI) radio maps
of Mrk 501 revealed a limb-brightening morphology, interpreted
as evidence of a slower external flow surrounding a faster spine
(Giroletti et al. 2004). Similar results have been obtained for Mrk
421 (Giroletti et al. 2006), 0502+675 and 1722+119 (Piner &
Edwards 2014).

In addition to the above-mentioned pieces of evidence for struc-
tured AGN jets, there is also mounting evidence for a decelerat-
ing spine in TeV BL Lacs, and therefore radial structure. Many
TeV BL Lacs are not superluminal sources at the ∼pc scale
(Edwards & Piner 2002; Piner & Edwards 2004, 2014; Piner, Pant
& Edwards 2008, 2010) even though they require the highest bulk
Lorentz factors in the TeV emitting region (that is in most, but not
all, cases located at sub-pc distances from the black hole).

Georganopoulos & Kazanas (2003) proposed a model in which
the jet has a fast inner part and a slower part further out. In their
model, the fast base of the jet sees the radiation produced by the
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slower zone relativistically boosted. Analogously, the slow part
of the jet sees the radiation coming from the fast base of the jet
relativistically boosted. The radiation energy density seen by both
components is amplified with respect to the pure one-zone model.

Ghisellini et al. (2005) proposed a ‘spine–layer’ (or spine–sheath)
jet structure with the two components having different velocities
(the spine is faster). As before, each component receives increased
amounts of seed photons. In this configuration the fast spine could be
decelerated by the Compton rocket effect (O’Dell 1981), justifying
the decelerating jet model of Georganopoulos & Kazanas (2003).
The spine-layer model has been successfully applied to explain
the high-energy emission of radio galaxies (M87: Tavecchio &
Ghisellini 2008; NGC 1275: Tavecchio & Ghisellini 2014; 3C 66B:
Tavecchio & Ghisellini 2009) and slightly misaligned blazars (PKS
0521−36: D’Ammando et al. 2015). It has also been shown to help
the production of high-energy neutrinos in the relativistic jet of
radio sources (Tavecchio, Ghisellini & Guetta 2014).

In the original model and in the later application to specific
sources, the velocity of the layer was a free parameter, and was
assumed to be constant. On the other hand, the emitting plasma
of the layer, being illuminated by the photons of the spine, emits
anisotropically in its comoving frame and thus must recoil. The
relative bulk Lorentz factor between the two structures is therefore
bound to decrease, limiting the seed amplification effect leading to
the extra inverse Compton emission.

In the initial jet zone (where there is no radiative interplay be-
tween the spine and the layer), the jet launching mechanism could
itself be responsible for accelerating both the spine and the layer
(e.g. McKinney 2006). An alternative option is that this launching
mechanism is responsible only for the acceleration of the spine,
while the layer gets accelerated radiatively. The aim of this paper is
to study self-consistently the photon-mediated interaction between
the two jet components which move with high relative velocity and
thus find out which of the two options is preferred. In particular,
we aim to explore and describe the dynamic coupling of the two
radial components and to better understand this physical feedback
process, as it could be important for relativistic jets in general, in-
cluding gamma-ray bursts (e.g. Rossi, Lazzati & Rees 2002; Lazzati
& Begelman 2005).

This paper is organized as follows: in Section 2, we discuss the
set-up of the model and the assumption made to make it mathe-
matically tractable. In Section 3, we present and discuss our results
and this is followed by our conclusions in Section 4. We divide
the study in five parts: (i) we find the velocity profile of the layer
assuming a constant spine velocity, and assuming a fixed energy
distribution of the emitting electrons in the spine–layer system; (ii)
we study the layer motion assuming that the emitting electrons are
injected at the start, and then radiatively cool; (iii) we explore the
layer’s motion for a case where the injected electrons maintain a
fixed energy distribution inside a fixed volume (this fixed volume is
discussed in greater detail in Section 2.1) and cool radiatively once
the plasma exits that volume; (iv) we self-consistently calculate
the motion of the spine and the layer, under their reciprocal ra-
diative influence; and (v) we study how the self-consistent motion
of the spine–layer system is influenced by electron–positron pair
loading.

2 SE T U P O F TH E M O D E L

Our model consists of a cylindrical spine–layer structure as shown
in Fig. 1. This structure is a system of concentric cylinders with the
spine being the inner cylindrical structure and the layer surrounds

Figure 1. A cartoon depiction of the cylindrical spine–layer structure with
its dimensions. On the left is the spine–layer jet as observed by a distant
observer (such as on Earth) with both the layer and the spine in motion with
Lorentz factors �L and �S, respectively. The vertical height or size of the
active region is R ∼ 1016 cm and the radial extent of the layer is b ∼ 1015 cm.
We also show a layer particle at a height z and the corresponding angles
subtended at that height by the extremities of the active region. The figure
on the right depicts the same structure as observed in the layer frame. For
the layer, the spine appears to move at a Lorentz factor �rel and relativistic
effects elongate the vertical size of the active region. The radial width of the
system, however, is unaffected as it is orthogonal to the direction of motion.

it. We use this model to describe the dynamical evolution of the
spine and the layer due to Compton scattering by photons produced
by the layer and the spine, respectively. The physical quantities of
interest for investigating this problem are measured in three different
reference frames. These three frames are as follows.

(i) The observer frame K: The quantities measured in this frame
are identical to those measured by an observer on Earth; hence,
we will refer to this frame as the ‘observer frame’. Any quantity
measured in this frame will be marked as unprimed.

(ii) The layer frame K′: This is the frame instantaneously at rest
with respect to the layer. It moves with respect to the observer frame
at a variable Lorentz factor, denoted by �L. The quantities measured
in this frame are marked with a single prime, e.g. L′

S is the spine
luminosity as observed in the frame instantaneously comoving with
the layer.

(iii) The spine frame K′′: This frame is comoving with the spine
plasma with a Lorentz factor �S. The quantities measured in this
frame are marked with a double prime, e.g. L′′

L is the layer luminosity
as measured in the spine frame.
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2.1 Assumptions

We simplify the analysis of our spine–layer model by assuming
that the spine is unidimensional and is in motion with an initial
Lorentz factor �S,0 (measured in the observer frame) along the jet-
axis direction (referred to as z-axis) as is depicted in the left-hand
panel of Fig. 1 by the inner cylinder. The layer is the outer cylinder
surrounding the spine, has a radius of b ∼ 1015 cm and, like the
spine, travels along the jet axis with an initial Lorentz factor given
by �L,0 (subscript L denotes layer which we shall use synonymously
with the sheath).

In our model, we assume that both the spine and the layer are
‘active’ only between two points which are fixed in the observer
frame and separated by a distance of R = 1016 cm, implying the
emitting volume to be fixed in that frame. Such an active region can
be a result of a standing shock, where energy dissipation happens
between fixed points. Both the spine and the sheath emit radiation
isotropically in their respective reference frames; however, any other
frame would observe the emissions to be beamed. We thus introduce
the relativistic Doppler factor (hereafter beaming factor) δ as

δL = 1

�L(1 − βL cos θ )
, (1)

which is the beaming factor of the radiation produced in the layer
frame as seen in the observer frame. θ is the angle between the jet
axis and the line of sight as measured in the observer frame,

δS = 1

�S(1 − βS cos θ )
(2)

is the beaming factor of the radiation produced in the spine frame
as seen in the observer frame, and

δS,L = δS

δL
(3)

is the relative beaming factor of the radiation produced in the spine
frame and as seen in the layer frame (see also Georganopoulos &
Kazanas 2003; Ghisellini et al. 2005).

The forces resulting from Compton scattering of the layer par-
ticles by the spine photons can drive/accelerate the sheath (in this
work, we consider scattering only within the Thomson regime). As
the seed photons of Compton scattering are produced outside the
layer, if the scattering particles are hot in K′, the scattered radiation
is anisotropic also in the layer comoving frame, making the layer re-
coil. For this reason, this interaction is often called Compton rocket
(Sikora et al. 1996; Ghisellini & Tavecchio 2010; Vuillaume, Henri
& Petrucci 2015) and for hotter particles this driving force increases
proportionally to their average internal energy 〈γ 2〉.

We assume that the layer particle is free to move in the direction
parallel to the jet axis. For simplicity, we assume that the distance
between the layer and the jet axis, b, is fixed, despite the presence of
a radial radiative force, and thus also along the normal to the jet axis.
This can be achieved through the presence of a magnetic field. To
analyse the motion of the sheath, we consider an infinitesimal part
of the sheath at a position z which we treat as an ‘effective particle’.
The constituent particles inside the layer are representative of the
sheath particles and the sheath can be thought of as composed of a
collection of these effective particles (see also Section 2.3).

The right-hand panel of Fig. 1 depicts the structure as viewed
in the frame of the sheath. The sheath finds the spine moving at a
Lorentz factor �rel = �S�L(1 − βSβL) and due to the aberration
of light observes the vertical dimension of the active region to be
larger than R. We assume that the observer is located at a viewing
angle of θview = 5◦.

2.2 Particle distributions and cooling

We assume that the particle distributions N(γ ) in the spine and the
sheath to be a broken power law, with slope p1 below and p2 (where
p2 > p1) above the break γ b:

N (γ ) =

⎧⎪⎪⎨
⎪⎪⎩

Kγ −p1 γmin < γ ≤ γb

Kγ
p2−p1
b γ −p2 γb < γ < γmax

0 otherwise

, (4)

where γ max is the maximum Lorentz factor of the distribution which
depends on the cooling rate (see Section 2.2). For simplicity, we
omit hereafter the prime and the double prime for N(γ ) and γ . We
can use the distribution N(γ ) to calculate the averages 〈γ 〉 and 〈γ 2〉
as

〈γ 〉 =
∫

N (γ )γ dγ∫
N (γ )dγ

〈γ 2〉 =
∫

N (γ )γ 2dγ∫
N (γ )dγ

. (5)

In our work, we fix γ min = 1, p1 = 2 and p2 = 4. A possible real-
ization of this case corresponds to continuous injection of electrons
distributed as Q(γ ) ∝ γ −s above γ b and Q(γ ) = 0 below. If radiative
cooling is fast (i.e. even particles with low Lorentz factors cool in a
time-scale shorter than the light crossing time), the stationary N(γ )
distribution will have a slope p2 = s + 1 above γ b and p1 = 2 below.
For s = 3 (i.e. p2 = 4) equation (5) gives

〈γ 〉 = 3

2

2 ln(γb) + 1 − (γb/γmax)2

3 − 2/γb − γ 2
b /γ 3

max

〈γ 2〉 = 3
2 γb − 1 − γ 2

b /γmax

3 − 2/γb − γ 2
b /γ 3

max

. (6)

If the injection of particles is not continuous, the high-energy
particles are not replenished any longer, and the N(γ ) distribution
cuts-off at the cooling energy γ c, which decreases with time. The
cooling of the plasma impacts the particle energy distribution which
in turn affects the force which these particles experience (see equa-
tion 9). Therefore, we have to account for radiative cooling of the
sheath/spine plasma due to irradiation by the spine/sheath photons.
The cooling rate is (e.g. Rybicki & Lightman 1979)

γ̇ = dγ

dt ′ = 4

3

σTcU ′γ 2
maxβ

2
max

mec2
(7)

where U′ is the integrated radiation energy density in the layer
frame, γ max and βmax are, respectively, the Lorentz factor and speed
of the particle possessing the maximum internal energy (hence the
subscript max) in a hot plasma. At each timestep 	t ′

i , we calculate
the cooling Lorentz factor of the leptons using equation (7):

γc,i = γmax,i−1 − γ̇i−1	t ′
i

= γmax,i−1 − 4

3

σTcU ′
i−1γ

2
max,i−1β

2
max,i−1

mec2
	t ′

i . (8)

We assume that the particle distribution vanishes for γ > γ c: the
cooling Lorentz factor γ c becomes the new maximum Lorentz factor
of the distribution, i.e. γ max,i+1 = γ c,i. Since γ c is time dependent,
the averages 〈γ 〉 and 〈γ 2〉 (see equations 6) also become time de-
pendent. Graphically, the evolution of the averages as a function
of the ratio γ max/γ b (in other words, with time due to cooling) is
depicted in Fig. 2 for several power-law indices.
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Figure 2. Evolution of 〈γ 〉 (dotted lines) and 〈γ 2〉 (solid lines) as a function
of the ratio γ max/γ b for different values of p1 and p2. As the hottest particles
cool faster, the radiative cooling reduces the maximum Lorentz factor of
particles: γ max. For our case of interest p1 = 2 and p2 = 4 (denoted by
the green curve), when γ max > γ b we observe that both 〈γ 〉 and 〈γ 2〉 are
constant. The averages start decreasing only when γ max < γ b. A very similar
behaviour is observed for other power-law indices which are shown in the
figure for comparison.

2.3 The equation of motion

In order to study the trajectory of the sheath or the layer, we require
the equation of motion given as

dp

dt
= F ′ (9)

where dp and dt are calculated in the same frame (any frame), but
F′ is calculated in the frame comoving with the particle (see e.g.
Weinberg 1972). Since we assume that the layer and the spine are
optically thin, we can calculate the motion of a single particle due to
Compton scattering. We define f as the ratio of number of leptons to
protons and f > 1 indicates the presence of pairs in the plasma. This
enables us to study the motion of an ‘effective particle’ of inertial
mass mi = mp/f + 〈γ 〉me, where the electron mass me is multiplied
by 〈γ 〉 to account for the average internal energy of the leptons.
Equation (9) can be written as

mic
d(�β)

dt
= F ′. (10)

We begin by considering the motion of the layer due to the in-
teraction with the radiation produced by the spine (moving with
a constant bulk Lorentz factor �S). In this case, the driving force
F ′

z(z) can be computed by considering the flux received by a parti-
cle in the layer located at a given z. This flux will be produced at
different heights of the spine, seen under a different angle and with
a different beaming. Therefore, we will have to integrate over the
entire length of the spine while accounting for the different degrees
of relativistic effects.

From the detailed calculations as shown in the appendix, we write
the equation of motion (equation 10) as

d(�LβL)

dt
= 16

9

σT

mibc2
〈γ 2〉η

∫ θ2

θ1

λ′′
S

δ4
S

δ2
L

cos θ − βL

1 − βL cos θ
dθ, (11)

where η is a factor of the order of unity which depends on the

geometry of the system (in this case, we used η = 2/π), λ′′
S = dL′′

S
dx′′

is the spine comoving linear luminosity density which is connected
to the spine isotropic luminosity Liso,S.

2.3.1 The drag Lorentz factor

This section introduces the physical meaning of drag Lorentz factor
�L,drag which we will frequently use to understand our results. �L,drag

is the value of �L for which the z component of the force as measured
in the comoving layer frame vanishes. The net force acting on
the effective layer particle at a certain position is computed by
accounting for photons which hit the effective particle both from
above and below its position. As seen in the observer frame K,
photons which hit the sheath ‘effective particle’ with an incident
angle less than 1/�L with respect to the sheath’s direction of motion
appear to arrive from above the effective particle’s position in the
sheath comoving frame. These photons decelerate the particle by
imparting negative momentum (negative force). On the other hand,
photons which are incident with an angle greater than 1/�L will
accelerate the particle, generating a positive force. The value of the
layer Lorentz factor for which these positive and negative forces
are equal is called the drag Lorentz factor. Its value as a function of
z can be obtained by imposing the condition that F ′

z = 0, and this
simplifies equation (11) to∫ θ2

θ1

δ4
S�

2
L,drag(1 − βL,drag cos θ )(cos θ − βL,drag)dθ = 0. (12)

Since the sign of the total force F ′
z depends only on the sign of the

integral in equation (11) or equation (12), we will have⎧⎪⎨
⎪⎩

F ′
z > 0 if �L < �L,drag

F ′
z < 0 if �L > �L,drag

F ′
z = 0 if �L = �L,drag

.

2.4 Feedback

The previous subsections describe the dynamical evolution of the
sheath plasma interacting via Compton scattering with the spine
photons. However, we ignored the effect of the sheath photons on
the spine to simplify the analysis. In this section, we relax that as-
sumption by accounting for the interaction of the layer photons with
the spine and how this interaction modifies the spine Lorentz factor
�S(z). As a result, we can explore how the feedback between the
spine–layer structure self-regulates its very own dynamical evolu-
tion.

To study the spine–layer feedback, we need to modify some
equations of the previous section according to the following con-
siderations:

(i) As the bulk Lorentz factors for both the spine and the layer
can be modified, we must compute two profiles �S(z) and �L(z) for
the spine and the layer, respectively.

(ii) The linear luminosity density profiles of the spine and the
layer (λS and λL) can vary with position, but we assume that the
comoving luminosity density profiles are proportional to the average
square of the particle energies constituting the emitting plasma, i.e.
λ′′

S ∝ 〈γ 2
S 〉 and λ′

L ∝ 〈γ 2
L 〉. Thus, if the internal energy content of

the plasma changes by radiative cooling, the comoving luminosity
profile will no longer be independent of the position.

(iii) We take advantage of the symmetry of the problem and
suppose that the effect of the spine on the layer and the inverse
effect, i.e. of the layer on the spine can be expressed by the same
relations by simply switching the subscripts.

These considerations lead to the following system of differ-
ential equations describing the evolution of two ‘effective par-
ticles’ which represent the spine and the layer (having masses
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mS = mp/fS + 〈γ S〉me and mL = mp/fL + 〈γ L〉me for the spine
and the layer, respectively):
⎧⎪⎪⎪⎨
⎪⎪⎪⎩

mSc
d(�SβS)

dt
= 16

9

σT

bc
〈γ 2

S 〉η
∫ θ2

θ1

λ′
L(θ )

δ4
L

δ2
S

cos θ − βS

1 − βS cos θ
dθ

mLc
d(�LβL)

dt
= 16

9

σT

bc
〈γ 2

L 〉η
∫ θ2

θ1

λ′′
S(θ )

δ4
S

δ2
L

cos θ − βL

1 − βL cos θ
dθ

.

(13)

All the important steps leading to the above equations are fully
described in the appendix, along with the limits of integrations
θ1, θ2 (which can be obtained using the equations A13 and A14,
respectively). We can compute the Lorentz factor profiles �S(z)
and �L(z) by numerically solving this system. The reader should
note that the acceleration of the layer (spine) depends linearly on
the product of the isotropic luminosity of the spine (layer) and the
average of the square of the leptonic Lorentz factor of the layer
(spine). We call this product k:

kS = Liso,L〈γ 2
S 〉; kL = Liso,S〈γ 2

L 〉. (14)

Hence, we treat this product as a single parameter.

3 R ESULTS AND DISCUSSION

In this section, we present and discuss the results of the numer-
ical integration of the equations of motion considering different
conditions:

(i) Section 3.1: Radiative acceleration of the layer: no cooling
scenario

(ii) Section 3.2: Radiative acceleration of the layer: cooling sce-
nario

(a) Section 3.2.1: Single injection
(b) Section 3.2.2: Continuous injection

(iii) Section 3.3: The spine–layer feedback

(a) Section 3.3.1: Continuous injection with feedback

(iv) Section 3.4: The spine-layer feedback in e+e− pair-loaded
plasmas.

3.1 Radiative acceleration of the layer: no cooling scenario

In this section, we start with the simplest and somewhat unrealistic
scenario, where

(i) the spine moves with a constant bulk Lorentz factor �S (not
considering its deceleration due to layer photons);

(ii) the sheath particle distribution does not change with time
(i.e. the particles do not cool by radiative emission, or the cooling
is exactly compensated by injection of new particles).

By switching ‘off’ the cooling we have made this scenario some-
what unrealistic, but this simplifies the problem at hand and in turn
allows us to gain greater insight and develop intuition about the
radiative acceleration phenomena. This will help to improve our
understanding of more complex scenarios discussed later in the pa-
per. We solve the equation of motion of the layer under different
conditions (however, we only vary a single parameter in each case
to develop intuition), and we show the spatial profiles of (�β)L and
of the force perceived by the layer projected over the z-axis F ′

z(z).
Varying kL – Fig. 3 shows the effects of varying kL for a constant

spine Lorentz factor �S = 15 and an initial bulk Lorentz factor of

Figure 3. Radiative acceleration of the layer by varying kL = Liso,S〈γ 2
L 〉

(values from 1045 to 1051 erg s−1). The spine Lorentz factor is constant
�S = 15. The initial Lorentz factor of the layer is �L,0 = 3. The x-axis is
common for the two panels and depicts the position z normalized by the
vertical structure dimension R. Top panel: radiative force F′ as measured
in the frame of the layer as a function of z/R. Bottom panel: layer Lorentz
factor (�β)L (solid lines) and the drag Lorentz factor (�β)L,drag of the layer
(dashed line) as a function of z/R.

the layer �L,0 = 3. At the base of the structure, i.e. for small values
of z, the forces are negative for all the curves irrespective of the
kL value (the yellow curve has the greatest magnitude and hence is
clearly visible below the zero force mark, whereas the other curves
experience comparatively much smaller forces which are difficult
to resolve on the scale of Fig. 3). This is due to the fact that at the
start (z = 0), the layer particle sees a greater fraction of the radiation
directed downward due to the entire spine–sheath structure located
ahead. This decelerates the sheath thereby decreasing the (�β)L as
can be seen in the second panel, where the Lorentz factor profiles
are compared with the drag Lorentz factor. We start the simulations
with a value of �L,0 = 3 which exceeds the drag Lorentz factor
at that position. As a result, negative forces arise from the drag
effects to reduce Lorentz factor at (or below) the drag level (refer to
Section 2.3.1). We note that the force increases with the increasing
values of Liso,S〈γ 2〉 as seen from the force curves in the top panel
of Fig. 3.

For low spine luminosities or if the sheath plasma has small
internal energy (the case of a cold plasma with low value of 〈γ 2

L 〉),
we find that the layer accelerates negligibly. Instead, significant
acceleration is observed by increasing the spine luminosity or the
mean squared energy of the particle in the layer. In such cases, the
bulk Lorentz factor profile (�β)L manifests an initial decrease due
to the initial negative force and then a subsequent increase. This
increase, at the beginning, follows the drag Lorentz factor profile
but it flattens afterwards depending upon kL: the greater the value
of kL, the greater the final value of �L and the longer the time for
which the bulk Lorentz factor profile follows the �L,drag profile.

The curve with the highest kL (kL = 1051 erg s−1) displays a
peculiar force profile characterized by a double peak shape. This
behaviour is due to a confluence of two effects. Increasing the
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Radiative acceleration in spine–sheath jets 3549

Figure 4. Radiative acceleration of the layer obtained by varying the initial
layer Lorentz factor �L,0 = 1.01, 3, 5, 10, 15. The spine isotropic luminosity
is Liso,S = 1045 erg s−1 and the leptons of the layer are hot (〈γ 2

L 〉 = 106)
implying kL = 1051 erg s−1. The spine Lorentz factor is constant �S = 15.
Top panel: radiative force F′ in the layer frame as a function of z/R. Bottom
panel: layer Lorentz factor (�β)L (solid lines) and the drag Lorentz factor
(�β)L,drag of the layer (dashed line) as a function of z/R. Inset: a zoomed
view of the behaviour of the layer Lorentz factor for 0 < z/R < 1.

force increases �L and if it approaches and attempts to surpass
the drag limit, the force rapidly decreases (refer to Section 2.3.1).
Thus, the drag effect is responsible for producing the rapid drop and
consequently, the first peak in the force profile. The second effect
is due to the fact that when the layer effective particle surpasses
the length scale of the structure R, it receives most of the radiation
produced by the entire spine length (pushing the effective particle
along the positive z-direction), which lies behind the particle. This
produces the second maximum of the force profile. Note that the
double peak is absent when the layer bulk Lorentz factor is nowhere
near the drag limit.

Varying �L,0 – Fig. 4 shows the effects on radiative acceleration
of the layer due to variation in the initial layer bulk Lorentz fac-
tor �L,0. The other quantities which remain fixed are the average
internal energy content of the sheath leptons (〈γ 2

L 〉 = 106) and the
isotropic spine luminosity Liso,S = 1045 erg s−1. In all cases, the
force profile is characterized by the same features as observed in
Fig. 3: initial negative force and double peak shape. However, due
to the different values of �L,0, the force magnitudes for the various
curves are initially different, with the curves travelling at larger �L,0

experiencing initially a larger force which decelerates them below
the drag limit. We also note an interesting merging feature of both
the �L and the force curves. With identical forces and Lorentz factor
�L, we expect and observe the trajectories of the curves to remain
merged. This feature suggests that, in case of hot plasma and for
z > R, the dynamical evolution of the layer does not depend on its
initial Lorentz factor �L,0.

Fig. 5 depicts the radiative evolution of a cold plasma (〈γ 2
L 〉 =

1) for an isotropic spine luminosity (Liso,S = 1045 erg s−1) and
a constant spine Lorentz factor of �S = 15. The value of kL for
Figs 4 and 5 differs by 106 which is the average of the square of
the leptonic Lorentz factor for the hotter plasma. We continue to

Figure 5. Radiative acceleration of the layer obtained by varying the initial
layer Lorentz factor �L,0 = 1.01, 3, 5, 10, 15. The spine isotropic luminosity
is Liso,S = 1045 erg s−1 and the leptons of the layer are cold (〈γ 2

L 〉 = 1). The
spine Lorentz factor is constant �S = 15. Top panel: radiative force F′ in the
layer frame as a function of z/R. Bottom panel: layer Lorentz factor (�β)L

(solid lines) as a function of z/R.

vary �L,0 as our parameter and by comparing the two figures (Figs 5
and 4), we note that the forces experienced by the colder leptons are
smaller by two orders of magnitude. This strong reduction in the
force results in negligible acceleration of the layer effective particle
which maintains its initial Lorentz factor �L,0 except for the case
�L,0 = 1.01, where there is a weak increase of the bulk Lorentz
factor to �L,fin = 1.67. We also note that as the forces involved
are smaller than the previously considered cases, the drag force is
not strong enough to create multiple force peaks. Thus, the force
profiles are characterized by single peaks which occur when the
radiation from the entire spine irradiates the sheath particle.

Varying �S – In the final case for this subsection, we explore the
effects of varying �S on the force and (�β)L curves for �L,0 = 3. If
the sheath plasma is hot, we observe double peaked curves as shown
in the top panel of Fig. 6. We also note that a faster spine produces a
greater force on the sheath, resulting in a faster sheath. Fig. 7 shows
the same physical quantities but for a cold sheath and we note that
the forces involved are reduced by an order of magnitude. This does
not result in a significant change of the layer Lorentz factors except
for the case when �S = 50, where a comparatively larger force leads
to an accelerating sheath.

3.2 Radiative acceleration of the layer: cooling scenario

3.2.1 Single injection

In this subsection, we explore a case where the particles of both
the spine and the layer are energized only once before entering the
active region and the particles in the layer can cool via radiative
cooling. This implies that the layer leptonic energy distribution
varies with time. For simplicity, we will assume here that the spine
bulk Lorentz factor �S is constant, leaving the study of the possible
change of �S (caused by the interaction with the layer photons) to
Section 3.3.
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3550 A. Chhotray et al.

Figure 6. Radiative acceleration of the layer due to variation of the spine
bulk Lorentz factor �S = 10, 15, 20, 50. The spine isotropic luminosity
is Liso,S = 1045 erg s−1 and the leptons of the layer are hot (〈γ 2

L 〉 = 106).
The initial layer Lorentz factor is constant �L,0 = 3. Top panel: radiative
force F′ in the layer frame as a function of z/R. Bottom panel: layer Lorentz
factor (�β)L (solid lines) and the drag Lorentz factor (�β)L,drag of the layer
(dashed line) as a function of z/R.

Figure 7. Radiative acceleration of the layer obtained by varying the spine
bulk Lorentz factor �S = 10, 15, 20, 50. The spine isotropic luminosity is
Liso,S = 1045 erg s−1 and the leptons of the layer are cold (〈γ 2

L 〉 = 1). The
initial layer Lorentz factor is constant �L,0 = 3. Top panel: radiative force F′
in the layer frame as a function of z/R. Bottom panel: layer Lorentz factor
(�β)L (solid lines) as a function of z/R.

Figure 8. Radiative acceleration of the sheath obtained by varying the
isotropic spine luminosity Liso,S from 1044 to 1047 erg s−1 for the sheath
constituted by hot leptons (〈γ 2

L 〉 = 106), constant spine Lorentz factor of
�S = 15 and for an initial sheath Lorentz factor �L = 3. The x-axis depicts
the position z in units of the vertical structure dimension R. The top panel
depicts the radiative force measured in the layer frame. Middle panel: the
internal energy of the sheath denoted by 〈γ 2

L 〉. Bottom panel: Lorentz factor
of the sheath (�β)L measured in the observer frame.

We start by solving the equation of motion for the layer and we
show the spatial profiles for (�β)L, the evolution of the average
internal energy of the layer 〈γ 2

L 〉 and the profile of the force as
perceived by the layer projected over the z-axis F′.

Varying Liso,S – We begin by varying the intrinsic spine luminosity
Liso,S, assuming that the population of the sheath is initially hot
(〈γ 2

L 〉z=0 = 106). The top panel of Fig. 8 depicts the force curves
for different values of the spine luminosity. For small values of z,
the force profiles are similar to the profiles in Fig. 3. All the curves
show an initial negative force with magnitudes proportional to the
spine luminosity (refer to Section 3.1). The middle panel shows the
variation of 〈γ 2

L 〉, and we note the difference in the cooling rates
for the various curves, which arises because sheaths with more
luminous spines cool faster. Note that the various curves in the
second panel eventually merge due to continuous cooling. The third
panel shows the variation of (�β)L. For z < R, all the layer curves
show no acceleration. On the contrary, from the force curves one
expects the layer to be decelerated due to the initial negative forces
but these decelerations are small and hence difficult to resolve (and
thus, see in Fig. 8). However, the reader can observe the resolved
deceleration for the blue curve in Fig. 8 through the red curve in
the bottom panel of Fig. 9 because the product kL = 1051 erg s−1

is identical for these curves. When the effective sheath particle
overtakes the scalelength R, the spine which lies behind it irradiates
the particle from the rear. However, at these large values of z the
sheath plasma is cold and only extremely large spine luminosities
(e.g. Liso,S ≥ 1045 erg s−1) are capable of significantly accelerating
the layer particle and hence the layer, as shown in Fig. 8.

Varying 〈γ 2
L 〉z=0 – We explore how the sheath evolves for different

initial 〈γ 2
L 〉z=0 (in short, 〈γ 2

0 〉) values under the influence of radiative
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Radiative acceleration in spine–sheath jets 3551

Figure 9. Radiative acceleration of the sheath due to variation of the average
internal energy content of the sheath 〈γ 2

L 〉 from 1 to 106 for a constant
isotropic spine luminosity Liso,S = 1045 erg s−1, a constant spine Lorentz
factor �S = 15 and for an initial sheath Lorentz factor �L = 3. The x-axis
depicts the position z normalized by the vertical structure dimension R. The
top panel depicts the radiative force measured in the layer frame. Middle
panel: the internal energy of the sheath denoted by 〈γ 2〉. Bottom panel:
Lorentz factor of the sheath (�β)L measured in the observer frame.

cooling with an initial sheath Lorentz factor �L,0 = 3 and a constant
spine luminosity Liso,S = 1045 erg s−1. Fig. 9 confirms that the force
profile is characterized by negative values during the initial stages,
with the hottest sheaths experiencing the greatest force magnitudes.
The middle panel depicts the variation in 〈γ 2

L 〉 due to radiative cool-
ing. The curves show an initial flat evolution and then a decreasing
trend in such a manner that all the curves merge, irrespective of their
〈γ 2

0 〉 values. This behaviour can be understood from Fig. 2 or from
particle energy distribution N(γ ) of the layer (see equation 4): if the
cooling energy γ c is greater than the spectral break energy γ b (i.e.
γ c > γ b), then 〈γ 2〉 ∼ γ b which implies that 〈γ 2〉 is almost constant
(this corresponds to the initially flat evolutionary phase seen in the
middle panel of Fig. 9). However, when γ c crosses γ b, 〈γ 2〉 starts to
decrease from its initial value and becomes comparable to γ c. Note
that even though the force curves have merged (simultaneously with
the merging of 〈γ 2〉 curves), the (�β)L curves remain segregated
due to the different initial decelerations resulting from the different
initial behaviour of 〈γ 2〉. This leads to the interesting result – the
bulk Lorentz factor at saturation is maximum for an intermediate
value of the initial 〈γ 2

L 〉 (〈γ 2
L 〉 = 104), instead of the curve with the

initially hottest leptons (〈γ 2
L 〉 = 106), albeit by a small amount (see

Fig. 10).
As a whole, we conclude from this section that the radiative

cooling process causes the layer to lose internal energy rapidly and
so it quenches the process of radiative acceleration. Except for cases
with very high spine luminosity, we can affirm that the final bulk
Lorentz factor of the layer �L does not change significantly from
its initial value �L,0 (see Fig. 10). This result is similar to those
obtained by studying the radiative acceleration of a cold plasma in
the no cooling scenario (cf. Section 3.1).

Figure 10. Same as Fig. 9, but zooming out to longer z/R to see the final
values of (�β)L.

3.2.2 Continuous injection

This scenario explores the situation where we have continuous en-
ergy injection inside the sheath region via, e.g. a standing shock,
namely when the cooling is balanced by injection of fresh energetic
particles that energize the plasma and the electron energy distribu-
tion is assumed to stay constant between z = 0 and z = 1016 cm.
There is no energy injection outside the active region. We assume
that the injection rate within the active region is such that its effect
is equivalent to making cooling ineffective. We still neglect here the
radiative effects on the spine due to the layer and hence the bulk
Lorentz factor of the spine �S is assumed to be constant.

Differently from most of the other cases presented in this work,
for this case we assume that the initial bulk Lorentz factor of the
layer is close to unity. We intend to explore if the layer can be
accelerated radiatively, and achieve a bulk Lorentz factor �L ∼ 3 as
required by observations.

Fig. 11 depicts the evolution of the force, 〈γ 2〉 and (�β)L curves.
The continuous shocking re-energizes the particles within the stand-
ing shock region, and it is responsible for large forces proportional
to the plasma’s internal energy 〈γ 2

L 〉 content. Because there is con-
tinuous energy injection for z ≤ 1016 cm, we expect the physical
quantities in this region to evolve in a fashion similar to the same
quantities in Section 3.1. Indeed, the evolution of the force curves
in the standing shock region as depicted in Fig. 11 is very similar
to Fig. 3 (the yellow curves are almost identical for z < R). The
drop in the force is due to the bulk Lorentz factor of the layer ap-
proaching �L,drag as explained earlier in Section 3.1. All the three
curves experience positive forces, leading to an accelerated layer as
demonstrated by the (�β)L plot in the bottom panel of Fig. 11. The
cooling becomes effective for z > 1016 cm (z/R > 1), resulting in a
rapid decrease in the values of 〈γ 2

L 〉 for the various curves (the mid-
dle panel of Fig. 11). A decrease in 〈γ 2

L 〉 correspondingly produces
a rapid decrease in the force values also (the top panel of Fig. 11).
The role of radiative cooling in quenching the radiative force has
been explored in detail in Section 3.2.1. As the force values for
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3552 A. Chhotray et al.

Figure 11. Radiative acceleration of the sheath obtained by varying the
initial average internal energy content of the sheath 〈γ 2

0 〉 from 102 to 106 for
a constant isotropic spine luminosity Liso,S = 1045 erg s−1, a constant spine
Lorentz factor �S = 15 and for an initial sheath Lorentz factor �L,0 = 1.01.
In this scenario, the plasma cools radiatively only for z/R > 1; for 0 <

z/R < 1, the plasma is continuously energized and maintains the average
internal energy (thereby making cooling ineffective). The top panel depicts
the radiative force measured in the layer frame. Middle panel: the variation
in the internal energy of the sheath denoted by 〈γ 2

L 〉 as a function of the
vertical position z. Bottom panel: (�β)L profile of the sheath as measured
in the observer frame.

z > 1016 cm are quite small, we note that the layer Lorentz factors
saturate close to the values attained at z ∼ R = 1016 cm.

Fig. 11 shows that if the layer is kept hot by a mechanism replen-
ishing its energy losses, it can indeed be accelerated to ‘interesting’
Lorentz factors (i.e. �L ∼ 3). Of course, the hotter the layer, the
stronger the Compton rocket effect and the larger the final Lorentz
factor. We will see in the next subsection if this remains true when
considering the feedback on the spine.

3.3 Spine–layer feedback

In Section 2.4, we described the feedback mechanism produced by
relative interaction between the photons emitted by the layer and the
spine particles and vice versa, i.e. between spine photons and layer
particles. In this section, we aim to study the spine–layer feedback
mechanism and how the mechanism modifies the Lorentz factor
profiles for both the spine and the layer. First, we will compute
both the spine and the layer bulk Lorentz factor profiles [�S(z) and
�L(z)] in a self-consistent manner. Secondly, we will study two
cases with and without the presence of radiative cooling: in the first
case, the particle energy distribution is fixed for both the spine and
the layer, which is equivalent to the no cooling scenario (however
here feedback is active). In the other case, both the spine and the
layer particles cool radiatively (with feedback).

The spatial profiles of the rest-frame forces and of the bulk
Lorentz factors for the spine and the layer have been computed
by numerically solving equations (13). The results for the two cases

Figure 12. Radiative acceleration of the spine and the layer: the feedback.
Comparison by varying 〈γ 2〉 = 2 × 106, 2 × 105, 2 × 104, 1 of both the
spine and the layer in no cooling case and cooling case. Parameters used:
�S,0 = 15, �L,0 = 3 and L′′

S = 10L′
L. Top panel: radiative force measured

in spine (layer) frame in dotted (solid) lines as a function of z/R. Middle
panel: profile of (�β) of the spine (layer) in dotted (solid) lines. Only for
〈γ 2〉 = 2 × 106 with no cooling, in the final stages the layer can travel faster
than the spine. Bottom panel: the relative velocity profile of the spine with
respect to the layer expressed in terms of (�β)rel.

(with cooling and without cooling), mentioned earlier are shown in
Fig. 12 and are summarized below:

(i) As expected, in all the explored cases the spine is decelerated
by the Compton interaction with the layer photons. The force ex-
perienced by the spine is always negative (the only exception is the
case with 〈γ 2〉 ∼ 106, where in the last stages the spine force turns
positive).

(ii) Consistent with the results of previous sections, the layer is
initially decelerated and later accelerated in all cases.

(iii) The acceleration is stronger for greater values of 〈γ 2〉 and is
negligible for cold plasmas.

(iv) The cooling case reproduces the results of a cold spine and
a cold layer, i.e. no significant change of bulk Lorentz factor.

(v) For high values of 〈γ 2〉 ∼ 106, the effect of deceleration of
the spine and acceleration of the layer is so strong that the sheath
can eventually travel faster than the spine. This occurs because
the cooling has been switched off. We believe that this is rather
unrealistic: to maintain such an energetic particle distribution, a
huge amount of energy must be supplied to the plasma.

3.3.1 Continuous injection with feedback

In this scenario, we study the kinematic evolution of the plasma due
to continuous injection (see Section 3.2.2) while taking into account
the effects of spine–layer feedback. The initial internal energy con-
tent of the spine and the layer plasmas (〈γ 2

S 〉 and 〈γ 2
L 〉, respectively)
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Radiative acceleration in spine–sheath jets 3553

Figure 13. Radiative acceleration of the spine and the layer: the feedback
with continuous injection. In this scenario, the plasma radiatively cools
for z/R > 1 whereas for 0 < z/R < 1 it is continuously energized thereby
nullifying the radiative cooling (thus maintaining its internal energy content).
The coloured curves are obtained by varying 〈γ 2〉 = 2 × 105, 105, 104 and
102 for both the spine and the layer. Parameters used: �S,0 = 15, �L,0 = 1.01
and L′′

S = 10L′
L. Top panel: radiative force measured in spine (layer) frame

in dotted (solid) lines as a function of z/R. Middle panel: the variation in
the internal energy of content of the spine and the layer denoted by 〈γ 2

L 〉 as
a function of the vertical position z. Bottom panel: (�β) profile measured in
the observer frame.

is maintained by continuous injection of particles within the region
0 ≤ z/R < 1, thereby rendering radiative cooling ineffective. How-
ever, in the absence of particle injection, i.e. for z/R > 1 radiative
cooling becomes important and impacts the evolution of the plasma
by altering its internal energy content (see Section 2.2). This sce-
nario differs from Section 3.2.2 because here we account for the
radiative interplay between the spine and the layer and, as a result,
the bulk Lorentz factor and the average internal energy content of
the spine are no longer constants.

In order to study if the layer can accelerate from almost ‘at
rest’ situation and achieve bulk motions required for explaining
observations, we begin with the layer moving at a small initial bulk
Lorentz factor �L,0 = 1.01. The three panels from top to bottom
in Fig. 13 show how the forces, 〈γ 2〉, and the velocity profile �β

for the spine and the layer evolve as a function of the normalized
position z. We summarize the results of Fig. 13 below:

(i) For the cases with different initial 〈γ 2
0 〉 values, the spine pre-

dominantly experiences a negative force with a magnitude propor-
tional to the spine’s internal energy content 〈γ 2

S 〉. The forces are
quite small for 〈γ 2〉 = 102 and as a result negligible deceleration
occurs in this case. The forces are significantly larger for cases with
〈γ 2〉 ≥ 105 which result in the decelerating spine travelling slower
than the layer. With the layer now moving faster than the spine, this
‘role reversal’ causes the spine to experience a positive and accel-
erating force. However, the magnitude of this force is small due to
the reduction in the relative bulk Lorentz factor between the spine
and the layer.

(ii) The layer is first decelerated and then accelerated (due
to the system’s geometry as explained in detail in Section 3.1),
as the top panel of Fig. 13 shows. However, for cases where

〈γ 2〉 ≥ 105 the top panel depicts formation of a peak, followed
by a decline in the layer force curves within the region 0 ≤ z/R
< 1. The peak’s location coincides with the location where the de-
celerating spine slows down to speeds comparable to those of the
layer (see bottom panel) – leading to reduced relative motion which
suppresses Compton rocket acceleration. As a result, the force ex-
perienced by the layer peaks and declines.

(iii) The net acceleration of the layer does not generally correlate
with the average internal energy content of the layer.

This is evident from the hotter plasma (yellow curve – 〈γ 2
0 〉 =

2 × 105) saturating at a lower speed than a cooler plasma (the red
curve – 〈γ 2

0 〉 = 105), as depicted in the bottom panel of Fig. 13.
This phenomenon can again be linked with a hotter spine being
more quickly decelerated than a comparatively cooler spine. For
sufficiently hot plasmas, the decelerating/slowing spine can end up
travelling at comparable or slower speeds than the layer which leads
to lesser relative motion and, thereby, suppression of the Compton
rocket mechanism.

(iv) In the 〈γ 2〉 = 104 case (blue curve), the layer accelerates until
z/R = 1, after which particle injection ceases and radiative cooling
rapidly decreases the layer’s internal energy content. As a result, the
gradually increasing radiative force vanishes and the acceleration
process is quenched. Rapid radiative cooling also occurs for plasmas
with 〈γ 2〉 > 104 (as shown by the red and yellow curves), and cools
these plasmas faster than the 〈γ 2〉 = 104 case (blue curve) as shown
in the middle panel of Fig. 13. Again, this leads to the sudden
drop in the force curves and quenches any further acceleration. The
velocity saturation and force quenching phenomena observed here
are identical to those observed in Section 3.2.2.

As shown in the bottom panel of Fig. 13, by replenishing the en-
ergy lost radiatively by injecting particles continuously the layer
can attain and maintain ‘interesting’ Lorentz factors (�L ∼ 2–4.5).
Comparison between the results obtained here with those of Sec-
tion 3.2.2 shows that radiative feedback in hotter plasmas (both the
spine and the layer are hot) reduces the relative bulk motion between
the two components of the jet (i.e. the spine and the layer). This
reduction in �rel reduces the amount of boosted radiation, thereby
suppressing the Compton rocket effect. As a result, the layer does
not accelerate and attain Lorentz factors beyond ∼4.5. Thus in this
particular scenario, acceleration/deceleration due to radiative feed-
back is responsible for regulating the bulk Lorentz factors of both
the spine and the layer.

3.4 Spine–layer feedback in e+e− pair-loaded plasmas

In this subsection, we explore the impact of electron–positron pair
loading on the radiative acceleration of the spine and the layer.
While accounting for radiative feedback between the spine and the
layer, we explore the effects that different amounts of pair con-
centrations can have on the spine–layer system. The main effect
of pairs will be to make the plasma ‘lighter’, in the sense that the
radiative force will act on an increased number of leptons, while
the inertia is still dominated by the same number of protons (ex-
cept for the pair-dominated cases). Therefore, the acceleration or
the deceleration will be stronger. The amount of pairs in the plasma
can be characterized by the lepton-to-proton ratio f (as defined in
Section 2.3) as follows:

(i) Pair-free (PF) plasma (f = 1): There is one proton for every
electron and no pairs are present.

(ii) Pair-enriched (PE) plasma (f ∼ 20): This plasma is character-
ized by the presence of several electron–positron pairs. The value
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Figure 14. Radiative acceleration of a cold, pair-loaded layer plasma by
varying lepton-to-proton ratio f; we analyse three cases with 〈γ 2〉 = 1: no
pairs in layer (f = 1); a plasma with f = 20 and the extreme case of a PD
plasma. Parameters used: �S = 15, �L,0 = 3 and L′′

S = 10 · L′
L. Top panel:

radiative force as measured in the layer frame. Bottom panel: profile of
(�β)L for the layer.

f = 20 is about the maximum allowed from considerations about
the total power of relativistic jets (Ghisellini & Tavecchio 2010).

(iii) Pair-dominated (PD) plasma (f → ∞): In this case, lep-
tons dominate the kinematics of the plasma. We show this case for
illustration, even if it may not be realistic for AGN jets.

We will first study the case without feedback and with the spine
moving with a constant bulk Lorenz factor �S = 15. Then we will
study the feedback case, assuming that both the layer and the spine
have the same number f of pairs. Within the case without feedback,
we will study the extreme cases of a cold plasma (〈γ 2〉 = 1, Fig. 14)
and a hot plasma (〈γ 2〉 = 106, Fig. 15). Finally, we study the
feedback case (Fig. 16). The results of these cases are summarized
as follows:

(i) Cold plasma – no feedback – Fig. 14 depicts the force expe-
rienced by the layer due to radiation from the spine in the upper
panel. The lower panel depicts the radiative acceleration of the layer
by plotting (�β)L as a function of position z/R. We note that the
force magnitudes are extremely small ∼10−21 dyn in comparison
with forces observed in the earlier sections. The PF plasma case
is identical to 〈γ 2〉 = 1 in Section 3.3. Even though the forces are
small, the increased pair content decreases the mass of the effec-
tive particles. Thus, the greater the amount of pairs, the greater the
acceleration, as shown by the bottom panel in Fig. 14.

(ii) Hot cooling plasma – no feedback – We consider a hot plasma
with 〈γ 2〉 = 106 with cooling enabled. Fig. 15 shows the force ex-
perienced by the layer (top panel), the variation of 〈γ 2

L 〉 (middle
panel) and the evolution of (�β)L (bottom panel) as a function of
z/R. As expected, hotter plasmas experience a stronger and nega-
tive initial force which tends to decelerate them. The decelerations
experienced depend upon the pair content, thereby the PD plasma is
decelerated more than the others. This slowing down of the plasma
leads to a decrease of the (negative) force (due to the decrease of

Figure 15. Radiative acceleration plot for a hot layer plasma having differ-
ent lepton-to-proton ratios f; we analyse three distinct cases with an initial
〈γ 2〉z = 0 = 106: no pairs in the layer and the spine plasmas (f = 1); a
PE f = 20 plasma and the extreme case of a PD plasma. Parameters used:
�S = 15, �L,0 = 3 and L′′

S = 10 · L′
L. Top panel: radiative force measured in

the layer frame as a function of z/R. Middle panel: the evolution of internal
energy of the sheath denoted by 〈γ 2

L 〉. Bottom panel: profile of (�β)L for
the layer as a function of z.

the received radiation energy density). This impacts the cooling
rate as well as the force profile for the PD plasma. The lower cool-
ing rate along with geometrical effect (entire spine irradiating the
layer particle) is responsible for the burst in acceleration at large
values of z.

(iii) Feedback – Now we discuss the third case, where we com-
pare hot and cold plasmas with both cooling and feedback enabled.
Fig. 16 depicts the evolution of the forces F′ and F′′ (upper panel)
as measured in the frame of the layer and of the spine, respectively,
and (�β)L. The forces F ′

S experienced by the spine due to the ra-
diative interaction with the layer are always negative leading to its
deceleration. For cold plasmas (with initial 〈γ 2〉 = 1), the decel-
eration, though small, is non-zero as compared to hot plasma with
initial 〈γ 2〉 = 106. We also note that with increasing f values, the
deceleration becomes much stronger.
Similar to the results of previous sections, the layer force F ′

L (de-
noted by the solid curves in the upper panel of Fig. 16) starts off
negative and turns positive (due to geometrical effects). The initial
magnitudes are proportional to both 〈γ 2〉 and f. As a result, the PD
hot layer is initially significantly decelerated and then accelerates.
At later times, because of cooling the acceleration is no longer a
function of 〈γ 2〉 but still depends upon the particle ratio f. As a re-
sult, PD (�L,sat ∼ 6) and enriched plasmas (�L,sat ∼ 3.1) accelerate
even for z/R > 5 and much more than PF plasmas.

We can conclude that pair loading enables the plasma to accel-
erate significantly even when the plasmas are cold to begin with.
Cold PE and the cold PD plasma exhibit significant acceleration,
achieving layer Lorentz factors �L ∼ 4 and �L ∼ 16, respectively.
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Figure 16. Radiative acceleration of the spine–layer pair-loaded plasma
with feedback; we compare and analyse three cases with different lepton to
proton ratios: no pairs in the layer and the spine plasmas (i.e. there is one
lepton for each proton – PF); a plasma with f = 20 leptons for each proton
(PE) and as the final case, a plasma dominated by pairs (PD). Parameters
used: �S,0 = 15, �L,0 = 3 and L′′

S = 10 · L′
L. Top panel: radiative force

measured in spine (layer) frame in dotted (solid) lines as a function of z/R.
Middle panel: profile of (�β) for the spine (layer) represented by dotted
(solid) lines. Bottom panel: the relative velocity profile of the spine with
respect to the layer expressed as (�β)rel.

4 C O N C L U S I O N S

In this work, we have investigated the effects of radiative accel-
eration through Compton scattering in a simple case of structured
jet: the spine–layer scenario. We summarize here several factors we
have explored in our work which influence the dynamical evolution
of a structured jet.

There are two main acceleration regimes:

(1) Compton rocket effect: For the Compton rocket to be effective
the leptonic distribution must be hot (〈γ 2〉 
 1). The seed photons
do not directly provide the driving force but act as a catalyst for the
accelerated motion, in fact the bulk kinetic energy is supplied by
the internal energy of the plasma.

(2) Radiatively-driven motion/normal Compton scattering: For
this case the leptonic distribution of the plasma is cold (〈γ 2〉 ∼ 1).
The motion is driven solely by Compton scattering photons off cold
electrons. The bulk kinetic energy of the plasma is supplied by the
seed photon field due to momentum transfer to the plasma. The
forces and hence the acceleration achieved in this case are small as
compared to the Compton rocket effect.

Having identified the acceleration regimes, we will now summa-
rize several factors important for acceleration:

(1) Radiative cooling: Radiative cooling decreases the internal
energy content (〈γ 2〉) of the plasma quite rapidly which effectively
kills the force, thereby quenching the acceleration process. Thus, it

plays an important role in determining whether the Compton rocket
effect or the radiatively driven motion dominates the kinematics of
the structured jet. In Section 3.1, we discussed how an initially hot
plasma experiences a decelerating force for small values of z due
to radiation directed along the negative z-direction or coming from
spine regions located above the layer. As the plasma decelerates, it
will simultaneously cool rapidly if radiative cooling is active. The
magnitude of this decelerating force decreases due to two reasons:
(i) rapid cooling and (ii) as the plasma travels further away from
the base, it receives some upward-directed photons from the base
(which is now to the rear of the layer plasma) pushing the layer
plasma along the positive z-direction. As a result, the magnitude
of the decelerating force rapidly decreases and it does not produce
a significant change in �L values. As noted in Section 3.2.2, the
radiative cooling activated by low or moderate spine luminosities
quenches the acceleration process, which effectively freezes the
Lorentz factor of the layer at the value it had just before activation.

(2) Feedback: The feedback scenario enables us to study the self-
consistent evolution of the spine and the layer under the radiative
influence of the layer and the spine, respectively. Among the cases
we studied, in the cooling regime, neither the spine nor the layer
shows any acceleration. In some cases, the layer accelerates and
even overtakes the spine, but this requires a continuous injection
of huge (and possibly unrealistic) amounts of energy. In the non-
cooling or continuous energy injection regime, for 〈γ 2〉 > 2 × 104,
significant accelerations can be seen for the layer and decelerations
for the spine. Interestingly, by making the situation more realistic
by limiting energy injection (having an energy injection limited to
the active region as explored in Sections 3.2.2 and 3.3.1) and by
incorporating radiative cooling, the layer achieves Lorentz factors
∼3 comparable to those required by observations. Thus, radiative
feedback induced acceleration plays an important role in regulating
the bulk Lorentz factors of both the spine and the layer.

(3) Pair-loading: If electron–positron pairs are present, they de-
crease the effective mass of the plasma. As a result, the same forces
(for non-pair-loaded plasmas) can accelerate pair-loaded plasmas to
higher Lorentz factors. Furthermore, even cold pair-loaded plasmas
can attain high �L values as compared to non-pair-loaded plasmas,
as shown in Fig. 14.

(4) Factors influencing acceleration: The luminosity and the in-
ternal energy content of the plasma play a very important role in
the acceleration process. In general, the greater the luminosity, the
greater the observed acceleration. The same is true for the amount of
the internal energy which can be converted into bulk motion by the
Compton rocket effect. But this depends critically on the presence of
same re-acceleration mechanism, able to maintain the plasma hot. In
several scenarios explored, the maximum of the accelerating force
occurs outside the active or the standing shock region – when the
spine/layer particle observes the entire layer/spine irradiating it and
thereby pushing it along the positive z-direction. This effect was first
noticed while investigating the (rather unrealistic) no cooling sce-
nario (see Section 3.1 where cooling was permanently switched off).

Regarding the possibility that the layer can be entirely accelerated
by the radiative force, we can conclude that this is possible if the
Compton rocket effect remains strong for a sufficiently long time,
namely for the time needed to cross the active region z ∼ R. This
requires that 〈γ 2〉 remain large (�104) within the layer, and this
in turn demands continuous injection of fresh energetic leptons
throughout the layer length. Electron–positron pairs can help, but
are not crucial, since the maximum number of pairs per proton is
limited.
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If the magnetic field within the layer is B, we expect that its
synchrotron emission peaks at νS,L ∼ 3.6 × 106γ 2

b BδL. According
to equation (6) (with γ max 
 γ b), we have γ 2

b ∼ 108(〈γ 2〉/104)2

leading to νS,L ∼ 3.6 × 1014(〈γ 2〉/104)2BδL Hz. For B ∼1 G, similar
to the magnetic field of the spine of blazars in the γ -ray emitting
zone (Ghisellini & Tavecchio 2015), we have that layers accelerated
radiatively should peak in the optical-UV band, and there should be
a relation between their synchrotron peak frequency and their bulk
Lorentz factor. The higher νS,L the larger �L, and the smaller the
relative � between the spine and the layer.

On the contrary, if νS,L is small, then 〈γ 2〉 is also small, suggest-
ing �L ∼ 1. Although the relative � approaches �S, the radiative
interplay between the two structures should be weak, since the layer
cannot produce many seed photons if its 〈γ 2〉 is small.

There is therefore a defined range of νS,L where radiative accel-
eration of the layer can work. If νS,L is in the far-infrared and we
have indications that �L ∼ 3 or more, then it is very likely that
the layer was not accelerated radiatively, but by the same process
which accelerated the spine. The model can thus be tested studying
the spectral energy distribution of blazars and radio galaxies. The
blazars where we can reliably derive the spectral parameters of the
layer are still too few to draw any strong conclusions. For radio
galaxies, we should be careful to select those whose observed emis-
sion is reliably associated with a layer located in the inner region of
the relativistic jets, and not to more extended components. So, the
selected sources should show rapid variability indicating a compact
emitting region.

We have thus shown how structured spine–sheath jets are ra-
diatively accelerated in the Compton rocket and radiatively driven
motion regimes. We have considered different values of Lorentz
factors, luminosities and internal energy contents to understand the
details of the acceleration process and have been successful in de-
veloping some insight and intuition regarding the phenomena. We
have also shown that by including radiative feedback (between the
spine and the layer), radiative cooling and a realistic energy in-
jection model (the continuous injection scheme within the active
region), the observed Lorentz factor of the layer can be reproduced.
We have also proposed tests for our model by utilizing layer asso-
ciated emissions from inner parts of radio galaxy jets. The range
of our obtained Lorentz factors predicts that radiatively accelerated
layers’ synchrotron peak values νS,L occur in the IR-optical band.
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A P P E N D I X : D E TA I L S O F FO R C E
C A L C U L AT I O N

Consider an element of the layer at position z, we call dU′ the
differential energy density of the spine radiation received from an
angle between θ and θ + dθ , measured in the frame of the layer.
The contribution of this radiation energy density to the infinitesimal
force dF ′

z parallel to the jet axis and acting on the layer particle is
given by

dF ′
z = 16

9
σT〈γ 2〉 cos θ ′dU ′, (A1)

where θ ′ is the angle of incoming photons with respect to the jet axis
direction as seen by the layer. The total force exerted on the layer’s
effective particle can be computed by integrating equation (A1) over
the incoming angles θ ′. Since the spine is active between points
which are fixed in the observer frame K, it is easier to compute the
integral in that frame K. From the relations of aberration of the light
(e.g. Weinberg, 1972), we have useful transformations

cos θ ′ = cos θ − βL

1 − βL cos θ
(A2)

d
′ = d
δ2
L. (A3)

The differential radiation energy density can be written as

dU ′

d
′ = I ′

c
, (A4)

where I′ is the bolometric radiation intensity as seen by the layer
and it is related to the spine comoving radiation intensity I′′ by

I ′ = I ′′δ4
S,L. (A5)
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Consider now that the unidimensional spine is actually an infinites-
imal cylinder whose axis is coincident with the jet axis of height R
and radius r → 0. In this case we have

I ′′ = j ′′r = λ′′
S

1

πr
, (A6)

where j′′ is the comoving spine emissivity. λ′′
S =

[
dL′′

S
dx′′

]
is the comov-

ing spine luminosity linear density profile; it is generally a function
of the position z, but in case of uniform luminosity distribution we
can write

λ′′
S = dL′′

S

dx ′′ = L′′
S

R′′ = L′′
S�S

R
, (A7)

where R′′ = R/�S is the length of the spine active region measured in
the frame comoving to the spine. L′′

S is the total comoving luminosity
of the spine and it is related to the observed isotropic luminosity by
(see Lind & Blandford 1985)

LS,iso = L′′
Sδ

3
S(θview) = L′′

S

�3
S(1 − βS cos θview)3

, (A8)

where θview is the angle between the jet axis and the line of sight.
That relation is different from the usual one (that requires a factor
δ4 between the rest frame and the isotropic luminosity) because in
this case the rest-frame emitting volume properly is ill-defined, as
the end points of the emitting region are moving with respect to
the emitting fluid. We can relate the observed luminosity density λS

with the comoving one through equation (A9):

λS = LS,iso

R
= λ′′

S

δ3
S(θview)

�S
. (A9)

Using the definition of solid angle d
 we can write

d
 = dA

D2
= dx2r

D2
= dθ2br

D2 sin2 θ
= 2r

b
dθ, (A10)

where dA = 2rdx is the differential area of the spine seen under
the angle d
, D = b/sin θ is the distance between the emitting

element of the spine and the layer, x = −D cos θ = −b cot θ is the
projection of D over the jet axis. Using equations (3), (A3)–(A6)
and (A10), we can write

dU ′(θ )

dθ
= λ′′

Sη
δ4

S

δ2
L

1

bc
(A11)

which depends no more on r → 0. In equation (A11), η is a factor
of the order of unity which depends on the geometry (in our case
we use η = 2/π). The total force exerted on the layer test particle
is obtained integrating equation (A1):

F ′
z = 16

9

σT

bc
〈γ 2〉η

∫ θ2

θ1

λ′′
S

δ4
S

δ2
L

cos θ − βL

1 − βL cos θ
dθ. (A12)

The limits of integration θ1 and θ2 are measured in the central
engine frame (comoving to the limits of the emitting volume) and
depend only on the position of the layer z:

cos θ1 = z

(b2 + z2)1/2
(A13)

cos θ2 = z − R

(b2 + z2 + R2 − 2Rz)1/2
. (A14)

Evaluating the force at each value of z, we can obtain the layer
Lorentz factor profile �L(z) by numerically solving equation (10).
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