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Abstract
The work uses a kinetic approach. The general

model is a test charged particle whose acceleration
process is assumed to be without interactions. This
makes it possible to estimate the limit energy that a
proton can achieve when accelerated in AGN.

The centrifugal acceleration is due to the rotat-
ing poloidal magnetic field is the first step of proton
acceleration occuring in the magnetosphere. Due
to calculations we got conclusion that the maxi-
mum possible acceleration, γm, is not achieved in
the magnetosphere because of the magnetic field
topology nature. The naximum Lorenz factor for
magnetosphere γmagn = γ

2/3
m proton achieve near

the light cylinder surface ∆r. The resting acceler-
ation proton achievive in the relativistic jet. The
proton reaches maximum energy when passing the
total potential difference of U between the jet axis
and its periphery. This voltage is created by a rotat-
ing black hole and transmitted along magnetic field
lines into the jet. It is shown that the trajectories
of proton in the jet are of three types: untrapped,
trapped and not accelerated. Untrapped particles
are not kept by poloidal and toroidal magnetic fields
inside the jet, so they escape out the jet and their en-
ergy is equal to the maximum value, eU .

The obtained systems of the motion equations
are solved numerically, and the output of the par-
ticular solution from them is solved analytically.

Introduction
The whole process of proton acceleration in-
clude weak pre-acceleration process in the disk,
significant in the magnetosphere in the vicinity
of the central machine and in the relativistic jet.

• The primary area of the proton acceleration is
the disk where acceleration occurs due to tur-
bulent accretion. The particle achieves only
about 10 eV.
• In the magnetosphere particle receives en-

ergy from polar field Eθ generating due
to poloidal field rotation (Blandfrod-Znajek
process). The centrifugal acceleration moves
particle to the light cylinder. There pro-
ton achieves general value of energy up to
E

(2/3)
max = mpc

2γ
2/3
m .

• The relativistic jet is the last chain in the
acceleration cycle of proton. There particle
achieves maximum energy for active nucleus.

Due to procedure of dimensionless we have
obtained parameters.

•Magnetization parameter (Michell like pa-
rameter) it is the ratio of rotation frequency
of magnetic field lines in the magnetosphere
ΩF to nonrelativistic cyclotron frequency of
particles ωc,

κ = ΩF/ωc.

•Magnetic field parameter it is the ratio of
toroidal magnetic field Bφ to the radial mag-
netic field Br for the magnetosphere and to
the longitudinal field Bz,

α = Bφ/Br.

α = Bφ/Bz.

• Electric field parameter it is the ratio of mul-
tiplication of jets radus RJ and angular ve-
locity of the the jets field ΩF to constant of
speed of light

β = RJ/RL.

Here RL is the light cylinder surface of the
magnetosphere.

Magnetosphere
The central machine has magnetic field lines
structure suchlike split monopole. The elec-
tromagnetic fields structure consist of poloidal
magnetic field Br, toroidal magnetic field Bφ
and polar electric field Eθ.

Figure 1: The magnetic field magnetosphere structure

The motion equations in spherical coordi-
nates:

dpr
dt

=
κ

rγ

(
p2
θ + p2

φ

)
+
sα

rγ
pθ,

dpθ
dt

= − κ

rγ

(
prpθ − p2

φ cot θ
)
−

−s
r

sin θ +
s

r2γ
pφ −

sα

rγ
pr, (1)

dpφ
dt

= − κ

rγ
(pr + pθ cot θ) pφ −

s

r2γ
pθ,

dr

dt
=
κ

γ
pr,

dθ

dt
=

κ

rγ
pθ.
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Figure 2: The z = r · cos(Θ) coordinate of proton versus
the radial coordinate r

The main acceleration of particles occurs near
the light surface r = 1/ sin Θ:

∆r = −Sign(z)κγm

sin2 θ

pr
pθ
|r=1/ sin θ . (2)

In the system (1) passing from time derivatives
to derivatives over coordinate r and use (2) it is
obtain two cases:

• α = 0 In this case (non AGN) magnetosphere
has only poloidal field Br with non signifi-
cant toroidal field Bφ, so maximum value of
Lorentz factor for protons doesn’t exceed

γm = κ−1/2;

• α > 0 In this case (AGN) magnetosphere
has large value of toroidal field α > κ1/4 the
maximum value of Lorentz factor for protons

γm = κ−2/3.
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Figure 3: The Lorenz factor γ versus magnetic field pa-
rameter α

Jet
The relativistic jet is the last stage of proton
acceleration, where the pre-accelerated particle
can reach maximum of L-factor

γm = κ−1.
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Figure 4: Relativistic jet scheme structure

dpρ
dt

=
p2
φ

ργ
+
pφ
γ
− αpzρ(1− ρ)2

γ
+ βρ(1− ρ)2,

dpφ
dt

= −
pρpφ
ργ
−
pρ
γ
,

dpz
dt

= α
pρρ(1− ρ)2

γ
,

dρ

dt
=
pρ
γ
, (3)

dφ

dt
=
pθ
ργ
,

dz

dt
=
pz
γ
.

Due to calculations we got conclusions about
three acceleration regimes of proton.

UNTRAPPED: β2 − α2 > a2
2 = 36 – pro-

tons are untrapped, they receive the maximum
energy γ = γm,
TRAPPED: 19 = a2

1 < β2 − α2 < a2
2 = 36 –

protons are trapped inside the jet, their energy
oscillates around the value of γ = 0.74γm,
NO ACCELERATION: β2 − α2 < a2

1 = 19 –

protons are not accelerated in the jet, γ = γ
2/3
m ,

their trajectories are pressed toward the jet axis.
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Figure 5: Particle trajectories on the plane (ρ, z). The
figure shows three types of particle trajectories: un-
trapped, trapped and nonaccelerated.

�

0

0.0

2
�

32m1m 21 1

�✁✂ ✄ ☎✂✆✝✞✟✂

Figure 6: The reflection points of the radial motion of
particles, pρ = 0, ρ1, ρ2, and ρ3. The point ρ3 > 1 is
outside the jet. For β2 − α2 > a22 = 36, the point ρ2 is
also outside the jet, ρ2 > 1, and the particle freely es-
capes the jet. The points ρ1m and ρ2m are extremes of the
function 2ψ(ρ)/ρ, ρ1m = (8− 101/2)/9 < 1, ρ2m > 1. At
β2−α2 < a21 ' 19 there are no reflection points inside the
jet at all, and particle acceleration does not occur inside
the jet.

Here the value of ψ(ρ) is the “potential” of the
radial electric field, dψ/dρ = ρ(1− ρ)2,

ψ(ρ) =
1

2
ρ2
(

1− 4

3
ρ +

1

2
ρ2
)
. (4)

When the difference β2−α2 further increases,
the reflection point ρ2 crosses the jet boundary,
ρ2 > 1. This means that the proton moving from
the jet inner regions, crossing the jet periph-
ery and leaves outside with receiving the max-
imum possible energy eU , γm = |β|ψ(ρ1) =
|β|/12 = eU/mpc

2. This case exists under the
condition (β2 − α2)−1/2 < 2ψ(ρ = 1) = 1/6,
or β2 − α2 > a2

2 = 36. The trajectory of such
untrapped particle is shown in Fig. 6.

In the parameter range a2
1 < β2 − α2 < a2

2
the particle is captured inside the jet. It oscil-
lates between the points ρ1 and ρ2, changing its
Lorentz factor, 12ψ(ρ1) < γ/γm < 12ψ(ρ2).

This region of parameters is shown in Fig. 7 as
the dashed area.
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Figure 7: Lorentz factors of protons in the jet depending
on the parameter β2 − α2. At β2 − α2 > a22 = 36, the
particles escape the jet and acquire the maximum energy
eU = mpc

2γm, γm = β/12. At 19 = a21 < β2 − α2 <
a22 = 36 the particles are trapped in the jet, their ener-
gies oscillate around the value of the Lorentz factor of
γ = 0.74γm. This region is shown as the dashed area. At
β2−α2 < a21 = 19, the particles are not accelerated in the
jet and their energy remains equal to the energy of protons
escaping the black hole magnetosphere, γ = γ

2/3
m << γm.

Black hole voltage:

U = 3 · 1018M9B4
j

1 + (1− j2)1/2
cgs. (5)

Axial field of the jet:

Bz = Bp

(
rg
RJ

)4/3

. (6)

Here RJ jet radius in the intersection of the
parabolic and conical profiles.

U2 = BzRJ

{
1

2

(a2

12

)2
+

[
1

4

(a2

12

)4
+

(
8

3

)2 1

(BzRJ)4

(
LJ
c

)2
]1/2


1/2

, a2 = 6, (7)

For a proton accelerated in the untrapped
regime the energy is defined as,

Emax[eV ] = 300 · U [cgs]; (8)

for a proton in trapped regime the average en-
ergy is,

Emax[eV ] = 0.74 · 300 · U [cgs]; (9)

and finally, the proton energy in the regime of
motion without acceleration is,

Ei[eV ] = 0.94GeV ·
(

U [eV ]

0.94GeV

)2/3

. (10)
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