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Surfatron acceleration of the protons to high energy in relativistic jets
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This paper describes the acceleration of high-energy protons captured by electrostatic waves in the frame of
a jet arising in the area of instability of a relativistic jet, where spiral structures are excited. The wave has a
spatially heterogeneous structure of exp(ik) z + im¢). Protons can be captured in potential wells created by
spiral waves, and thereby experience acceleration via a mechanism known as surfatron acceleration.

Expressions for the maximum energy (E,, ~ 10" eV) and energy spectrum from jet parameters are obtained.
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I. INTRODUCTION

Axisymmetric collimated quasistationary ejections, called
relativistic jets, arise in the process of plasma accretion onto
a central black hole from the surrounding disk. Such a flow
of relativistic plasma with a nonthermal radiation is typical
mainly for a number of active galactic nuclei (AGN) [1]
and microquasars [2]. The pioneering work in Refs. [3,4]
described the prerequisites for the emergence of axisym-
metric jets. The quasicylindrical structure of the jet is formed
by the ratio of the prevailing toroidal magnetic field over the
longitudinal one. In the interaction of a magnetic field with
an unstable plasma flow arising due to the Kelvin-Helmholtz
instability [5,6] in the layer between the external reverse
and internal direct electric jet current, in the latter, spiral
structures are formed that have surfaces with potential wells.
A particle entering the region of an electrostatic well
experiences multiple reflections from its walls. There is a
sort of particle retention by an electrostatic wave. In this
case, the particles, on average, move along with the wave
front. When the wave moves, the trapped, oscillating
particles gain energy due to the energy of the wave. Here,
formally, the particle is accelerated by the Lorentz force.
This is the process of surfatron acceleration. Further, when
the wave attenuates and the blocking potential decreases,
the accelerated particles leave the region of the electro-
static wave.

In this paper, we consider high-energy protons as
accelerated particles, which also have the ability to be
accelerated in a black hole’s magnetosphere and in the jet to
significant energies by regular acceleration mechanisms
considered earlier in Refs. [7-9]. In the pioneering work
in Ref. [10], where the surfatron acceleration mechanism
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was proposed, laboratory plasma was considered, where
electrons were used as accelerated particles. However, in
case of astrophysical plasma, mostly occurs the acceler-
ation of heavy particles (protons), which are also captured
by the electric field of the waves. The absence of synchro-
tron radiation, i.e., the absence of the most powerful
radiative energy loss channel affecting electrons, contrib-
utes primarily to the acceleration of protons, which is
reflected, in particular, in the fact that cosmic rays
mainly consist of high-energy protons, up to superhigh
energies.

The appearance of electrostatic waves in the jet, wherein
charged particles are trapped and undergo surfatron accel-
eration, is the result of instability that occurs at the
periphery of the jet in the region where the reverse electric
current passes. In the central part of the jet, plasma current
flows along the jet axis in the direction from the black
hole and at the periphery in the reverse direction. As a
result of the interaction of oppositely directed currents, the
equilibrium of the plasma flow is disturbed. In addition
to regular magnetic fields (B, B) and velocities (v,, v)
of jet fluxes, on the periphery could also arise the harmonic
oscillations (waves) of the same quantities, B, v; «
exp(ikz + imyep). The resulting waves can capture pro-
tons and (as is the case with surfatron motion) accelerate
them. This is a new mechanism for the acceleration of
charged particles in astrophysical plasma.

It is also worth noting that, although the surfatron
acceleration mechanism and the impact mechanism accel-
erate particles in a wave, the final energies achieved as a
result of acceleration are significantly different: the limiting
energy for the impact mechanism is up to 103 eV, whereas
for the surfatron mechanism we use 10'® eV as an example
in this paper.

The problem of particle acceleration by a jet, solved in
this paper, is based on the results of Ref. [11], where the
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magnetohydrodynamics solution and the mechanism of
wave generation in the jet itself were considered in detail.

The structure of the electromagnetic fields of a jet
necessary for surfatron acceleration is described in
Sec. II. The equations of motion and their solution are
presented in Sec. I1I. Calculation on the example of jet M87
is given in Sec. IV. A discussion of our results and their
interpretation in the context of the physical parameters of
AGN is presented in Sec. V.

II. ELECTROMAGNETIC FIELD STRUCTURE

We work in the frame of the stationary magnetohydro-
dynamics approximation in a coordinate system moving
with the plasma flow along its axis with velocity v,:

V(nv) =0,
(W)v = —vpm) - vE 4 - (BV)B
VYVET " zn 4zn '
curl[vB] =0,
VB = 0. (1)

Here n is the plasma density of the jet, v is the plasma
velocity, B is the magnetic field, and P(n) is the plasma
pressure which is a function of the density through the
equation of state of the matter in the jet.

Suppose first that all quantities depend only on the
cylindrical radius coordinate r, that is, the jet is axisym-
metric and homogeneous along the z axis. In this case,
the velocity and magnetic field can be expressed as
functions of r,

V= e¢7j¢(r), B = e¢B¢(r) +eZBZ(r).

The velocity v, is the speed of rotation of the jet, B, is the
longitudinal magnetic field, and B is the toroidal magnetic
field. It should be noted that the radial velocity v, and radial
magnetic field B, in the case of only cylindrical radius
dependence are zero by virtue of the condition V(nv) = 0,
VB =0 (1) and the finiteness condition at » = 0. The
perturbed components should satisfy the following set of
expressions:

anv—f—VVln :O,

VBl - O,
(BV)VI +(B1V)V+ BVVI —B(vvl)—Bl(VV) :O (2)
As shown earlier in Ref. [11], such a solution does not
satisfy the jet equilibrium condition in the radial direction r

for all radius values. In the reverse current region, closer to
the jet periphery, spatially inhomogeneous perturbations

should arise, which can be represented as a superposition of
harmonics along the z and ¢ coordinates,

n = n(r) + ny(r) exp{ikjz + imyp},

P = P(r) + P (r)exp{ikyz + imy},

v = e,v,(r) + vi(r) explikz + imy},

B =e,B,;(r) +e.B.(r) + B (r) exp{ikyz + imyp},

E =e,E (r) + E (r) exp{ikjz + imyp}. (3)

Here k| and my, are the longitudinal and azimuthal wave
numbers, respectively.

The perturbed electric field E; arises against the back-
ground of the regular radial field E, and, by definition,
cannot exceed it because it corresponds to the maximum
energy generated by the black hole, extracted by the
Blandford-Znajek mechanism [3]. As in the case of proton
acceleration in a jet by a regular electromagnetic field [9],
the amplitude of the radial regular electric field E, is
defined as the voltage generated by the black hole
U=B, ri-Qy/2c [eV]. Here, B, is the equipartition
magnetic field in the vicinity of the black hole, r, is the
gravitational radius of the black hole, and Q is the angular
velocity of the black hole. As in earlier papers [8,9], we
assume that the energy of this field is the maximum for a
system with a black hole. Since the amplitude of the
perturbed electric field has a lower energy, the energy of the
particle is also limited by the value E| < E,. Moreover,
the superiority of the regular field also plays a key role
because, as was shown in Ref. [9], it acts in the direction of
the particle leaving the relativistic jet region, which also
determines the motion of the particle from the wave region
potential well on the jet surface. Proceeding from this, the
amplitude of the perturbed electric field can be estimated
as El = (g/R) : Er’

By =~ (5, < B + [F x By)). @
Er = —%’U(/,BZ. (5)

First, we describe the perturbed component of the electric
field E;. The first term in Eq. (4) for the electric field has
the unperturbed longitudinal B, and azimuthal B, compo-
nents of the magnetic field and the perturbed velocities v,
V14, V.- The second term for the electric field has all of the
perturbed magnetic field components (By,, By, and By;)
and the unperturbed toroidal velocity component v,. The
values with index 1 in Eq. (4) are perturbed quantities.
Quantities without an index are unperturbed.
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According to Ref. [11], the values of the perturbed field
and velocity components are as follows:

Emyvy,
'R B, "
Z
— ”_;JSRB/zkII + 2m¢B;,
'Y B. RBLk|+myB), """

Uy =

/
m¢1)
1 = Rk, - B, P
K|+ myB,
) g k”RBlz + m,/,Bﬁp B;ﬁ
B,=-i2——= _*9%p ~ B,=-2LB, (6
1r lR B/Z 1z 1¢ B/Z 1z ()

Here, the expression exp{ik|z+ imy¢} is temporarily
omitted. It should be noted that the magnitudes of the
longitudinal B and toroidal B, magnetic fields, as well as
the toroidal velocity component v, tend to zero at the jet
periphery. Taking this into account, we can represent such
quantities near the jet boundary through their values that
depend linearly only on the radius: B, = {B, By = B,
vy = év;ﬁ. Here, the distance £ = R — r is measured from
the edge of the jet. Then, considering Eq. (6), we obtain
expressions for the components of the electric field:

2
E,, = - vy By, explikyz + imyp},

iEm . .
E\y= C—R¢U¢Blz exp{ikyz + imy},
igk . .
E,. = . I vyBy, exp{lk”Z +imyp}. (7)

FIG. 1. Three-dimensional representation of a spiral wave with
kiR =3, my =5. The black line shows the trajectory of the
captured proton. Bends are reflections from the humps of the
potential.

It is not difficult to see that the electric field E; is equal to
potential as:

E, =-VY, Y= —§v¢Blz exp{ikyz +imyp}. (8)

Here we are looking for a steady, stationary solution for the
not stationary electromagnetic fields in the jet. Thus, at the
periphery of the jet, waves appear that have a wave spiral
structure, which is necessary for the surfatron acceleration
of particles. The waveform, with k”R =3, my=51is
shown in the Fig. 1.

III. SURFATRON ACCELERATION

Particles moving near the wells of the ¥ potential can
be trapped in them. The phase of the wave seen by
such particles will be almost constant along the line
7= —(my/k)¢. For them, the speed will be almost
constant, u, = —(m,/k|R)u,. The average Lorentz force
e[uB]/c acting on them will be constant on average and
will lead to the acceleration of trapped particles in the radial
direction,

dp, euyB,
dt c

m¢ Bl¢
1+——. 9
TR B;> ©)

Thus, the Lorentz factor y of particles will increase,

my By
—(14+2222), 10
“ < +k||RBZ> (10)

d}/ M¢
— =aw,—,
dt ‘e

Here the quantity . is the nonrelativistic cyclotron
frequency of the proton in the magnetic field B,, w. =
eB,/mc. We believe that the particle has accelerated to
relativistic energies (u, ~ ¢). The coefficient a generally
varies along the jet radius r; |a| ~ 1 in the inner part of
the jet and is equal to |a|~ 10 on the periphery. To
accelerate particles in the positive direction r (u, > 0),
from the center to the periphery of the jet, the value of
a must be positive. Since the amplitude of the perturbed
field By is maximum at the periphery of the jet, the
acceleration of protons is most effective when it moves
outward.

It should be noted that electrons, captured into spiral
waves, also could be accelerated by surfatron mechanism
up to almost the same energies as for protons. However,
the resulting radiation during the relativistic motion of a
charged particle in a periodic potential, called undulator
radiation, will cause strong energy losses for electrons. In
this way, just as in the case of synchrotron radiation, high
electron energies (comparable to that of protons) are still far
out of reach.
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However, with surfatron acceleration and growing of the
particle Lorentz factor y, the particle inertial force directed
to the potential well, also increases ¥ (8), F; = dp,/dt

d u

Fi:mqud—};:amwccc—f. (11)
Under the condition that the inertial force F; exceeds
the “capture” force |eE,| [Eq. (7)], the particle escapes
capture, and the surfatron acceleration ceases to operate.
This condition determines the region of acceleration: if the
capture of the particle occurs at the point r = r;,
E=R-—r;=¢&, then the exit from the capture, i.e.,
acceleration will stop at the point § = &y, & > &y,

52 _i<ﬂ>2iﬁ (12)

fﬁm(/, ¢c) Bz Q°

Here we denote the quantity uj (uy = uyé) as Q. This
value has the same order of magnitude as the angular
velocity of rotation of the inner part of the jet. Keeping in
mind that dy/dt = —cdy/dé, the integral of Eq. (10) gives

2L EG-8). (13)

r=ri—a

Since the maximum value of £ is equal to R, the condition
for surfatron acceleration in a spiral jet has the form
¢y < R. This inequality gives a constraint on the toroidal
velocity of accelerating particles,

#B1. QR\ 1/2
ﬁ<(ﬁLﬁ—J . (14)
c aB, ¢

Since the ratio QR/c > 1, this restriction is not essential.
The value of the maximum Lorentz factor of the particle y,,,,
following from Eq. (13), achieved by the surfatron accel-
eration mechanism is

w.Ruy
2c?

. (15)

Ym=a
The evaluation of the finite energy of particles directly
depends on the range of the jet parameters. As an example,
it might be quite interesting to consider the parameters
of the M87 jet, which was also discussed in Ref. [9].
Here, as was mentioned before, a ~ 10. This coefficient
depends on the relation B,;/B,, which for M87 is about
(By/B) ~8-10. The relation m,/k;R~5/3 [11]. The
cyclotron frequency is B,(e/mc), where B, ~ 107! G for
the jet base and about 10~ G for the potential well area
with jet radius R > 10" cm. It is interesting to note that
this set of parameters with a toroidal particle velocity u,
similar to Hillas criterion [13].

If w, ~ 10 s7!, then the maximum factor is y,, ~ 10°.
This is in the laboratory coordinate system, where the jet
moves along the axis with a speed of v,. If the Lorentz
factor of this motion I' ~ 10 the maximum energy attain-
able by the surfatron mechanism will be greater, and
the energy of surfatron-accelerated protons around M87
would be E = TI,,m, ~ 10" [eV]. The maximum energy
achieved by regular electric field—accelerated protons,
according to Ref. [9], is E~ 10% [eV]. So, eventually,
the energy of surfatron-accelerated protons could make up
about 10% of the total energy generated by the relativistic
jets of M87’s supermassive black hole.

An interesting question is regarding the energy spectrum
of accelerated particles y > 1. Assuming that the plasma
density in the jet is more or less constant in the jet cross
section, we have dN /dr « r. The quantity N is the density
of accelerated protons. Further, dN/dé o« —(R — &), and
for high-energy particles dy/dé = (awlu,/c?)E, we get
dN/dy x —(?/awluy(R/E—1). Since Eoxy!'/?, the
resulting spectrum has the form

Sel)-)

It can be seen that the spectrum is hard (dN/dy « y~'/?) at
high energies and cuts off at y = y,,.

IV. SPIRAL JET

The most accurate resolution of the image of the relativ-
istic jet from M87 [12] at frequencies of 4-18 GHz clearly
indicates the regular helicity of the structure, which is
especially noticeable in the region of the conical jet at a
distance of 340 pc from the nucleus. This also suggests the
development of such a structure directly at the base of the jet
near the nucleus, which, for example, was found at the base
of the 3C273 jet (Fig. 3) in Ref. [14]. A similar situation was
also observed in the inner jet of the radio galaxy NGC315
(Fig. 3) [15]. All of this gives reason to believe that helicity
can develop from the base and further into the region of the
conical jet. Here is considered the conical region of the jet,
and as the most striking example, we will further consider
the M87 jet.

The striking pattern of polarization in the M87 image
(Fig. 2) illustrates a periodic sequence of the brightest
and faintest nodes of a ~170-pc spiral jet for an outside
observer. The electrostatic waves arising in the spirals can
be filled with sufficiently dense plasma up to a value of
the order of the average jet plasma density, n ~ 107! cm™.
In this case, it is possible to capture and accelerate a
significant number of particles. However, in reality, to
determine the number of particles trapped in potential
wells, it is necessary to determine the known low proba-
bility of their capture, which is a separate, rather compli-
cated problem that is not considered in this paper.
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FIG. 2. Morphological and polarization interpretations of the M87 relativistic jet image [12].
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FIG. 3. Base structures of the jets in NGC315 (left) [15] and 3C273 (right) [14].
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Particles trapped in helical electrostatic wells are accel-
erated by the surfatron mechanism, as described above.
Of these, the most interesting are protons that have traveled
the maximum possible radial distance while being trapped.
The exit of the proton from the potential well occurs due to
the forces of inertia due to their acceleration when the force
of capture into the well is exceeded.

The observation of protons accelerated by just such a
mechanism in a jet and their separation from other high-
energy protons is currently extremely difficult due to the
insufficient resolution of both neutrino telescopes and
gamma-ray telescopes. Moreover, the concentration of
matter in the potential wells is significantly lower than
in the jet. Natural radiative dissipation in the form of
undulator radiation, which qualitatively replaces synchro-
tron radiation in such mechanisms, is not significant for
protons and cannot be considered as a reliable indicator of
the proton acceleration process.

The time of the proton’s movement along the jet spiral
determines the probability of collision with photons or other
protons. A particle trapped on the periphery of the jet in the &
region travels a significant distance along a complex trajec-
tory along the jet’s z axis, and, therefore has a high probability
of colliding with other particles because the trajectory is
complicated by oscillations in the potential well itself when
approaching the humps of the potential. Such collisions
should be present to a greater extent on the periphery of
the jet. Since gamma-ray photons are less likely to reach the
observer due to interactions with the intergalactic medium, it
is more interesting to consider neutrinos.

The expected neutrino energies based on the energy of
colliding protons are of the order of E, = 0.05E,, i.e.,
~10'® eV. The detection of high-energy neutrinos at the
base of relativistic jets has previously taken place [16].
The current maximum observed neutrino energy is
290 TeV, in the IceCube-170922A event from the blazar
TXS 0506 + 056 [17]. The occurrence of such neutrino
events, for example, in M87, which can most accurately
be associated with surfatron-accelerated protons, is most
likely to be detected in the conical jet region (between
regions the D and I in Fig. 2). The reason is that the density
of neutrino events in the region of the nucleus is much
higher and may have a mixed origin. Moreover, the
difference in the number of events and energies between
E, from protons with energies up to 10-100 TeV in the
medium of a conical jet and surfatron protons is quite large,
which also more unambiguously allows us to draw a
conclusion about the surfatron nature of the acceleration
of primary neutrino-forming protons. The number of
protons with the maximum energy obtained as a
result of surfatron acceleration can be determined by the
balance ratio of the energies of plasma and field,
n, < B*/(4xy,m,c?) = 10713 cm™. Here, the field B ~
1073 G is assumed to be homogeneous, although in the
spiral structure between the nodes the toroidal B, and

longitudinal B, components of the jet magnetic field
alternately dominate.

There are main reactions of proton-proton and photon-
proton collisions between, for example, a surfatron-
accelerated proton and an synchrotron self-Compton
(SSC) photon with frequencies up to 10'> Hz.

When passing from a parabolic to a conical region, the
jet plasma concentration decreases with radius as n o« r=2.
Therefore, the number of reactions is much less in the
conical region of the jet compared to the core. Among the
main scenarios, the proton-proton (pp) mechanism seems
unlikely due to a more rarefied medium than, for example,
near the nucleus. The interaction time of high-energy
protons accelerating in a spiral jet with protons with a
concentration of the order of n = 107! ¢m™ in a magnetic
field of 10~ G is rather long,

—— =~ 105, (17)

where ¢, ~ 1072% cm? is the pp interaction cross section.
It is important to note here that the cross section increases
with increasing proton energy [18], ie., 6,,(E,) =
30[0.95 + 0.06/n(E\;,/1 GeV)] mb,  where  Ey, =
E,—E.~E, and for ET™~10"¢eV it will be
70 mb, which, however, will not significantly change
the picture.

More interesting is the process of py interactions, with
the possible formation of both neutrinos and gamma-ray
photons. For the most effective interaction with SSC
photons with a minimum energy of eggc > 10 eV, protons
should be accelerated to E, ~300 MeV/eggem,, ~
3 x 10'7 eV. The SSC photon density at the jet periphery
can be defined as ngsc = Lgsc/(47R5essc) em™. For the
jet conical region R;~ 10" cm, the luminosity of SSC
photons is L ~ 10" erg-s~!' [19], then the concentration
is nggc =~ 10.

For an average photopion production cross section of
10728 c¢m?, the proton cooling rate can be estimated from
the formula in works [20] and [21], where the SSC
photon energy is considered in the reference frames of
the observer and proton as € = 2y ,e5sc amd €ggc, respec-
tively. Moreover, the threshold energy corresponds to
€ = 145 MeV.

. _ ssc(€ssc)
1oy (vp) = 7 2/ eap},de/ ——"deggc.
Yp Jen € €ssc

(18)

According to the formula above, the time is ~4 X 109 s.
This estimate already illustrates a much shorter cooling
time, which means a more efficient process of neutrino
production than with pp interactions. Thus, the rate of
photomeson processes in AGN jets is very sensitive to
proton energy, namely, it requires E, > 10'® eV, which
is obvious and achievable with surfatron acceleration in
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regions far from the nucleus and in the parabolic region of
the jet. A significant advantage of proton acceleration by
such a mechanism is that, due to the relatively long
acceleration distance, the proton can regain its energy lost
during photomeson cooling.

Based on the calculated cooling time, the cooling
distance is /,, = ct,, ~10? cm. Note that the length of
the spiral trajectory along the conical part of the jet is
greater than the length along the z axis, /i < [y,. Here,
based on the Fig. 2, [y, ~3l. The acceleration time
tace = I'mycy,/qB;. The Lorentz factor of the M87 jet I' ~
3.4 [22]. Then, taking into account the rest of the previously
mentioned parameters, f,.. =~ 3 x 10% s, which corresponds
10 lyee = Clyee 2 10" cm. Thus, we have L, < [,, < Iy,
i.e., the proton that enters the capture has time to gain
maximum energy before colliding with the SSC photon
because [/, = 10. Theoretically, this process can be
repeated [y,/1,, > 30 times for one proton.

Replacing the conical shape of the jet with a cylindrical
one, and also representing the spiral periphery with thickness
& as uniform (without waves) in the concentration of high-
energy protons, the expected flux, as well as the luminosity of
neutrinos from surfatron protons, can be estimated based on
the total flux of surfatron-accelerated protons up to high
energies, 3 x 103* cm™2, which corresponds to a luminosity
of 3 x 10" erg - s~!. Then the flux of surfatron neutrinos is
about ~10%° erg - s~!. The total neutrino flux from the M87
jet can average L, =0.05Lj,=0.05x 10" ~10*erg-s".

In addition to neutrinos, gamma-ray photons have
energies E, > 0.2E, ~10'® eV. Such photons can also

be obtained in other processes by interacting with cosmic
microwave background (CMB) photons. The process of
CMB interactions is interesting in that the interacting
protons must already leave the potential well of the jet
with the maximum energy to interact with the CMB
photons surrounding the galaxy with the jet.

Gamma-ray photons from one of the brightest TeV
blazars, 1ES 0229 + 200, are predicted to have energies
in the range beyond 10-100 TeV, which, however,
will require the full operation of the future Cherenkov
Telescope Array.

V. CONCLUSIONS

The process considered in this paper, despite its novelty
in the astrophysics of active nuclei and relativistic jets, can
become one of the general acceleration mechanisms. Due
to the lower concentration of the plasma of the conical
jet than that of the vicinity of the nucleus, the protons
accelerated by the surfatron mechanism undergo fewer
collisions and, in addition, experience insignificant natural
radiative losses. The area of proton emission from the jet is
much larger than that near the nucleus. All of this also
means that the surfatron acceleration of protons, in the
region of a conical jet far from the galactic disk, can make a
significant addition to the total flow of ultrahigh-energy
protons from AGN. This, in turn, can also significantly
enhance the high-energy component of the gamma-ray
background from surfatron protons around an AGN. In
addition, the bulk Lorentz factor of some quasars can reach
much higher values, which means even more energy.

[1] R. Blandford, D. Meier, and A. Readhead, Relativistic jets
from active galactic nuclei, Astron. Astrophys. 57, 467
(2019).

[2] M. C. Begelman, A.R. King, and J. E. Pringle, The nature
of SS433 and the ultraluminous X-ray sources, Mon. Not. R.
Astron. Soc. 370, 399 (2006).

[3] R.D. Blandford and R. L. Znajek, Electromagnetic extrac-
tion of energy from Kerr black holes, Mon. Not. R. Astron.
Soc. 179, 433 (1977).

[4] R.D. Blandford and D.G. Payne, Hydromagnetic flows
from accretion discs and the production of radio jets, Mon.
Not. R. Astron. Soc. 199, 883 (1982).

[5] P. E. Hardee, Helical twisting on an adiabatically expanding
jet. I Propagation and temporal growth, Astrophys. J. 287,
523 (1984).

[6] P.E. Hardee, Helical twisting on an adiabatically expanding
jet. IL. Spatial growth, Astrophys. J. 303, 111 (1986).

[7] Y.N. Istomin and H. Sol, Acceleration of particles in the
vicinity of a massive black hole, Astrophys. Space Sci. 321,
57 (2009).

[8] Y. N. Istomin and A. A. Gunya, Centrifugal acceleration of
protons by a supermassive black hole, Mon. Not. R. Astron.
Soc. 492, 4884 (2020).

[9] Y. N. Istomin and A. A. Gunya, Acceleration of high energy
protons in AGN relativistic jets, Phys. Rev. D 102, 043010
(2020).

[10] T. Katsouleas and J. M. Dawson, Unlimited Electron Accel-
eration in Laser-Driven Plasma Waves, Phys. Rev. Lett. 51,
392 (1983).

[11] Y.N. Istomin, Spiral jet, Mon. Not. R. Astron. Soc. 476,
L25 (2018).

[12] A. Pasetto, C. Carrasco-Gonzalez, J. L. Goémez, J.-M. Marti,
M. Perucho, S.P. O’Sullivan, C. Anderson, D.J. Diaz-
Gonzélez, A. Fuentes, and J. Wardle, Reading M87’s DNA:
A double helix revealing a large-scale helical magnetic field,
Astrophys. J. 923, L5 (2021).

[13] A.M. Hillas, The origin of ultra-high-energy cosmic rays,
Astron. Astrophys. 22, 425 (1984).

[14] A.P. Lobanov and J. A. Zensus, A cosmic double helix in
the archetypical quasar 3C273, Science 294, 128 (2001).

043007-7


https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1146/annurev-astro-081817-051948
https://doi.org/10.1111/j.1365-2966.2006.10469.x
https://doi.org/10.1111/j.1365-2966.2006.10469.x
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1093/mnras/179.3.433
https://doi.org/10.1093/mnras/199.4.883
https://doi.org/10.1093/mnras/199.4.883
https://doi.org/10.1086/162710
https://doi.org/10.1086/162710
https://doi.org/10.1086/164057
https://doi.org/10.1007/s10509-009-0008-8
https://doi.org/10.1007/s10509-009-0008-8
https://doi.org/10.1093/mnras/staa104
https://doi.org/10.1093/mnras/staa104
https://doi.org/10.1103/PhysRevD.102.043010
https://doi.org/10.1103/PhysRevD.102.043010
https://doi.org/10.1103/PhysRevLett.51.392
https://doi.org/10.1103/PhysRevLett.51.392
https://doi.org/10.1093/mnrasl/sly017
https://doi.org/10.1093/mnrasl/sly017
https://doi.org/10.3847/2041-8213/ac3a88
https://doi.org/10.1146/annurev.aa.22.090184.002233
https://doi.org/10.1126/science.1063239

YA.N. ISTOMIN and A. A. GUNYA

PHYS. REV. D 107, 043007 (2023)

[15] D. M. Worrall, M. Birkinshaw, R. A. Laing, W. D. Cotton,
and A. H. Bridle, The inner jet of radio galaxy NGC 315 as
observed with Chandra and the very large array, Mon. Not.
R. Astron. Soc. 380, 2 (2007).

[16] A. Plavin, Y. Y. Kovalev, Y. A. Kovalev, and S. Troitsky,
Observational evidence for the origin of high-energy neu-
trinos in parsec-scale nuclei of radio-bright active galaxies,
Astrophys. J. 894, 101 (2020).

[17] M. G. Aartsen, M. Ackermann et al. (IceCube Collabora-
tion), Neutrino emission from the direction of the blazar
TXS 0506 + 056 prior to the IceCube-170922A alert,
Science 361, 147 (2018).

[18] F. A. Aharonian, Very High Energy Cosmic Gamma Radi-
ation: A Crucial Window on the Extreme Universe (World
Scientific, Singapore, 2004).

[19] J. Aleksi¢, E. A. Alvarez, L. A. Antonelli et al., MAGIC
observations of the giant radio galaxy M 87 in a low-
emission state between 2005 and 2007, Astron. Astrophys.
544, A96 (2012).

[20] M. C. Begelman, B. Rudak, and M. Sikora, Consequences
of relativistic proton injection in active galactic nuclei,
Astrophys. J. 362, 38 (1990).

[21] M. Petropoulou and A. Mastichiadis, Bethe-Heitler
emission in BL Lacs: Filling the gap between X-rays
and y-rays, Mon. Not. R. Astron Soc. 447, 36 (2015).

[22] A. Lobanov, P. Hardee, and J. Eilek, Internal structure and
dynamics of the kiloparsec-scale jet in M87, New Astron.
Rev. 47, 629 (2003).

043007-8


https://doi.org/10.1111/j.1365-2966.2007.11998.x
https://doi.org/10.1111/j.1365-2966.2007.11998.x
https://doi.org/10.3847/1538-4357/ab86bd
https://doi.org/10.1126/science.aat2890
https://doi.org/10.1051/0004-6361/201117827
https://doi.org/10.1051/0004-6361/201117827
https://doi.org/10.1086/169241
https://doi.org/10.1093/mnras/stu2364
https://doi.org/10.1016/S1387-6473(03)00109-X
https://doi.org/10.1016/S1387-6473(03)00109-X

