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In the present paper we investigate the production of ultrahigh energy cosmic rays (UHECRs) from
Seyferts. We discuss the UHECR luminosities obtained by two possible engine trigger models: pure
radiative transfer and the energy extraction from poloidal magnetic flux. The first case is modeled by
Kerr slim disk or Bondi accretion mechanisms. Since it is assumed that the broadband spectra of Seyferts
indicate that at least the outer portions of their accretion disks are cold and geometrically thin, and since our
results point that the consequent radiative energy transfer is inefficient, we build the second approach based
on massive Seyferts with sufficient central poloidal magnetic field to trigger an outflow of magnetically
driven charged particles capable to explain the observed UHECRs and gamma rays in Earth experiments
from a given Seyfert source.
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I. INTRODUCTION

One of the current most familiar conundrums of particle
astrophysics is surely the origin of ultrahigh energy cosmic
rays (UHECRs). UHECRs are most probably accelerated
by astrophysical shocks as postulated, for instance, by
Fermi [1]. In this scenario charged particles could be
accelerated by clouds of magnetized gas moving within
our Galaxy. He created this model partly to refute the
arguments of Teller and Richtmeyer and of Alfvén on the
idea that cosmic rays come dominantly from the Sun.
Nevertheless it is well known that Fermi’s original mecha-
nism is too slow to be effective for UHECRs and nowadays
it was adapted to a novel diffusive shock acceleration
mechanism, as a way to accelerate charged particles
efficiently at shock fronts. Other possible mechanisms
are the external shock phase [2], unipolar inductors [3],
magnetic reconnection acceleration and reacceleration in
sheared jets [3]. A detailed sketch about all possible
mechanisms and sources can be found in [3–5].
Essentially, in the concept of diffusive shock accelerations

(internal shocks), the particle must be confined within the
acceleration region long enough to gain energy. Macroscopic
motion is coherent and particles can gain energy as they
bounce back and forth, making the energy gain ΔE=E ∼ β,
where β is the average velocity of the scattering centers in
units of c [6,7]. In a single-shot acceleration process, such as
might occur, e.g., near a neutron star, a high voltage could be
generated between two regions of the source. Suitable
shocks are thought to occur near active galactic nuclei
(AGNs), near black holes (BHs) and, effective at lower
energies, in association with supernova remnants. Above

1020 eV there is a dearth of objects that satisfy the main
aspects of this mechanism as first pointed out by Hillas [8]:
radio galaxies, colliding galaxies, AGNs, magnetars, gamma
ray bursts (GRBs) and perhaps galactic clusters might
host the right conditions. On the other hand, objects such
as supernovae remnants and magnetic A stars are considered
incapable of accelerating particles to this energy.
Assuming that the acceleration region must be of a size R

to match the Larmor radius, i.e. rL ≤ R, with rL ¼
E=ðZeBÞ the Larmor radius of the particle of energy E
in the source magnetic field B, assuming the particle being
accelerated and that the magnetic field within it must be
sufficiently weak to limit synchrotron losses, it can be
shown that the total magnetic energy in the source grows as
Γ5, where Γ is the Lorentz factor of the particle. This
analysis leads to the conclusion that putative cosmic ray
sources might be strong radio emitters with radio powers
≫ 1041 ergs s−1, unless protons or heavier nuclei are being
accelerated and electrons are not. Analyses such as that in
[9] show that this inequality is at least > 1044 ergs s−1 and
amongst the few nearby sources that satisfy this limit are
Centaurus A and M87. Interestingly, if acceleration takes
place due to the internal shock mechanism, one may expect
a strong neutrino signature due to proton interactions with
the radiative background [10,11].
On the other hand, nonblazar AGNs have came up as

strong candidates to be γ-ray and possibly UHECR emit-
ting sources, since observations with γ-ray telescopes can
provide robust additional information to the origin of
UHECRs. For example, the detection of Narrow Line
Seyfert 1 galaxies in the Fermi-LAT energy regime
reveals essential hints to develop the understanding of
jet formation, radio loudness and particle acceleration at
nonblazar cores [12,13]. It is estimated that only ∼1%–5%
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of galaxies contain bright Seyfert nuclei [14,15].
Nevertheless, in this regard, Seyfert are galaxies that
comprise the most abundant class of AGN in the local
Universe with strong emission lines, dominating the popu-
lation of radio-quiet AGNs. This class of nearby galaxies is
studied in many ways, especially by the nuclear activity
point of view (see, e.g. [16,17], for a review). Some authors
refer to Seyfert as a class of low-luminosity AGN
(LLAGN) with moderately radio loudness [18,19] and
with very high surface brightnesses whose spectra reveal
strong, high-ionization emission lines [20–22]. Other
important aspects regarding Seyferts are the observation
of the presence of high x-ray cores [23–25], inefficient
central accretion mechanism that is translated in low
accretion rates and Eddington-ratio sequence that extends
down to λ ∼ 10−4 [26,27], and, most important, at such
lowest accretion rates, it is considered that an increasing
fraction of the accretion energy is guided into a relativistic
jet, making prominent the role of central poloidal magnetic
fields and leading the emitted energy to be mainly kinetic
rather than radiative [17,28,29].
The main models of cosmic ray acceleration in Seyfert

nuclei were proposed in [30–32] and LLAGNs, especially
Seyfert galaxies nearby, were suggested as probable
sources of UHECRs by [33–35]. Our present investigation
endorses this idea, constraining that this occur mainly for
massive Seyferts, comparing our results and upper limits to
that obtained by the Fermi-LAT experiment. Since the
broadband spectra of Seyferts and other LLAGNs indicate
that at least the outer portions of their accretion disks are
cold and geometrically thin [36–39], we begin the article
calculating the role of Kerr slim disk and spherical
symmetry (Bondi) accretion rate around black holes with
mass range of that found in Seyferts cores (Sec. II) to see
how much radiative energy should be transferred to trigger
UHECRs in Seyferts. The comparison of this with the
luminosity of UHECRs from seven Seyfert sources calcu-
lated from Fermi-LAT integral γ-ray flux can give the
conversion rate thresholds (ηUL

pr ) of the AGN luminosity to
trigger the acceleration of protons. Since it is expected that
in Seyferts the accretion is inefficient and our results for
Bondi accretion indicate great values of ηUL

pr to accelerate

protons (indicating that possibly the transfer of energy from
Seyfert accretion radiative processes to accelerate protons
is inefficient), in Sec. II C it will be considered an
alternative mechanism by which a poloidal magnetic field
attached to the slim disk and the central black hole can
handle to extract energy from the disk or the black hole, in
the form of a pure magnetically driven charged particle
wind. It will be assumed that in Seyferts the role of central
poloidal magnetic fields is prominent [17,29] allowing us
to calculate the upper limits of the magnetic field and
consequently the upper limits of energy extraction in
Seyferts to properly trigger UHECRs. Comparing such
upper limits to UHECRs upper limits permits us to say that
at least massive Seyferts could have proper attributes to
trigger UHECRs. Finally in Secs. III and IV we have issued
some discussion and concluding remarks.

II. RADIATIVE TRANSFER AND POLOIDAL
MAGNETIC FIELD ENERGY EXTRACTION

In previous works we studied upper limits of UHECR
luminosities of ultrahigh-energy cosmic rays from Seyferts
and radio galaxies. The method takes into account the
calculation of upper limits of cosmic ray luminosities from
the upper limit of the integral gamma ray flux measured by
Fermi-LAT, VERITAS, MAGIC and HESS observatories
[40–44]. This limit was obtained for several sources,
including radio galaxies, active galactic nuclei and Seyfert
using propagation of UHECRs [45,46]. The method con-
siders that UHECRs produce gamma rays as they propagate
from the source to Earth. The gamma rays generated by such
a mechanism contribute to the total flux observed.
The production of the luminosity of cosmic rays obtained

from massive Seyferts is also explicitly linked to mecha-
nisms of black hole accretion [47,48]. The consequent
magnetic flux from rotating black holes (Blandford-
Znajek mechanism) originated at the center of the source
[29,49], can also produce a fraction of these luminosities to
be converted into luminosity of cosmic rays (ηCR). These
results indicate once again a massive Seyfert correlation as a
source of cosmic rays [50,51]. The main characteristics of
the sources are summarized in Table I.

TABLE I. Columns show the source name, the redshift, the mass source according to Refs. [52,53], the mass black hole according to
Refs. [54,55] and using the method of Reines [56], the upper limit on the proton UHECR luminosity, the 14–195 keV luminosity
according to Ref. [57] and the x-rays luminosity calculated with Eq. (5).

Source name zs logM⊙ logMBH LUL
CR ½erg s−1 × 1045� logLX ½erg s−1� logLTheory

X ½erg s−1�
NGC 985 0.04353 10.6 8.39 1.32 44.10 44.28
NGC 1142 0.02916 10.7 8.53 0.84 44.23 44.22
2MASX J07595347þ 2323241 0.03064 10.57 8.34 1.67 43.79 44.23
CGCG 420-015 0.02995 10.63 8.43 1.60 43.69 44.32
MCG-01-24-012 0.02136 10.16 7.77 1.18 43.59 43.63
LEDA 170194 0.04024 10.59 8.37 2.32 44.17 44.26
Mrk 520 0.02772 10.4 8.11 1.69 43.70 44.00
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The comparison between the magnetic luminosity and
the UHECR luminosity can be seen in [51], where it is
assumed a Bondi accretion mechanism with a central Kerr
black hole.

A. Kerr slim disk and Bondi accretion in Seyferts

Here it will be considered two kinds of accretion
mechanism. First, the spheric symmetric Bondi accretion
model _M ¼ 4πcSρBr2B [58], where _M is the accretion rate,
cS is the sound speed in the medium, rB ≈GM=c2S is the
Bondi accretion radius, and ρB is the gas density at that
radius, which produces, by friction and other radiative
processes, considerable bolometric luminosities. Such
parameters for nearby Seyfert cores are listed in [27].
Another possibility is to derive a slim disk in the Kerr
spacetime, producing a most realistic accretion,

_M ¼ −2πΣΔ1=2 V
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − V2
p ; ð1Þ

where Σ ¼ Rþh
−h ρdz is the disk surface density and V,

defined by the relation ur ¼ VΔ1=2=ðr
ffiffiffiffiffiffiffiffiffiffiffiffiffiffi

1 − V2
p

Þ, is the gas
radial velocity as measured by an observer at fixed r who
corotates with the fluid.Δ is one of the standard Kerr metric
coefficients, given by Δ ¼ r2 þ a2

c2 − 2 GM
c2 r, where a is the

black hole spin (see, e.g. [59,60]).
Associated to this, it is possible to use the upper limit ηUL

pr
conversion fraction of Kerr black hole accretion energy into
energy to accelerate the UHECRs (protons), see the full
description in [50]:

ηUL
pr ¼ LUL

pr =L
Theory
acc ; ð2Þ

with

LUL
pr ¼ 4πD2

sð1þ zsÞhEi0
Kγ

R∞
Eth

dEγPγðEγÞ
IUL
γ ð> Eth

γ Þ; ð3Þ

where LUL
pr is the upper limit on the proton UHECR

luminosity, IUL
γ ð> Eth

γ Þ is the upper limit on the integral
gamma-ray flux for a given confidence level and energy
threshold, Kγ is the number of gamma rays generated from
the cosmic-ray particles, PγðEγÞ is the energy distribution
of the gamma rays arriving on Earth, Eγ is the energy of
gamma rays, hEi0 is the mean energy, Ds is the comoving
distance and zs is the redshift of the source. Our model can
give upper limits on the LUL

pr and ηUL
pr only in case radiation

losses during acceleration of UHECR are neglected as in
the proposed model in [45,46]. The LTheory

acc is given by

LTheory
acc ¼ ϵ _Mc2 ¼ GMBH

_M
6R

; ð4Þ

where R is the Kerr horizon and _M is the Bondi, Kerr slim
disk or Eddington models for accretion, and MBH is the
mass of the central Seyfert black hole.

B. Estimating x-ray luminosity for massive Seyferts

Active galactic nuclei (AGN), including quasars and
Seyfert galaxies can emit a broadband spectral energy
distribution. These AGN emit from radio up to x rays and
sometimes gamma rays [61]. The x-ray luminosities are one
of the evidences of nuclear activity and hence are essential
to study the accretion processes [62]. The bolometric
luminosity of Seyferts represents the rate of energy emitted
by the accreting black hole. There is a dependence between
the mass accretion rate and the efficiency of the accreting
matter [63]. We have estimated the x-ray luminosities
of sources using the relation linearly proportional to the
accretion rate,

LTheory
X ¼ LTheory

acc ¼ ξ
GMBH

_M
6R

; ð5Þ

where ξ is the efficiency factor with values between ξ ≈ 0.3
for an accretion disk and ξ ≈ 10−11 for spherically sym-
metry accretion [64]. We consider ξ ≈ 0.03 because the
model of a Seyfert accretion disk presents an inefficient
accretion flow as we have discussed in the previous section.
We compare the observed x-ray luminosities of the Seyferts
with those expected from the model accretion rate that we
used here. The results to LTheory

x in Table I suggest that the
x-ray flux and the accretion model are consistent.

C. Magnetic field and maximum energy
extraction by massive Seyferts

Since the expected radiative energy transfer is not
prominently large to trigger UHECRs at the range estab-
lished in the previous section (between the thresholds
attached to Kerr slim disks and Bondi accretion mecha-
nisms), now it will be considered a most promising
mechanism for Seyferts, where a poloidal magnetic field
attached to the slim disk and the central black hole can
handle to extract energy from the disk or the black hole.
In this case, the upper limit BBH of the magnetic field

is [65]

BBH ∼ 108
�

MBH

M⊙

�

−1=2
G; ð6Þ

where the corresponding energy from the rotating Kerr
BH/disk naturally should not exceed the Eddington
luminosity [51]. A useful method to obtain the relation
between BBH and MBH was described in [66]. Using the
Hillas condition with constraints, interaction losses and
geometry of the source, the maximal energy is determined
by condition
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Emax ≃ 3.7 × 1019 eV
A

Z1=4

�

MBH

108 M⊙

�

3=8
; ð7Þ

where Z and A are the atomic number and the mass of
nuclei, respectively. The UHECR luminosity comes from
the cosmic ray spectrum following Refs. [45,46] and using
a power law with an exponential cutoff of α ¼ 2.3 and Ecut
given by Eq. (7).

Figure 2 shows the correlation between the fraction of
luminosity of cosmic rays from the luminosity of the
accreting black hole relative to the mass of the hole at
the center of a massive Seyfert for different models of
accretion. The fraction decreases with increasing mass, the
greater the mass the smaller the converted fraction lumi-
nosity of cosmic rays. Black hole masses were obtained
using the method of Reines and Volonteri [56], which
estimates the correlation between the MBH and the total
stellar masses in the nearby universe (z < 0.055). The black
hole mass is also related to the velocity of the gas region
indicating a relationship between mass and black hole
activity, [67,68] and the accretion can be used to determine
black hole mass [69]. The strong evidence between the
black hole mass with the large-scale properties of their host
galaxies, primarily the bulge component, was explicitly
calculated, e.g., in [70–75].
Figure 3 shows the relation (7) between Emax and MBH

for iron, proton and carbon nuclei. Maximal energy of
protons for massive Seyfert was obtained and indicates
that massive Seyfert can accelerate protons to energies
∼1019.5 eV.

III. DISCUSSION

In AGN and quasars, while it is considered that the
strongest jets that accelerate particles result from the
secular accumulation of magnetic flux [26,29,78], moder-
ate jet activity can also be triggered by fluctuations in
the magnetic flux deposited by turbulent, hot inner regions
of thin or slim accretion disks. These processes could
be responsible for jet production in Seyferts and low-
luminosity AGN [29]. We here consider the mechanisms by
which a poloidal magnetic field threading the disk or the
hole can manage to extract energy from the disk or the
central BH. This energy can be extracted in the form of

FIG. 1. Model of a Seyfert accretion disk, that is slim, cold and
presenting an inefficient accretion flow due to the great distance
from the central black hole. The role of the central poloidal
magnetic field is to produce a jet of magnetically driven charged
particles, triggering the emission of UHECRs. An approximately
spherical accretion symmetry could be modeled for such a
system, privileging a Bondi accretion.
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FIG. 2. Comparison between ηUL
pr and logðMBH=M⊙Þ using

three different models of accretion: Bondi, Kerr slim disk and
Eddington. (See the study of the stability of such systems at
[76,77].) The ηUL

pr is calculated using the method presented in
[50,51] neglecting the radiation losses during acceleration of
UHECR. The original method uses the mass of the galaxy to
calculate the UHECR upper limit flux and here the model was
adapted to use the black hole mass. For the Seyfert case, since the
accretion is inefficient, ηUL

pr will have values between the
Kerr slim model (triangles) and the Bondi model (stars). Note
that at the Bondi threshold, the ηUL

pr values are larger than in the
Kerr slim disk threshold case, indicating that the radiative system
should transfer more energy to accelerate cosmic rays when the
accretion mechanism is inefficient as that found in Seyferts and
therefore only massive Seyferts ð> 108.2 M⊙Þ are sources
capable of accelerating cosmic rays. In the figure, each point
corresponds to one of the Seyferts presented at Table I.
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Poynting flux (i.e. purely electromagnetic energy) or in the
form of a magnetically driven material wind.
First of all, Blandford and Znajek [79] noted that if the

poloidal magnetic field trapped to the central black hole is
comparable in strength to the poloidal field threading the
inner parts of the accretion disk, then the BH contribution
to the electromagnetic output is likely to be ignorable. To
build up a poloidal field on the BH that considerably
surpasses the poloidal field threading the inner disk two
physical processes should occur: the disk must be able to
transport poloidal field radially inwards and a field through
the BH must be maintainable at the inner edge of the
disk [28].
Sikora et al. [78] suggested that in radio-loud AGN the

large magnetic fluxes were accumulated during a hot, low-
accretion-rate phase prior to the current, cold accretion
event. Regarding this, the nowadays cold and inefficient
accretion flow in Seyferts cannot accelerate particles by
pure radiative mechanisms but the past accumulation of
magnetic flux is now operating the task at least for the most
massive Seyferts, as we can see in Fig. 3. Nevertheless,
if the Seyfert is now sufficiently massive, we also can
consider another mechanism to accelerate particles.
According to the magnetic flux paradigm, Seyferts galaxies
have very inefficient flux accumulation prior to the start of
the Seyfert activity phase. This inefficiency can be attrib-
uted to the lack of a hot accretion prephase [26,29].
Nevertheless, x-ray activity in Seyfert cores indicates the
presence of a hot, radiatively inefficient accretion zone
extending out to some distance from the BH (see Fig. 1).
This indicates the presence of thick flows that enable a
significant poloidal magnetic field to impinge on the black
hole and thus generate jets or winds.
Furthermore, we can model Seyfert disks as thin annuli

and the efficient removal of angular momentum from a
particular annulus leads to inward movement, outward
bending of poloidal field lines, and consequently enhanced
wind outflow, enhanced removal of angular momentum,
and further inflow. As remarked by [28] in such a case, if
the central part of the AGN contains nonaxisymmetric
instabilities, as we imagine that happens in the case of
Seyferts (x-ray core emission, thick of quasispherical
central accretion, unstable jets), then it will be possible
to give rise to significant outward transport of angular
momentum. In such a case, a magnetically driven disk wind
might be the main mechanism by which excess angular
momentum is removed from disk material, and so might be
the main mechanism that drives an accretion disk.
When poloidal magnetic winds can trigger the accel-

eration engine of charged particles, as happens especially in
the case of massive Seyferts, then such galaxies can be
considered as Blandford-Znajek magnetically driven
AGNs, with noticeable jets or outflows in the form of γ
rays or UHECRs. Indeed, the detection of Narrow Line
Seyfert 1 galaxies in the Fermi-LAT energy regime reveals

essential hints to develop the understanding of jet for-
mation, radio loudness and particle acceleration at non-
blazar cores [12,13].
Proton and heavy nuclei acceleration can also happen in

the vicinity of the central BH horizon from the formation of
vacuum gaps in the polar cap regions of a rotating
BH surrounded by an accretion disk. This paradigm, for
a reasonable range of black holes masses (as 106 M⊙ –
1010 M⊙), works when the magnetic field is misaligned
with the BH rotation axis, and after the charged particles
penetrate the reconnection region they are leaked into the
polar caps, being ejected with high energies. For example,
in [80] numerical modeling based in such a mechanism led
to the result that electromagnetic luminosity of the gap is of
the order of the AGN bolometric luminosity, permitting,
e.g., that local galaxies as Seyferts could be plausible
sources of UHECRs, a conclusion similar to the results
calculated in the present paper.

IV. CONCLUDING REMARKS

The present work raised an overview of the techniques
employed, and the results obtained to classify massive
Seyfert galaxies as possible sources of cosmic rays. First,
Fig. 2 shows how Kerr black holes, using an axisymmetric
accretion with a central spinning hole, according to black
masses, will produce UHECRs. A M−5.8

BH power law is
obtained, according to the black hole mass. The connection
between LTheory

CR upper limits and the theoretical Seyfert
luminosity is explicitly investigated here by a conversion
rate ηUL

pr calculated using the Ecut from the Hillas condition

[Eq. (7)]. The comparison among LTheory
CR , the upper limit

Lpr and Seyfert theoretical luminosity offer limits to the
conversion fraction ηUL

pr for each source. The high reso-
lution of Cherenkove Telescope Array (CTA) will allow the
detection of the emission from the active nuclei with energy
range sensitivity of up to 5 orders of magnitude and
therefore the number of observed sources as black holes
in the next decades [81]. Here, the accretion mechanism has
spherical symmetry (Bondi mechanism) and also axial
symmetry (Kerr slim disk, Fig. 2), where it is assumed
the general case of Kerr central black holes.
Second, recent and ongoing efforts are rapidly expand-

ing and revising the empirical black hole scaling relations,
mainly between black hole masses and their correlation
with the AGN host masses. Here we use this to some
central black holes located in Seyferts, showing that
massive Seyferts, chiefly, are the strong candidates to
accelerate UHECRs (see Figs. 1 and 2). Mass conditions
of Seyfert nuclei in the close universe are sufficient
to accelerate such particles, since central black holes
present in such Seyferts only produce cosmic rays beyond
the Greisen–Zatsepin–Kuzmin limit (aka GZK limit)
for MBH > 107 M⊙ (Fig. 3) that are present in massive
Seyferts [33–35,56].
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