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The origin and acceleration mechanism of ultra-high-energy cosmic rays (UHECR) with energy
exceeding the GZK-cutoff limit remain unknown. It is often speculated that supermassive black
holes (SMBHs) located at the centers of many galaxies can serve as possible sources of UHECR.
This is also supported by recent observations of high-energy neutrinos from blazar, as neutrinos
are the tracers of UHECR. In this contribution, we explore the capabilities of nearby SMBHs
(located within 100Mpc distance) to accelerate UHECR of certain energy and composition by
the novel, ultra-efficient regime of the magnetic Penrose process, in which protons and ions are
energized near SMBH by the ionization or decay of low-energy neutral particles, such as e.g. a
hydrogen ionization or neutron beta-decay. Extreme conditions around SMBHs increase chances
for engagement of the accelerated UHECR in the production of the cosmic ray ensembles (CRE),
i.e. a group of correlated two or more cosmic ray particles, including photons with the same parent
particle or a common primary interaction vertex. We discuss the unique signatures of UHECR
and CRE produced around SMBHs and potentially observable with a global network of detectors,
as proposed by the Cosmic-Ray Extremely Distributed Observatory – CREDO.
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1. Introduction

Supermassive black holes (SMBH) located at the centres of most of galaxies are among the
largest energy reservoirs in the Universe. The second law of black hole thermodynamics [1] states
that up to 29% of black hole’s total mass-energy is the rotational energy, which is available for
extraction, i.e. can be transformed into energy of accelerated particles. For SMBHwith typical mass
of " = 109"�, the extractable energy is of the order of 1074eV. It is therefore most pertinent to tap
these enormous sourcesmost effectively and ultra efficiently, aswell as to search for the observational
signatures of the energy extractionmechanisms. Multiwavelength andmultimessenger observations
related to both stellar mass and supermassive black hole candidates show no convincing indication
of any deviation of the spacetime around these objects from that of the rotating Kerr metric, which
states that any astrophysical black hole can be well described by only two parameters, its mass "
and spin 0. Therefore, hereafter by SMBH candidates we bear in mind the rotating black hole with
two measurable parameters " and 0.

Ultra-high-energy cosmic rays (UHECR) are the most energetic among the particles detected
on Earth, whose energies may exceed 1020eV. Anisotropy studies in arrival directions of primary
cosmic rays clearly indicate the extragalactic origin of UHECRs at energies > 1018eV [2]. All-
particle energy spectrum exhibits the existence of two knees at 1015.5eV and 1017.5eVwith significant
lowering of flux and ankle starting at around 1018.5eV with flattening in the spectrum. At energies
exceeding∼ 1019.5eV for protons, themaximum energy of primary CR is bounded if the propagation
distance from the origin is greater than∼ 100 Mpc [3], arising due to interaction of charged particles
with the SMB photons. Detection of UHECRs at energies greater than GZK-cutoff limit in both
northern and southern hemispheres may imply the necessity of search of powerful extragalactic
accelerators within the distance < 100 Mpc from the Solar system. There have been many attempts
to explain the origin of highest-energy cosmic rays. Among astrophysical scenarios one canmention
shock acceleration in relativistic jets [4]. Recently, another acceleration scenario has been suggested
[5], which attempted to explain UHECRs by the ionization of the neutral matter in the vicinity of
magnetized supermassive black holes (SMBH). In this scenario, the energy of cosmic rays comes in
expense of rotational energy of SMBH. In this contribution, we select two dozens of nearby SMBH
candidates in order to investigate their UHECR acceleration capabilities.

2. Energy extraction from rotating black holes

Roger Penrose in 1969 pointed out [6] the possibility of a test particle moving inside the
ergosphere of rotating Kerr black hole to have negative energy with respect to a static observer at
infinity, while locally measured energy would remain positive. Using this fact Penrose proposed
the first mechanism of the energy extraction from rotating black holes by the fragmentation of
a freely falling particle inside the ergosphere into two particles. If one of the fragments attains
negative energy, eventually falling into black hole, another one may come out from the ergosphere
with energy exceeding the energy of mother particle. Infall of negative energy into black hole is
equivalent to the extraction of black hole’s rotational energy. Efficiency of Penrose process (defined
as the ratio of gained and input energies) was, however, limited to maximum of 21%. Since the
black holes are surrounded by a plasma matter that generates their own electromagnetic fields,
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in mid 1980’s, the magnetic Penrose process (MPP) has been formulated [7, 8] with interacting
particles being charged and black hole being magnetized. It was shown that the efficiency of this
process can exceed 100% due to interaction of charged particles with magnetic field surrounding
black hole. Recently, it was shown [5, 9, 10] that MPP works in three regimes of efficiencies,
namely, low, moderate and ultra. In the latter case, the efficiency can be as large as 1013% when
applied to typical SMBHs, allowing the direct application of this mechanism for the explanation of
UHECRs.

Twisting of magnetic field lines due to black hole’s rotation generates electric field component
that leads to the non-zero potential difference between the event horizon and infinity. This causes a
selective accretion into black hole until the electric potential in a local frame is neutralized, i.e. when
�C = 0 (time component of the four-vector potential of the electromagnetic field). It’s covariant
component �C is, however, remains non-zero due to the frame-dragging effect. In the black hole
vicinity, where the gravity plays a leading role, one can use natural assumption of stationarity and
axial symmetry of external magnetic field that is sharing the background symmetries of the Kerr
metric spacetime. This assumption is relevant for magnetic field of any origin, wich has a strength
sattisfying the condition � << 1018G for stellar mass black holes and � << 1011 for SMBHs [11].
In realistic cases, typical strength of magnetic field for stellar mass black holes vary from few Gauss
up to 108G, while for SMBH it is of the order of 104G [12, 13]. Therefore, independently from the
shapes of magnetic field lines, any astrophysical magnetic field can be considered as a weak test
field. However, as we show below, the effect of magnetic field on the motion of charged particles is
crucially important.

2.1 Formalism of the acceleration process

Let us now consider the motion of a test charged particle with the mass < and the charge @.
Symmetries of Kerr metric imply allows one to find two conserved quantities (energy and angular
momentum), which are the components of the canonical four-momentum %` = <D` + @�`:

� = −%C = <DC + @�C , ! = %q = <Dq + @�q, (1)

where D` is the particle’s four-velocity. Dynamics of charged particles around Kerr black hole in
presence of magnetic field has been widely studied in past; we mention some of previous studies:
[11, 14–16]. Now, we consider the split of a particle �, into two charged fragments � and � in the
black hole ergosphere at the equatorial plane. The conservation laws before and after split can be
written as follows

�� = �� + �� , !� = !� + !� , @� = @� + @� , <� ≥ <� + <� . (2)

If one of the particles after split, e.g. particle �, attains negative energy, the particle � comes out
with energy exceeding the energy of incident particle � in expense of rotational energy of the black
hole.

Skipping routine calculations that can be found in [9], we focus on the conditions, for which
the energy extraction efficiency grows ultra high. We fix the plane of the motion of the incident
particle � to the equatorial plane \ = c/2 and assume that the particle � is neutral, splitting into
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two charged fragments. Then, after several algebraic manipulations and keeping only the leading
terms, one can arrive to the following simple expression for the energy of escaping ionized particle

�� ≈
@�

<�
�8>=C ��, (3)

where �8>=C is the time-component of the covariant form of the electromagnetic four-potential
calculated at the ionization (decay) point of the incident neutral particle �. Note that �8>=C is
nonzero in the black hole vicinity due to the frame-dragging effect [17]. The energy in this
mechanism can grow ultra-high under realistic conditions [5].

2.2 Ionization & maximal energy of accelerated particles

In general, magnetic field has complicated structure in vicinity of the event horizon, however in
a small fraction of a space where split occurs one can consider the field to be approximately uniform
[17]. In this case, for the demonstration purposes let us consider the ionization of an arbitrary
neutral atom with energy � = <�2

2 ∼ � × 109 eV in the vicinity of a typical SMBH. In this case,
after the ionization we obtain the following estimate of the energy of an escaping ion

�ion ≈ 1020eV
/

�

�

104G
"

109"�
, (4)

where / and � are the atomic and mass numbers, respectively. For example, in the process of
the neutron beta decay, =0 → ?+ + 4− + āe, the energy of the accelerated proton is of the order
of �p+ ≈ 1020eV. Thus, the model predicts a possible acceleration of protons of the energy of �p

exceeding 1020 eV for typical SMBH of mass " ∼ 109"� and magnetic field � ∼ 104�. Here,
we take decay point at Aion = A6, i.e. far enough from the event horizon of rotating black hole, so
that the ionized particles are able to escape from the inner region of SMBH. It is important to note,
that escaping particle after ionization or decay is more likely a positively charged particle (proton
or ion) in the astrophysically favourable cases. This is due to the reason that the induced black hole
charge is more likely positive in realistic scenarios [17, 18]. Numerical modelling of the ionization
process in the black hole vicinity can be found in [5].

3. Mean energy of UHECR protons accelerated by the nearby SMBH candidates

Standard model predicts an upper limit on the propagation distance of UHECR for a given
energy due to the so-called GZK-cutoff [19, 20]. The maximum distance for UHECR protons that
are able to reach the Earth is estimated to be < 100Mpc [3] with the corresponding energy of protons
reaching our Galaxy limited to 5 × 1019 eV. Detection of UHECR events with energies greater than
GZK-cutoff limit leaves open questions on the origin, propagation and composition of cosmic rays
at the highest energies. If UHECRs are constituted by heavier nucleons, interaction of high-energy
ions with intergalactic radiation leads to excitation of nuclei and their photodisintegration and
fragmentation up to protons and neutrons due to internal resonances if the energy of nucleus is
about 1020 eV. This implies the importance of GZK and photodisintegration phenomena in the
propagation of UHECR. Being electrically charged, UHECR also inevitably interact with magnetic
fields both in the acceleration zone and along the propagation distance. Although suppression of
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Table 1: A list of selected 25 SMBH candidates with measured masses " and distances 3, estimated spins
0 and magnetic field strengths � and predicted mean energies of proton �mean

?+ escaping from corresponding
source after the ionization in the vicinity of SMBH.

SMBH Log("/"�) Spin 0 d (Mpc) Log(�/1G) Log
(
�mean
?+ /1eV

)
Sgr A* 6.63 0.5 0.008 2 15.64

NGC 1052 8.19 . 1 19 4.8 20.11
NGC 1068 / M77 6.9 . 1 15 4.54 18.56

NGC 1365 6.3 . 1 17.2 4.70 18.12
NGC 2273 6.9 0.97 29 4.58 18.41
NGC 2787 7.6 . 1 8 3.73 18.45
NGC 3079 6.4 . 1 22 4.06 17.58
NGC 3516 7.4 0.64 42 4.88 19.37
NGC 3783 7.5 0.98 41 4.15 18.77
NGC 3998 8.9 0.54 15 3.58 19.52
NGC 4151 7.8 0.84 14 4.6 19.53

NGC 4258 / M106 7.6 0.38 8 4.14 18.65
NGC 4261 8.7 . 1 32 3.51 19.33

NGC 4374 / M84 9 0.98 20 3 19.12
NGC 4388 6.9 0.51 18 5.19 19.11

NGC 4486 / M87 9.7 . 1 17 2.84 19.66
NGC 4579 8 0.82 18 4.11 19.23
NGC 4594 8.8 0.6 11 3.18 19.05
NGC 5033 7.2 0.68 20 4.47 18.77

NGC 5194 / M51 6.0 0.57 8 4.51 17.57
MCG-6-30-15 7.3 0.98 33 4.74 19.16
NGC 5548 7.8 0.58 75 4.48 19.34
NGC 6251 8.8 . 1 102 3.70 19.62
NGC 6500 8.6 . 1 43 3.60 19.32
IC 1459 9.4 . 1 31 3.20 19.72

energy due to synchrotron radiation in a Galactic and intergalactic magnetic fields is relatively
small, UHECRs can loose sufficient amount of their energies in the source regions where magnetic
fields can be considerably large [15].

Taking into account GZK, photodisintegration and synchrotron energy loss mechanisms, we
calculate the mean energies of the cosmic ray protons accelerated by the nearby sources. In the
Table 1, we present a list of 25 nearby SMBH candidates located within the distance of ∼ 100Mpc
and predict the mean values of UHE protons for each source produced in the above described
process. We emphasize that it is not an exhaustive list, but intended mainly to bring an idea on
capability of SMBH candidates with the state of the art measurements of masses, spins andmagnetic
fields to produce the highest energy particles. The masses" and distances 3 in Table 1 are based on
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the observations and direct measurements, while spin 0 and magnetic field � estimates are obtained
by well-established methods based on the measurements of luminosity, spectra and polarimetric
parameters of the sources. The data used in the table are taken from [12, 13, 21, 22] and references
therein. Last column on the right demonstrates the predictions of the model on the mean energies
of protons �mean

?+ accelerated by each given SMBH candidate source.

4. Discussion & conclusions

Supermassive black holes (SMBH) are among the most energetic objects in the Universe, while
ultra-high-energy cosmic rays (UHECR) are the most energetic among particles detected on Earth.
In the same time, in the age of multi-wavelength and multi-messenger astronomy, black holes and
their environments were not yet probed with the cosmic ray messengers. Extreme conditions in
the environments of SMBH increase chances for engagement of the accelerated UHECR in the
production of the cosmic ray ensembles (CRE), i.e. a group of correlated two or more cosmic
ray particles, including photons with the same parent particle or a common primary interaction
vertex. Experimental searches for cosmic-ray correlations have been realized on different scales
with the highest energy events observed by the leading collaborations: Pierre Auger Observatory
and Telescope Array, as well as the projects with distributed arrays of detectors, such as e.g.
CHICOS, ALTA, CZELTA, GELATICA, EEE, and LAAS. Time correlation of registered showers
was studied at the distances from 100 m to 7000 km, and in some cases evidence for unexpected
coincidences have been found, however without any convincing follow-up studies and data taking
campaigns, which is hard without a global coordination. Recently the idea of looking for large
scale correlations in a general and global way took shape of the Cosmic Ray Extremely Distributed
Observatory (CREDO) Collaboration (see, recent review [23]) formalized in September 2019.
CREDO is meant to be a multi-technique (different detector types) and doubly open (for both data
upload and offering access) infrastructure enabling a global research programs concerning radiation
(both cosmic and terrestrial), with a number ofmulti-messenger, multi-mission and transdisciplinary
opportunities.

In this contribution we studied the energy transfer from nearby rotating SMBHs to UHECRs in
the process of ionization of neutral particles skirting close to black holes. Rotation of a black hole
in external magnetic field gives a rise to an induced electric field due to frame-dragging effect and
subsequent net charging of the black hole. The best efficiency of energy extraction can be achieved
in the processes involving ionization of neutral matter at the event horizon scales, in which the
ionized particle in addition to its mass energy obtains also the electromagnetic contribution. Due to
certain alignment of the magnetic field lines produced by the co-rotating plasma it is more plausible
that the induced black hole charge is positive, which accelerates protons and ions to ultra-high
energies along the symmetry axis. Other fragments, the electrons eventually collapse into the black
hole decreasing thus, the black hole’s angular momentum.

We have selected 25 nearby SMBH candidates located within 100 Mpc distance with estimated
masses, spins and magnetic fields in their vicinities. Calculating the mean proton energy resulting
from the ionization, we presented results in a table 1, where we have shown several plausible
candidates for UHECR sources at energies greater than GZK-limit. We also applied our model to
Sgr A* located at the center of our Galaxy, which is the best known SMBH candidate. Remarkably,
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we found that Sgr A* can serve as a PeVatron with proton energy at the level of 5 × 1015eV. This
implies that the Galactic centre can potentially contribute to the sharpness of the knee of the cosmic
ray spectrum. One can also note that the model predicts similar orders of magnitudes of energies
of accelerated protons for selected SMBH candidates, which have different masses, locations and
magnetic field estimates. The mean proton energy averaged over all selected extragalactic sources
appears to be around 1019 eV. Existence of many sources at such energies can be potentially relevant
in the interpretation of the ankle of the cosmic ray spectrum, though, the expected spectrum from
particular nearby objects are yet to be determined.
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