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Abstract

:

Rotating black holes (BHs) are likely the largest energy reservoirs in the Universe as predicted by BH thermodynamics, while cosmic rays (CRs) are the most energetic among particles detected on Earth. Magnetic fields surrounding BHs combined with strong gravity effects, thanks to the spacetime symmetries, turn the BHs into powerful accelerators of charged particles. At the same time, in the age of multi-wavelength and multi-messenger astronomy, BHs and their environments have not yet been probed with CR messengers, despite being observed across most of the electromagnetic spectrum, and neutrino and gravitational waves. In this paper, we probe the acceleration capabilities of BHs in 8 galactic X-ray binaries and 25 local active galactic nuclei (AGNs) within 100 Mpc, based on the ultra-efficient regime of the magnetic Penrose process of a BH energy extraction combined with observational data. We find that the maximum energy of the galactic BHs can reach only up to the knee of the CR spectrum, including supermassive BH Sgr A* at the Galactic Center. On the other hand, for supermassive BHs in AGNs, we find that the mean energy of primary CRs is of the order of   10 19   eV. It is therefore likely that local supermassive BHs give sufficient contribution to the ankle—a sharp change in the slope of the cosmic ray spectrum around   10  18.6    eV energy. We also discuss the energy losses of primary CRs close to the acceleration zones. In the galactic BH cases, it is likely dominated by synchrotron radiation losses.
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1. Introduction


Cosmic rays (CRs) are high-energy charged particles (primarily protons) moving through the Universe with enormous velocities; when hitting Earth’s atmosphere, they produce air showers of secondary particles, allowing their detection at the surface. The highest energy CRs are usually referred to as ultra-high-energy cosmic rays (UHECRs), whose energy can even exceed   10 20   eV. At energies exceeding   10 18   eV, UHECRs are likely extragalactic, which is indicated by the anisotropy studies of the arrival directions of primary CR particles [1]. At lower energies, the spectrum has two knees at   10  15.5    eV (the sharp one, considerably lowering the flux) and at about   10  17.5    eV. While UHECRs at the highest energies are extragalactic, the origin of CRs above the knee still remain under debate. At higher energies, the spectrum attributes the ankle, showing a flattening of the spectrum at energies around   10  18.6    eV. Interactions of high-energy protons (at energies above ∼  10  19.5    eV) during propagation along the large distances exceeding 100 Mpc with the cosmic microwave background photons put the limit on the maximum arrival energy of primary cosmic ray protons [2]. This prediction of the standard model of particle physics is known as the GZK cutoff [3,4]. Detection of CRs with energies greater than the GZK-cutoff limit in both hemispheres may either indicate the lack of our understanding of CR propagation scenarios, or the necessity of searches of powerful extragalactic CR accelerators within 100 Mpc distance.



Many attempts have been made to explain the origin of the UHECRs, which can be generally divided into exotic and acceleration scenarios. The latter are typically predicted on the presence of powerful cosmic objects with adequate energy to accelerate the CR particles. Among the prime targets are, for example, supernovae [5], active galactic nuclei [6] and blazars [7]. The shock acceleration in relativistic jets is among long-standing astrophysical scenarios [8]. Another acceleration model was recently proposed [9], which attempts to explain UHECRs by the extraction of energy from rotating supermassive black holes (SMBH) through the so-called magnetic Penrose process. The model is claimed to operate in a realistic astrophysical environment and constrains the SMBH mass and magnetic field strength in its vicinity for given UHECR energy. It also does not require neither an extended acceleration zone, nor fine-tuning of the parameters of matter accreting into SMBH. In this paper, we extend our previous studies related to supermassive BHs [9] to stellar mass BHs. Using the available observational data, we constrain the energy of primary CRs originated from X-ray binary systems containing stellar mass BHs and compare the results with those related to SMBH. Overall, we examine the CR acceleration capabilities of selected 8 galactic BH binaries and 25 AGN.



The paper is organized as follows. In Section 2, we give a brief description of the BH thermodynamics, extractable energy and BH magnetosphere based on the theoretical and observational results available in the literature. Using the measurements of masses and magnetic fields of three dozen galactic and extragalactic BH candidates, we find a heuristic formula for their magnetic field–mass relation. In Section 3, we present the CR acceleration model and put constraints on the maximal energy of CRs originated from a particular source. We summarize the results in the table and conclude the paper in Section 4.




2. Astrophysical Black Holes: Rotating and Magnetized


Multiwavelength and multimessenger studies of stellar mass and supermassive BH candidates provide no conclusive evidence of spacetime deviations from those of the Kerr metric. Given the precision of available instruments and their measurements, any astrophysical BH can be well characterized by only two parameters: mass M and spin a. Therefore, further in this paper, by BH we shall mean the compact objects, whose metric is described by the rotating Kerr solution to the Einstein field equations. The Kerr metric reads


  d  s 2  =  g  t t   d   t  2  + 2  g  t ϕ   d t d ϕ +  g  r r   d   r  2  +  g  θ θ   d  θ 2  +  g  ϕ ϕ   d  ϕ 2  ,  



(1)




where the metric tensor has the following non-zero components in the standard Boyer–Lindquist coordinates


      g  t t   = −  1 −   2 M r  Σ   ,   g  t ϕ   = −   2 M r a  sin 2  θ  Σ  ,   g  r r   =  Σ Δ  ,        g  θ θ   = Σ ,   g  ϕ ϕ   =   r 2  +  a 2  +   2 M r  a 2   Σ   sin 2  θ   sin 2  θ ,       Σ =  r 2  +  a 2   cos 2  θ ,  Δ =  r 2  − 2 M r +  a 2  .     



(2)







The ring at   r = 0  ,   θ = π / 2   defines the physical singularity, while the event horizon (outer) is given by


   r +  = M +   (  M 2  −  a 2  )   1 / 2   .  



(3)







The metric is unaffected by the existence of an external magnetic field, which is explained later in the paper.



2.1. Energy Extraction from Black Holes


According to the second law of BH thermodynamics [10], the rotational energy of BHs can in principle be extracted out, i.e., converted into accelerated particle energy. The dependence of the extractable rotational energy   E rot   on the spin parameter of the BH reads


   E rot  = M  c 2   1 −  1  2     1 +   1 −   a 2   M 2       1 / 2    .  



(4)







For nearly extremal Kerr BHs, the available energy stands up to   29 %   of a black hole’s total mass energy. For SMBH with mass of   M =  10 9   M ⊙   , the rotational energy is of the order of   10 74   eV, which makes these objects the largest energy reservoirs in the Universe. Therefore, it is important to search for the signatures of efficient energy extraction from these vast resources, both theoretically and observationally.



Many attempts have been made to harness the energy of rotating BHs with the first one proposed by Roger Penrose in 1969 in his famous process [11]. Since a test particle traveling inside the ergosphere of a rotating black hole may have negative energy relative to an observer at infinity, yet the locally measured energy remains positive, Penrose showed that the BH’s rotational energy can be extracted through the fragmentation of test particles inside the ergosphere. If one of the pieces of an initial particle achieves negative energy and falls into a black hole, another one may escape from the ergosphere with energy greater than the initial particle’s energy. However, the efficiency of the Penrose process (measured as the ratio of acquired to input energies) was restricted to a maximum of 21% [12,13].



In 1975, Ruffini and Wilson formulated an idea based on charge separation in a magnetized plasma accreting into a Kerr BH, through which the rotational energy of BH can be extracted [14]. Later in 1977, a similar mechanism based on a magnetized plasma dynamics powered by BH spin was published [15], which became known as the Blandford–Znajek mechanism (BZ). Currently, BZ is a commonly accepted process of acceleration of relativistic jets, which are observed in various BH systems. In the mid-1980s, the Penrose process was generalized to include the effects of electromagnetic fields surrounding BH [16,17]. In this mechanism, called the magnetic Penrose process (see a more recent review at [18]), the interacting particles were charged, which allowed one to obtain extraordinary efficiencies exceeding   100 %   [19]. Following these works, many other BH energy extraction mechanisms were formulated (see, for example, reviews [18,20,21,22]), including the very recent radiative Penrose process [23] and electric Penrose process [24]. The magnetic Penrose process (MPP) was revisited [18] and it was found that the MPP operates in three regimes of effectiveness, covering other different processes. The most efficient regime of MPP predicts an efficiency of energy extraction of the order of    10 13  %  . This mechanism is currently the most efficient among the known processes of energy extraction from rotating BHs. Therefore, in this paper, we use this mechanism to constrain the acceleration capabilities of various BH candidates. It was already shown in [9] that the process can accelerate charged particles to ultra-high energy as large as   10 21   eV when applied to SMBH of typical mass and magnetic field. We are going to generalize these results and derive the limiting energy of charged particles accelerated by various BH sources, including galactic stellar mass BH binaries.




2.2. Magnetosphere of Rotating BHs: Magnetic Field—BH Mass Relation


Black holes, both stellar and supermassive, are usually surrounded by accretion disks constituted from highly ionized plasma, which gives rise to the generation of magnetic fields due to electric currents floating in the plasma. In binary systems, BHs can also be immersed into the magnetic field of the companion star. If the companion is a neutron star or magnetar, the immersed field can be relatively strong. On the contrary, a hypothetical isolated black hole without sufficient plasma distribution in its vicinity will be immersed into external large-scale magnetic field, which may have galactic or extragalactic origin, although the strengths of such a magnetic field are relatively weak. Observations toward the measurements of magnetic fields around compact objects indicate that a typical magnetic field for stellar mass BHs (most of which are located in binary systems) is of the order of   10 8   G, while for supermassive BH, the same is of the order of   10 4   G [25,26].



Various observational measurements and estimates indicate the existence of an inverse mass dependence of magnetic fields around BHs. In Figure 1, we selected 8 galactic stellar mass BHs observed in X-ray binaries and 25 local SMBHs located mostly at the centers of AGNs (except Sgr A*, which is not active and located at the center of the Milky Way) and fitted their positions at the magnetic field–mass diagram by linear and quadratic functions. The observational data used in the figure are given in Table 1 for galactic BHs and in Table 2 for SMBHs. The best obtained fit for all sources (combining both stellar and supermassive BHs) gives the following relation:


  Log  B  [ G ]   = − 0.5  Log   M  M ⊙    + 7.7 .  



(5)







The function is shown as a dashed line on the right side plot of Figure 1. Although in order to define the magnetic field–mass dependence more precisely, one has to consider a larger number of sources, the results are similar to the previously obtained ones by [25,26]. It is interesting to note that according to these results, the observational estimate of magnetic field around Sgr A* at the center of our galaxy is rather weak, which complies with the fact that the galactic center is currently not active [27], in contrast to the selected SMBH sources presented in the figure.



One should note that any astrophysically relevant magnetic field is weak, meaning that its energy–momentum tensor has no effect on the BH metric [28]. One can easily prove it by simply comparing the magnetic field energy in a unit volume to the mass energy of a BH, which gives us    B G  =  c 4  /  (  G  3 / 2   M )  ∼  10 19   M ⊙  / M  . Since there is no evidence of the existence of magnetic fields of such orders in the vicinity of BHs, the spacetime metric remains safe, as well as the no-hair theorem hypothesis. On the other hand, while the magnetic field is weak for gravity, its influence on charged particles, such as electrons, protons and ions is non-negligible—it is rather enormous due to the effect of the Lorentz force. For example, the ratio of the Lorentz to gravitational forces acting on a proton moving around Sgr A* is of the order of


    F   Lorentz    F  grav .     |   SgrA *    p +   ≈  10 7    q e      m  m  p +      − 1     B  10  G      M  4 ×  10 6    M ⊙     .  



(6)







For an electron, this ratio is ∼2000 times greater. Thus, the magnetic field effects on the charged particle dynamics around BHs cannot be neglected [29].



While the strengths of magnetic fields around BHs can be estimated combining various measurements and models, the structures of the fields and their configurations are more challenging to identify. In the black hole vicinity, where gravity plays a leading role, one can use the natural assumption of stationarity and axial symmetry of the external magnetic field that is sharing the background symmetries of the Kerr metric spacetime. Let us choose the magnetic field to be asymptotically uniform so that the four-vector potential of electromagnetic field has two non-vanishing components [30]


     A t    =    a B    M r  Σ   1 +  cos 2  θ  − 1  ,     



(7)






     A ϕ    =     B 2    r 2  +  a 2  −   2 M r  a 2   Σ   1 +  cos 2  θ    sin 2  θ .     



(8)







This solution was obtained by R. Wald in 1974 [30]. One can also mention other magnetic field configurations, such as the inclined magnetic field solution by J. Bičák and V. Janiš [31] and the dipole magnetic field of a current loop orbiting around rotating BH by J. Petterson [32], among others. As it was shown in [18], in the context of BH energy extraction, the field configuration plays a rather secondary role. However, since the charged particles escape along the magnetic field lines, the configurations with open field lines are more preferable.



A spinning BH in an external magnetic field induces an electric field component, resulting in a non-zero potential difference between the horizon and infinity. The induced electric field due to the frame-dragging effect having quadrupole structure and appearing in all configurations can be referred to as the BH charge [33,34,35,36], which is responsible for the high-energy acceleration of charged particles.
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Table 1. CR acceleration capabilities of selected galactic BH candidates observed in X-ray BH binaries with measured masses M, spins   a = J c / ( G  M 2  )  , equipartition magnetic field strengths B and predicted mean energies of proton   E  p +  mean   accelerated by the given corresponding source.






Table 1. CR acceleration capabilities of selected galactic BH candidates observed in X-ray BH binaries with measured masses M, spins   a = J c / ( G  M 2  )  , equipartition magnetic field strengths B and predicted mean energies of proton   E  p +  mean   accelerated by the given corresponding source.





	Source
	Refs.
	    M /  M ⊙     
	Spin a
	Log   B / 1  G   
	Log    E  p +  mean  / 1  eV   





	GX 339-4
	[25,37]
	5.8 ± 0.5
	0.92 ± 0.06
	8.07 ± 0.18
	   15.7 ± 0.2   



	V404 Cygni
	[25,38]
	   9.0 ±  0.6    
	0.97 ± 0.02
	7.84 ± 0.24
	   15.6 ± 0.4   



	XTE J1118+480
	[25,39]
	   7.2 ± 0.9   
	   0.66 ± 0.02   
	   7.80 ± 0.10   
	   15.7 ± 0.2   



	A0620-00
	[25,40]
	   6.6 ± 0.3   
	   0.98 ± 0.07   
	   6.76 ± 0.06   
	   14.4 ± 0.3   



	GRS 1915+105
	[41,42,43,44]
	   12.9 ± 2.4   
	   0.98 ± 0.01   
	   5.17 ± 0.83   
	   13.2 ± 0.9   



	XTE J1650-500
	[45,46]
	   5.0 ± 2.0   
	   0.80 ± 0.10   
	   7.80 ± 0.20   
	   15.5 ± 0.4   



	XTE J1550-564
	[44,47,48]
	   9.1 ± 0.6   
	   0.49 ± 0.20   
	≈7.70
	   15.6 ± 0.2   



	H 1743-322
	[49,50]
	   10.5 ± 3.1   
	   0.30 ± 0.10   
	≈6.88
	   14.3 ± 0.6   
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Table 2. UHECR acceleration capabilities of selected SMBH candidates with measured masses M, distances d (within about 100 Mpc), dimensionless spins   a = J c / ( G  M 2  )  , equipartition magnetic field strengths B and predicted mean energies of proton   E  p +  mean   accelerated by a corresponding source.






Table 2. UHECR acceleration capabilities of selected SMBH candidates with measured masses M, distances d (within about 100 Mpc), dimensionless spins   a = J c / ( G  M 2  )  , equipartition magnetic field strengths B and predicted mean energies of proton   E  p +  mean   accelerated by a corresponding source.





	Source
	d (Mpc)
	Log   M /  M ⊙    
	Spin a
	Log   B / 1   G    
	Log    E  p +  mean  / 1   eV    





	Sgr A*
	(GC) 0.008
	6.63
	0.6
	2
	15.64



	NGC 1052
	19
	8.19
	≲1
	4.8
	20.11



	NGC 1068/M77
	15
	6.9
	≲1
	4.54
	18.56



	NGC 1365
	17
	6.3
	≲1
	4.70
	18.12



	NGC 2273
	29
	6.9
	0.97
	4.58
	18.41



	NGC 2787
	8
	7.6
	≲1
	3.73
	18.45



	NGC 3079
	22
	6.4
	≲1
	4.06
	17.58



	NGC 3516
	42
	7.4
	0.64
	4.88
	19.37



	NGC 3783
	41
	7.5
	0.98
	4.15
	18.77



	NGC 3998
	15
	8.9
	0.54
	3.58
	19.52



	NGC 4151
	14
	7.8
	0.84
	4.6
	19.53



	NGC 4258/M106
	8
	7.6
	0.38
	4.14
	18.65



	NGC 4261
	32
	8.7
	≲1
	3.51
	19.33



	NGC 4374/M84
	20
	9
	0.98
	3
	19.12



	NGC 4388
	18
	6.9
	0.51
	5.19
	19.11



	NGC 4486/M87
	17
	9.7
	≲1
	2.84
	19.66



	NGC 4579
	18
	8
	0.82
	4.11
	19.23



	NGC 4594
	11
	8.8
	0.6
	3.18
	19.05



	NGC 5033
	20
	7.2
	0.68
	4.47
	18.77



	NGC 5194/M51
	8
	6.0
	0.57
	4.51
	17.57



	MCG-6-30-15
	33
	7.3
	0.98
	4.74
	19.16



	NGC 5548
	75
	7.8
	0.58
	4.48
	19.34



	NGC 6251
	102
	8.8
	≲1
	3.70
	19.62



	NGC 6500
	43
	8.6
	≲1
	3.60
	19.32



	IC 1459
	31
	9.4
	≲1
	3.20
	19.72










3. Black Hole Rotating in Magnetic Field as CR Accelerator


3.1. Generalized Formalism


Let us now consider the motion of a test charged particle with mass m and charge q. For the particle, one can define two conserved quantities (energy and angular momentum), which are the components of the canonical four-momentum    P μ  = m  u μ  + q  A μ   :


  E = −  P t  = m  u t  + q  A t  ,      L =  P ϕ  = m  u ϕ  + q  A ϕ  ,  



(9)




where   u μ   is the particle’s four velocity. Now, we consider the split of a particle A into two charged fragments B and C in the black hole ergosphere at the equatorial plane. The conservation laws before and after split can be written as follows:


   E A  =  E B  +  E C  ,       L A  =  L B  +  L C  ,       q A  =  q B  +  q C  ,       m A  ≥  m B  +  m C  .  



(10)







If one of the particles after split, e.g., particle B, attains negative energy, particle C comes out with energy exceeding the energy of the incident particle A at the expense of the rotational energy of the BH.



Skipping routine calculations that can be found in [18], 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 A to the equatorial plane   θ = π / 2   and assume that the particle A is neutral, splitting into two charged fragments. Then, the leading term for the energy of the escaping ionized particle takes the following simple form:


   E C  ≈   q C   m A    A  t   i o n    E A  ,  



(11)




where   A  t   i o n    is the time component of the covariant form of the electromagnetic four potential calculated at the fragmentation point of the incident neutral particle A. Note that   A  t   i o n    is nonzero in the black hole vicinity due to the frame-dragging effect [30]. The energy in this mechanism can grow ultra-high under realistic conditions [9].



Since neutral particles may travel arbitrarily close to the event horizon without being affected by electromagnetic fields, ionization can occur extremely close to the black hole and take advantage of the strong gravity interactions. As a result, in addition to gravitational negative energy in the ergosphere, the charged fragment following the ionization of the neutral particle attains a very high Coulombic contribution to the energy. Initially charged particles in the plasma surrounding the BH are unable to use the Coulombic contribution. In Figure 2, we illustrate the numerical results of the process of ionization of a freely falling neutral particle and the resulting escape of an ionized particle (red curves) with higher energy than that of the neutral particle.




3.2. Mean Energy of Cosmic Rays Accelerated by Various BH Candidates


In general, the magnetic field has a complex structure around the event horizon, but locally, at the splitting point, the field may be considered uniform [30]. In order to obtain the required estimates, let us consider the ionization of a freely falling neutral atom with atomic number Z, mass number A and energy   E =  m A   c 2  ∼ A ×  10 9    eV into a BH. The energies of escaping ionized particles from stellar mass and supermassive BHs [9] take the following values:


      E  ion  BH  ≈  10 16  eV   Z A   B   10 8  G    M  10  M ⊙    ,     



(12)






      E  ion  SMBH  ≈  10 20  eV   Z A   B   10 4  G    M   10 9   M ⊙    .     



(13)







For   A = Z = 1  , e.g., in the process of the neutron beta decay,    n 0  →  p +  +  e −  +   ν ¯  e   , the energy of the escaping proton is of the order of    E  p +   ≈  10 16    eV for stellar mass BHs and    E  p +   ≈  10 20    eV for SMBHs. Here, we took the ionization point at    r ion  =  r g   , i.e., far enough from the horizon of rotating BH, so that the charged particles are able to escape from the inner regions. In astrophysically plausible conditions, the accelerated charged particle after ionization or fragmentation is more likely to be positively charged (proton or ion) since the induced BH charge has more likely a positive sign [30,33].




3.3. CR Propagation: GZK and Synchrotron Losses


Due to the GZK cutoff [3,4], there exists an upper bound on the distance from which the very high energy protons are capable of reaching the observer at Earth. This distance is predicted to be <100 Mpc [2], for the corresponding proton energy   5 ×  10 19    eV. The discovery of UHECR events with energy larger than the GZK-cutoff limit raises issues about the origin, propagation, and composition of CRs at the highest energy. If UHECR particles with energy around   10 20   eV are made up of heavier nucleons, the interaction of high-energy ions with intergalactic radiation causes nuclei to be excited, photodisintegrated, and fragmented into protons and neutrons due to internal resonances. This highlights the significance of GZK and photodisintegration events in UHECR propagation, which is taken into account in choosing potential extragalactic sources in Table 2. Moreover, the interaction of CRs with the BH environment (matter, photons and magnetic field) in the source region has to be also taken into account, due to the hot and dense plasma matter surrounding BHs. The interaction of CRs with matter bounds the possible directions of the particles’ escape. Together with the magnetic field effects, this leads to the collimated emission of charged particles along the magnetic field lines, opening the equipotential surfaces and narrow funnel around the axis of BH rotation [20]. However, interactions of accelerated particles with photons in the source region can considerably influence the particle propagation. The losses of primary CRs due to the interaction with photons originated near the BH need to be determined, which we leave for future works. In addition, UHECRs interact with the magnetic field, causing synchrotron radiation. Although energy suppression due to electromagnetic radiation in galactic and intergalactic magnetic fields is small [51], UHECRs can lose a significant portion of their energies in the source regions, as we show below.



For ultra-relativistic charged particles, the presence of an external magnetic field and curvature of the spacetime leads to the non-trivial form of synchrotron radiation. A detailed study of the motion of a charged particle, taking into account the radiation–reaction force, can be found in [51], and the references therein. The dynamical equations take the following form:


    D  u μ    d τ   =  q m   F     ν  μ   u ν  +   2  q 3    3  m 2       D  F     β  α    d  x μ     u β   u μ  +  q m    F     β  α   F     μ  β  +  F  μ ν    F     σ  ν   u σ   u α    u μ   ,  



(14)




where   u α   is normalized as    u α   u α  = − 1  , and   F     ν  μ   is the electromagnetic Faraday tensor. The time component of the Equation (14) leads to the time evolution of energy of the particle, due to synchrotron radiation loss [51]. The characteristic synchrotron radiation timescale is given by


   τ synchrotron  ≈   1 −   2  G M   r   c 2      − 1     3   m 3   c 5    2   q 4   B 2    .  



(15)







Note that Equation (15) is derived for an ultra-relativistic particle with the Lorentz factor   γ ≫ 1  . The speed of the radiation losses decreases close to BH as the cooling time increases. It is important to note that the electron cooling timescale is   10 10   times faster than for protons due to the cubic mass dependence in Equation (15). In Table 3, we show characteristic synchrotron radiation timescales for electrons, protons and iron nuclei for different values of magnetic field strength. Thus, the energy loss can be quite relevant, especially in the case of lighter particles, such as electrons.



CR passing through large distances inevitably interact with magnetic fields, which can vary from   10  − 5    G (Galactic or intergalactic) up to the strengths   10 4   G up to   10 8   G near their accelerating sources depending on the source type. Since the electron radiation timescale is ten orders of magnitude faster than that for protons, heavier CR constituents have a greater chance of overcoming the synchrotron radiation losses. However, if the magnetic field is too strong   ≫  10 4    G, then synchrotron losses become dominant also for protons and ions. For example, in the case of neutron stars having typical magnetic fields of the order of   10 12   G, the characteristic synchrotron radiation timescale for protons is of the order of   10  − 6    s. In this situation, high-energy CR particles would be able to escape the star only along the trajectories strictly parallel to the magnetic field lines, which can be possible only in very narrow cones at the polar cap regions, where magnetic field lines are straight and open to infinity. Such a collimation of accelerated particles requires fine-tuning of the dynamical parameters of the particle.



Therefore, taking into account the above given arguments, among the compact objects, BHs (both stellar and supermassive) seem more plausible candidates for high-energy CR accelerators.





4. Conclusions and Future Prospects


In this paper, we generalized the CR acceleration model proposed in [9] to a larger number of objects of two classes: stellar and supermassive BHs. The rotation of a BH in an external magnetic field leads to the induction of an electric field due the effect of the frame dragging and subsequent selective accretion and net charging of the black hole. The highest efficiency and subsequent acceleration are achieved in the process of decay of the initially neutral particle close to the BH into two or more charged fragments. In such cases, which include the processes of ionization, the energy of the charged fragment can be increased, due to the electromagnetic interaction between the particle and BH. Due to the co-rotation of the matter with the BH, the alignment of the magnetic field lines at the event horizon scales is usually governed by the BH spin. Therefore, a positive induced charge of the BH is plausible. As a result, the accelerated fragments after the decay of a neutral particle are likely positively charged. Negatively charged fragments are expected to eventually fall into the BH, leading to the decrease in the BH’s angular momentum.



In Table 1 and Table 2, we summarize the results of the current paper, providing constraints on the CR acceleration capabilities of selected stellar mass and supermassive BHs and their relevant parameters. Taking into account the GZK-cutoff limit, photodisintegration and synchrotron radiation losses, we calculated the mean energies of protons, which can be accelerated by the given source. For stellar mass BHs, we chose 8 galactic sources and for SMBHs 25 extragalactic sources within 100 Mpc. For stellar mass BHs, typically, the acceleration capabilities do not exceed   10 16   eV, while for SMBHs in AGNs, they are of the order of   Z ×  10 20    eV. Among the stellar mass X-ray binaries and AGNs, we also studied the acceleration capability of the galactic center SMBH, for which it was found that the proton energy coincides with the knee of the CR spectrum and can potentially contribute to its sharpness. This result is well in accord with the observations: the galactic center is currently not active, it has a relatively weak magnetic field (<100 G), and the observed CRs with energy above the knee are likely extragalactic.



Due to the strong tidal forces and hot environment in the vicinity of stellar mass BHs, the acceleration of CR ions heavier than protons is less likely in contrast to SMBH cases. Additionally, it is expected that primary CR protons accelerated by stellar mass BHs would lose significant parts of their energies in synchrotron radiation in the source regions due to stronger magnetic fields surrounding stellar mass BHs in comparison to SMBHs (see Table 3). In such cases, the direction of escape of the high-energy charged particles are preferred in the directions along the magnetic field lines. These all constrain the energy of primary CRs reaching the Earth, from galactic BHs to the values, which would normally not exceed the knee of the cosmic ray spectrum. In the case of SMBHs, unlike the jet acceleration models and due to the relatively weak magnetic fields, the direction of escape of ionized high-energy particles is expected to be more isotropic. Averaged over selected SMBH, the mean proton energy was found to be around   10 19   eV. The existence of several sources at such energies can potentially contribute to the ankle of the CR spectrum, although the spectrum for particular SMBH is yet to be determined. Even though the presented model gives certain predictions on the parameters of BHs as CR sources, a more detailed study of the model is required to reproduce such CR observables as the flux, energy spectrum, composition, and spectral shape. These features of the model will be addressed in future publications.



The list of objects presented in Table 1 and Table 2 is obviously not exhaustive, and has to be extended in the future by using more multi-wavelengths data related to the measurements of BH masses, spins and magnetic fields. Another direction of potential search is the experimental study of CR correlations and arrival directions being realized on different scales. Extreme conditions around BHs, especially of AGNs with SMBHs at their centers, increase the chances for the engagement of accelerated UHECRs in the production of the so-called CR ensembles (CRE)—a group of correlated CR events—including photons with a common primary interaction vertex or the same parent particle. From this prospect, the recently founded Cosmic Ray Extremely Distributed Observatory (CREDO) [52] might be useful in revealing the origin of these remarkable phenomena.
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The following abbreviations are used in this manuscript:



	BH
	Black hole



	CR
	Cosmic ray



	AGNs
	Active galactic nuclei



	GBHs
	Galactic black holes



	SMBH
	Supermassive black hole



	UHECR
	Ultrahigh-energy cosmic ray



	CREDO
	Cosmic Ray Extremely Distributed Observatory
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Figure 1. Positions of various BH candidates at the magnetic field–mass diagram. Blue squares denote the galactic stellar mass BHs observed in X-ray binaries, red squares the SMBH in AGNs, and the green square corresponds to Sgr A*, the galactic center SMBH. The data and references are given in Table 1 and Table 2. Note the difference in the mass scales between the plots on the left (linear in mass) and other two (logarithmic). The fitting functions are seen as   y ≡   LogB, while x is either M (left plot) or Log M. All logarithms are common. 
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Figure 2. Schematic picture of the CR acceleration scenario based on the ionization of a neutral particle close to the innermost stable circular orbit (dashed circle) of rotating black hole. The trajectory is obtained numerically by integrating equations of motion in Kerr metric in the presence of external uniform magnetic field aligned along the rotation axis. 
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Table 3. Characteristic synchrotron radiation timescales of ultra-relativistic electrons   τ e  , protons   τ p   and iron nuclei   τ Fe   for different magnetic field values B.
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	B (Gauss)
	   10 12   
	   10 8   
	   10 4   
	1
	   10  − 4    



	   τ e   (s)
	   10  − 16    
	   10  − 8    
	1
	   10 8   
	   10 16   



	   τ p   (s)
	   10  − 6    
	   10 2   
	   10 10   
	   10 18   
	   10 26   



	   τ Fe   (s)
	   10  − 5    
	   10 3   
	   10 11   
	   10 19   
	   10 27   
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