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Why do we (want to) extract mass-energy from a
black hole?

We want to explain the extreme energetics of some astrophysical systems of
extragalactic nature, e.qg.:

® Gamma-ray bursts (GRBs): up to a few 10754 erg released in gamma-rays (from MeV
up to TeV; but also X-rays, optical) in just a few seconds!! Short-lived (transient) source.

® Active Galactic Nuclei (AGN): e.g. a few 10743 erg/s over long times (long-lived source)
of the order of billion years implying 107”60 erg of energy released in their lifetime!!

Of course, to explain the whole energetics, at which pace it is emitted, and at which
wavelengths, we need a theoretical model. The two essential ingredients are:

Great Energetics and Great Efficiency
Because of the above properties, the models of GRBs and AGN have always invoked the

presence of black holes (BHs): in GRBs of stellar-mass (a few solar masses), in AGN
supermassive (up to a few billion solar masses)
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3D SPH simulations of BdHNe
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Why do we (want to) extract mass-energy from a black hole?

® Black holes are the greatest storehouses of energy in the Universe; Christodoulou
(1970) and Christodoulou & Ruffini (1971) derived BH mass-energy formula

BH mass-energy = “irreducible mass” + rotational energy (+ electric energy for KN BH)
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® From it, we have that: up to 29% of the mass-energy of a rotating (Kerr) black hole can
be extracted
(Eextr = 0.29*Mc? for |=G*M"™2/c)

® Penrose’s ideal process (1971): particle 1 splits into particles 2 and 3 (1-->2+3), particle
2 falls into the BH and particle 3 scapes to infinity with energy larger than particle 1!
(obs. At infinity measures energy of 1 as negative). It sounds great but ... poorly
plausible (extreme fine-tuned parameters) and energetically expensive (split must
occur in the “ergosphere” which is very close to the BH horizon)



“Papetrou-Wald” solution of EM eqs:
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For moderate dimensionless spin values, @ < 0.7, where a =
a/M = cJ/(GM?), the electric and magnetic fields are accurately
represented by the first order expansion (o < | or a < M):
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Far-away from the BH the magnetic field behaves as:
(x-y-z are Kerr-Schild Cartesian coordinates)
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Particle acceleration along the BH rotation axis

Energy gained by a proton from the BH horizon to

infinity:
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Electric field at the horizon:
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The “blackholic quantum” of energy

8 A 2
mepi a B
& = h 2etr, S2err =4 ( ) (T) v 24
My M PPI

4G (m *
7 ( Pl) €BO .Q_|_
¢ m;

e =hwp, wp

Rueda & Ruffini; EPJC 80, 300 (2020); arXiv:1907.08066

There are no losses along the BH
rotation axis
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Ultrahigh-energy Cosmic Rays
(UHECRS)



UHECRSsS: acceleration along the BH rotation axis
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GeV (and beyond) emission: off-axis radiation

------- GeV Best Fit after UPE, =t~1.2

10% # Fermi-LAT 0.1-100 GeV An approximate solution of the electron
1052 . synchrotron emission in the PW EM field:
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Estimating the “inner engine” parameters

The 3 conditions to obtain GRB 130427A GRB 190114C
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Estimating the inner
engine parameters

GRB 190114C

AGN (M87*-like)
M (M) 4.4 6.0 x 107
a 04 0.1
By (G) 4.0x 10 10
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ey = ¢ e Photon four-momentum
5iv Ly measured by the observer
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Photon four-momentum measured at infinity
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Electron accelerated
from different
positions near the BH:

M=4 Msun, a/M = 0.3,
B=101G

r~4M and different
polar angles 6



Conclusions UHECRs: acceleration along the BH axis

(1) The gravitomagnetic interaction of a Kerr BH with a B-field induces an electric field
(2) The induced electric field accelerates particles in the BH surroundings
(3) Along the BH rotation axis, there are no energy losses, so particles reach ultrahigh-
energies of the order of the electric potential energy between the horizon and infinity. For
stellar-mass BH and trillion gauss B-field (GRB case) or in billion solar masses
supermassive BH and a few gauss B-field (AGN case):
-) Electrons reach up to 10718 eV
-) Protons reach up to 10™21 eV

(4) The number of accelerated particles per unit energy per unit time is a Universal
constant: are we in presence of a new cosmological candle?



Conclusions HE emission: off-axis acceleration/radiation

(i) There is no need of bulk expansion motion (i.e. no massive jet but jetted emission).
(i) Electrons radiate in the ~GeVregime during their acceleration.
(iii) The GeV energetics is paid by the BH extractable energy, i.e. the BH rotational energy.
(v) For appropriate value of B, the system is transparent to GeV photons.

(vi) The GeV emission is radiated from e- within 60 degrees from the BH rotation axis: this is
crucial for testing the morphology of long GRBs from observations
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