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A long fifty-years march of successive theoretical progress and new physics discovered using ob-
servations of gamma-ray bursts, has finally led to the formulation of an efficient mechanism able
to extract the rotational energy of a Kerr black hole to power these most energetic astrophysical
sources and active galactic nuclei. We here present the salient features of this long-sought mech-
anism, based on gravito-electrodynamics, and which represents an authentic shift of paradigm of

black holes as forever “alive” astrophysical objects.
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I. INTRODUCTION

Traditionally, rotating black holes (BHs) have been
described by the Kerr [1] and the Kerr-Newman (for
nonzero charge) metrics [2] which adopt the spacetime
to fulfill: (i) matter vacuum, (ii) asymptotic flatness, and
(iii) global stationarity. These conditions led to the pri-
mordial view of BHs either as “dead” objects or as sinks
of energy. Subsequently, it was realized that BHs, much
as the thermodynamical systems, may interact with their
surroundings leading to reversible and irreversible trans-
formations [3, 4]. This result led to the one of the most
important concepts in BH physics and astrophysics, i.e.
the BH mass-energy formula [4]:

) Q? 2 2 g2
M™= (M * 4GMirr> G2 4M2’ S
which relates the BH mass, M, to three independent pa-
rameters: its irreducible mass, M;,, charge, @), and angu-
lar momentum, J. The expression of the BH mass-energy
(1) was soon confirmed by Hawking [5].

It turns immediately out from Eq. (1) that the BH
extractable energy

Eextr = (M - Mirr>cga (2)

could reach up to 50% of M¢c? in a maximally charged
BH (charge to mass ratio equal to unity), and up to 29%
in a maximally rotating BH (spin to mass ratio equal
to unity). This extraordinary result swung the attention
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of the astrophysics community to the alternative view of
“alive” BHs since their energy could be extracted and
be used to power astrophysical sources! This novel view
of BHs was shaped in “Introducing the black hole” by
Ruffini and Wheeler [6] (see also “On the energetics of
black holes” by R. Ruffini in [7]), and since then it has
permeated, for fifty years as of this writing, relativistic
astrophysics both theoretically and experimentally.

The most energetic known astrophysical sources,
gamma-ray bursts (GRBs) and active galactic nuclei
(AGNSs), were soon identified as primary candidates to
be powered by BHs. GRBs, the most powerful transient
objects in the sky, release energies of up to a few 10%4 erg
in just a few seconds, which implies that their luminosity
in gamma-rays, in the time interval of the event, com-
pares to the luminosity of all the stars of the Universe in
our past cone! GRBs have been thought to be powered
(somehow) by stellar-mass BHs, while AGN, releasing up
to 1046 erg s~ for billion years are thought to be powered
by supermassive BHs.

However, since the theoretical formulation of the BH
mass-energy formula and the introduction of the concept
of extractable energy, every theoretical effort to find a
specific mechanism able to efficiently extract the BH en-
ergy has been vanified by the implausibility of their ac-
tual realization in nature. An example was the gedanken
Penrose’s process which was shown by the authors to be
physically not implementable on the ground of traditional
physical considerations [8]. A new physics was needed!.

We have recently introduced in [9, 10] the BH “in-
ner engine” to explain the high-energy (in the GeV do-
main) radiation observed in energetic long GRBs, which
efficiently extracts the rotational energy of the newborn
Kerr BH via a novel gravito-electrodynamical process oc-
curring at the crossroad between quantum electrodynam-



ics and general relativity. We have been guided by our
GRB model based on binary-driven hypernova (BAdHN)
scenario (see Sec. II), which proportioned us with the
main ingredients that such a mechanism should have: a
Kerr BH, fully ionized matter, and a magnetic field. We
have also shown in [10] that the same mechanism, duly
extrapolated to large BH masses, works as well in AGN
and can be a copious source of ultrahigh-energy cosmic
rays (UHECRs). Wre summarize in this note the most
important properties of this long-sought BH inner engine
and how it paves the way to a still novel view of BHs as
forever alive astrophysical objects.

II. BINARY-DRIVEN HYPERNOVAE

Let us start by briefly introducing the BAHN model
[11-14] of long GRBs. The BAHN proposes as GRB pro-
genitor a binary system composed of a carbon-oxygen
(CO) star and a neutron star (NS) companion. The grav-
itational collapse of the iron core of the CO star forms
a newborn NS (vNS) at its center and expels the stel-
lar outermost layers in a supernova/hypernova (SN/HN)
explosion. Some of the ejecta fallback onto the ¥NS and
some other reach the companion, therefore a hypercrit-
ical (i.e. highly super-Eddington) accretion process is
triggered on both NSs. The accretion onto the ¥NS lasts
short but is sufficient to spin it up to millisecond rotation
rates. For compact binaries (orbital periods ~ 5 min),
the accretion onto the NS companion makes it to reach,
in matter of seconds, the critical mass for gravitational
collapse, consequently forming a rotating (Kerr) BH. We
have called these long GRBs in which there is BH for-
mation asd BAdHN of type I (BdHN I) nc their isotropic
energy release is in the range 10°3-10°* erg. Numer-
ical simulations of the above process in one, two and
three dimensions have been performed and have con-
firmed the occurrence of the above succession of physical
events [11, 13-15]. Figure 1 shows an example of three-
dimensional simulation taken from [11]. Since BAHN I
keep bound after the explosion, they naturally form NS-
BH binaries (see [16] for details).

But not all BAHN form form BHs, up to now, 380
BdHN I have been identified [17]. In fact, in binaries
with longer orbital periods, e.g. of the order of tens of
minutes to hours, the accretion occurs at much lower
rates and no BH is formed. The outcome is a BAHN
II, a long GRB releasing energies 10°! to 10°® erg [18],
leading to a NS-NS binary. Even less energetics may
occur for longer binary periods, we call them BdHN III.
The theoretical understanding of BAHN I, IT and III have
allowed to distinguish their relevant physical processes in
the observational data of long GRBs.

Detailed time-resolved analysis of the lightcurves and
spectra of BAHN I have revealed the separated role of the
vNS in the afterglow emission, and of the newborn BH in
the GeV emission. The X-ray afterglow observed by the
Neil Gehrels Swift satellite, characterized by a decreas-

ing luminosity described by a power-law, originates from
the synchrotron radiation produced by ultra-relativistic
electrons in the expanding SN ejecta, threaded by the
magnetic field of the ¥NS, and further powered by the
vNS pulsar-like emission [18-20]. Therefore, the NS ro-
tational energy powers the X-ray afterglow emission and
we have used this fact to infer from the X-ray data the
vNS spin, as well as the strength and structure of its
magnetic field in several sources (see e.g. [19, 20]).

The analysis of the GeV emission, characterized by a
decreasing luminosity also well fitted by a power-law (but
different with respect to the one of the X-rays), explained
by the rotational energy extraction from the newborn
rotating BH, have allowed to infer for the first time in
GRB 130427A [9], GRB 190114C [21] and in many other
sources in [17], the BH mass and spin, as well as the ge-
ometrical properties of the GeV emission. The observed
lightcurve in the X- and in the high-energy (GeV and be-
yond) gamma-rays of GRB 190114C is shown in Fig. 2.

III. THE BLACK HOLE INNER ENGINE

We turn now to give qualitative and quantitative de-
tails of the BH inner engine. The newborn BH in a BAHN
I'is embedded in the magnetic field inherited from the NS
[20], and sits at the center of a “cavity” of very-low den-
sity [22] of material from the HN ejecta (see Fig. 1). For
GRB 190114C, such a density has been estimated to be
of the order of 10714 g cm™3. The v is carved during the
accretion and subsequent gravitational collapse of the NS
leading to the BH. The magnetic field remains anchored
to the material and did not participate in the BH forma-
tion (see [20] for details on the magnetic field surrounding
the newborn Kerr BH in a BdHN I).

The Kerr BH in the cavity is not isolated, it is sur-
rounded by a magnetic field of strength By, asymptoti-
cally parallel and aligned with the BH rotation axis, and
by a fully ionized, very-low-density plasma. The plasma
is essential to the electrodynamical performance of the
energy extraction process since it feeds the system with
the particles to be accelerated. The operation procedure
of the BH inner engine leads the mass and spin of the BH
to be, instead of constant, decreasing functions of time,
keeping constant the BH irreducible mass. The electrons
accelerate to ultrahigh energy at expenses of the BH ro-
tational energy, and release it via electron-synchrotron
photons that carry it off to infinity.

A quantitative description of this physical situation
can be obtained by means of the solution of the Einstein-
Maxwell equations of a Kerr BH embedded in a test,
asymptotically aligned, uniform magnetic field [23, 24],
hereafter Papapetrou-Wald solution. The BH rotation
and the aligned magnetic field induce an electric field
that for moderate dimensionless spin values, is mainly
radial and inwardly directed. The intensity of this elec-
tric field decreases with the square of the distance, has
a maximum value at the BH horizon and on the rota-
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FIG. 1. Three-dimensional, numerical smoothed particle hydrodynamics (SPH) simulation taken from Becerra et al. [11] of the
SN explosion of a CO star in the presence of a binary companion NS. The orbital period is 4.8 min. The pre-SN CO star mass
is Mco = 6.85 Mg (evolved star from a 25 My zero-age main-sequence progenitor), the vNS (formed at the center of the SN)
mass is 1.85M and the NS companion mass is 2 M. The panels show the mass density on the binary equatorial plane at two
selected times from the SN explosion (¢t = 0 of the simulation), 159 s and 259 s. The reference system is rotated and translated
so that the x-axis is along the line that joins the vNS and the NS, and the axis origin (0,0) is located at the NS position. In
this simulation, the NS collapses with a mass 2.26 M and angular momentum 1.24GM%/C, while the vNS is stable with mass

and angular momentum, respectively, 2.04 M and 1.24GM<%/C.

tion axis (6 = 0), and changes sign at 3cosfy — 1 = 0.
We show in Fig. 3 the electric and magnetic field lines
in the Papapetrou-Wald solution. The electric field is
inwardly-directed in the northern hemisphere for spher-
ical polar angles (measured clockwise) —01 < 6 < 60,
where 0. = arccos(v/3/3) ~ 55° (see Fig. 3). Because
of the equatorial symmetry, it also points inward in the
southern hemisphere for 7 — 0+ < 6 < 7+ 0. There,
electrons are outwardly-accelerated.

The mathematical role of the Papapetrou-Wald solu-
tion [23, 24] in the BH inner engine have led to a pro-
found change of paradigm [9], namely the introduction
of the effective charge given by the product of J and By:

G
Qeft = C?ZJBO- (3)

It must be stressed that this charge works as an effec-
tive interpretation of the induced electric field which de-
creases as 1/r2 but, actually, the BH is uncharged as it
can be shown by integrating the induced surface charge
on the whole BH horizon surface. Thus, we are in pres-
ence of BHs having “charge without charge”, the electric
field arises from the gravitomagnetic interaction of the
Kerr BH with the magnetic field. This effective charge,

however, allows to finally understand the successful use
of a Kerr-Newman BH for the analysis of quantum elec-
trodynamical processes in the field of a rotating BH [25].

We are now able to elaborate, with the use of quantum
electrodynamics and general relativity, a novel and phys-
ically more complete treatment of the GRB high-energy
engine in a globally neutral system, therefore satisfying
Eq. (1) but with @ = 0!.

IV. THE BLACKHOLIC QUANTUM

The operation of the inner engine is based on three
components naturally present in a BAHN I: (i) the Kerr
metric that describes the gravitational field produced by
the newborn, rotating BH; (ii) an asymptotically uni-
form magnetic field around it, fulfilling the Papapetrou-
Wald solution (see Fig. 3); (iii) a very-low-density plasma
around the newborn BH composed of ions and electrons
of 10714 g ecm™3 [22]. The BH inner engine operates
following precise steps:

(1) The gravitomagnetic interaction of the BH spin and
the magnetic field induce an electric field as given by the
Papapetrou-Wald solution. For an aligned and parallel
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FIG. 2. Luminosity of BAHN I 190114C: the black data points
represent the rest-frame 0.3—10 keV luminosity obtained from
Swift-XRT. It follows a decaying power-law with index ax =
1.37 £ 0.05. The red data points show the rest-frame 0.1-
20 GeV luminosity observed by Fermi-LAT. It follows a de-
caying power-law with amplitude (4.6 & 0.6) x 1052 erg s+
and index agev = 1.19 £ 0.04. The green data points show
the rest-frame 0.3—1 TeV luminosity obtained from MAGIC.
Figure taken from [17] with the permission of the authors.

magnetic field to the BH spin, the electric field is nearly
radial and inwardly directed about the BH rotation axis
up to an angle 64 (see Fig. 3).

(2) The induced electric field accelerates electrons out-
wardly. The number of electrons that can be accelerated
is set by the energy stored in the electric field which, as
shown in [10], can be expressed in the quantum form:

E = hQes, (4)

where (g is linearly proportional to the BH angular ve-
locity, so depending on the BH mass and spin, and with
the proportionality constant depending upon the mag-
netic field strength, the Planck mass, and the neutron
mass. The expression evidences the nature of the under-
lying physical process generating the electric field and
the BH horizon: the electrodynamics of the Papapetrou-
Wald solution, the origin of the magnetic field from the
NS, and the smooth BH formation from the induced grav-
itational collapse of the NS by accretion.

(3) The maximum possible electron accelera-
tion/energy is set by the electric potential energy differ-
ence from the horizon to infinity [10], A® = ea By/c.

(4) Along the polar (rotation) axis, radiation losses are
absent, therefore electrons can accelerate all the way to
reach A® ~ 10'® eV, becoming a source of UHECRs.

(5) At off-axis latitudes, the electrons emit synchrotron
radiation responsible of the observed GeV emission.

(6) After this, the energy € has been used and emitted.
The process restarts with a new angular momentum J =
Jo — AJ, being AJ the angular momentum extracted to
the Kerr BH by the event.

The above steps are repeated, with the same efficiency,
if the density of plasma is sufficient, namely if the num-
ber of the particles is enough to cover the new value of
the energy, £. Therefore, the inner engine evolves in

FIG. 3.

Electric (blue lines) and magnetic (golden lines)
field lines of the Papapetrou-Wald solution in the xz plane
in Cartesian coordinates. The BH spin parameter is here set
to a/M = 0.3 and the magnetic field and the BH spin are
aligned and parallel. The background is a density-plot of the
electric field energy density which is decreasing from red to
blue. The BH horizon is the black-filled disk. Distances are

in units of M and the fields in units of Bg. In the northern
hemisphere, the electric field is inwardly-directed in the re-
gion covered by spherical polar angles (measured clockwise)
—01 < 0 < 04, where 61+ ~ 55°. By equatorial symmetry, in
the southern hemisphere it happens in m — 0+ < 0 < 7+ 04.
Electrons located in these northern and southern hemisphere
cones of semi-aperture angle of ~ 60° are outwardly acceler-
ated with appropriate pitch angles leading to GeV photons.
Clearly, being anisotropic, this “jetted” emission is not always
visible. This feature is crucial for inferring the morphology of
BdHN I from the high-energy (GeV) data of long GRBs [17].

a sequence of “elementary processes”, each emitting a
well-defined, precise amount of energy &£, the blackholic
quantum. As an example, we notice that for a magnetic
field strength By = 10! G, BH mass M = 3M, and spin
a = cJ/(GM?) = 0.5, the blackholic quantum of energy
is £ = 3.4 x 10%7 erg, and electrons can be accelerated to
energies as large as A® ~ 107 erg = 6.6 x 10'® eV

At first sight, one could think this energy can not
power the 10°3-10°* erg emitted at GeV energies in a
long GRB. However, £ is the energy of each elementary
process, each blackholic quantum which, as we shall see,
occurs on timescales as short as 107!® s. This leads to lu-
minosities of a few 10°! erg s~!, just as the one observed
(see Fig. 2). Indeed, in this short timescale only a small
fractional angular momentum AJ/J ~ 10716 of the Kerr



BH is extracted off. Therefore, the process must occur
over and over all the way to the resolvable timescales by
gamma-ray detectors, e.g. milliseconds and beyond. In
fact, a BH angular momentum AJ/J ~ 0.1 is extracted
in the timescale of a few seconds, leading to an extracted
energy Feoyir ~ 0.1Mc? that explains the observed energy.

V. POLAR AND OFF-POLAR ACCELERATION

Along the polar axis, 8§ = 0, the electric and magnetic
fields are parallel (see Fig. 3). Since the electron is accel-
erated by the electric field, this implies that the electron
pitch angle, i.e. the angle between the electron’s injection
velocity (into the magnetic field) and the magnetic field is
zero. Consequently, no radiation losses (by synchrotron
emission) occur for motion along the BH rotation axis.
Electrons are accelerated outward along the rotation axis
gaining the total electric potential energy, A® ~ 108 eV.
Most of this energy is gained at distance scales of the or-
der of the BH horizon, therefore this acceleration occurs
on timescales GM /c? of a few microseconds. This implies
that these ejected electrons may contribute to UHECRs
at 10'® eV with a power ~ 10*2 erg s~ 1.

At off-axis latitudes, the electric and magnetic field
cross each other, implying non-zero pitch angles of the ac-
celerated electrons. Figure 4 shows contours of constant
pitch angle for electrons moving in the electromagnetic
field of the Papapetrou-Wald solution shown in Fig. 3.

During the acceleration, the Lorentz factor increases
linearly with time up to an asymptotic, maximum value
[9]. This maximum value, set by the balance between the
energy gain by acceleration in the electric field, and en-
ergy loss by synchrotron radiation. This maximum elec-
tron energy leads to photon energies in the GeV regime
for the above pitch angles. For instance, in the case of
BH spin a = 0.5 and By = 10*! G, electrons moving with
a pitch angle of 2° reach an energy of 2 GeV, and radiate
photons of 1 GeV (in the energy range of Fermi-LAT)
with a timescale 3 x 10716 s,

VI. INFERRING THE BH MASS AND SPIN

We require three physical and astrophysical conditions
to obtain the three BH inner engine parameters, the BH
mass and spin, M and «, as well as the strength of the
magnetic field surrounding the BH, By. We closely fol-
low the treatment presented in [9, 17, 21]. The three
conditions are: (1) the GeV energetics is paid by the ex-
tractable energy of the BH; (2) the system is transparent
to GeV photons produced by the synchrotron radiation of
the accelerated electrons; (3) the synchrotron radiation
timescale explains the observed GeV emission timescale.
This constraint implies that the GeV emission is emitted
from electrons being accelerated with appropriate pitch
angles (see Fig. 4). Such pitch angles occur within a cone
of approximately 60° from the BH rotation axis.
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FIG. 4. Contours of constant electron pitch angle in the elec-
tromagnetic field of the Papapetrou-Wald solution of Fig. 3.
The BH is indicated by the filled black disk. The background
colormap indicates the electric field energy density (the lighter
the more intense). Electrons with these pitch angles emit
GeV photons in the approximately conical region with a semi-
aperture angle 6+ ~ 60° (dark boundary; see also Fig. 3).
This “jetted” emission is essential to infer the BAHN I mor-
phology from the GeV emission data of long GRBs [17].

From the above, we have inferred for instance for GRB
190114C: By ~ 3.9 x 10'° G, spin and BH mass, respec-
tively, « = 0.41 and M = 4.45 M. The BH irreducible
mass is Mj,, = 4.35 M. We have applied a minimum en-
ergy requirement, namely that Feyt, equals the observed
energy at GeV energies, so these values are lower limits.
The BH inner engine can be extremely long-lasting, it
can continue to radiate more than the observed (10% s of
emission) Egey. Because of the power-law behavior of
the GeV luminosity, most of the energy is emitted in this
early evolution, and just a small higher value of mass and
spin can make the system to work for much longer times.
For example, let us assume that this observed power-law
luminosity (see Fig. 2) extends to longer times, we can
check that a BH with o = 0.46, M = 4.50 Mg, and
My = 4.38 Mg can power a 25% larger GeV emission
energy, keeping the BH radiating for 1000 yr!.

In [17], we applied this method to several BAHN I and
inferred BH masses 2.3-8.9 My and spin 0.27-0.87. Be-
sides explaining the GeV emission from the BH energy
extraction, the time evolution validates, time by time,
the BH mass-energy formula.



VII. CONCLUSIONS

The inner engine wuses an efficient gravito-
electrodynamical process that explains the GeV emission
of long GRBs. The gravito-magnetic interaction of the
Kerr BH spin with the surrounding magnetic field
induces an electric field which accelerates electrons from
the BH vicinity. The kinetic energy gained by electrons
is radiated off to infinity by synchrotron emission due to
the presence of the magnetic field.

It is worth stressing that there is not any bulk mo-
tion: each electron is accelerated to a maximum energy
set by the balance between electric acceleration and syn-
chrotron radiation losses. The electron-synchrotron pho-
tons have energies in the GeV domain. The radiation of
the BH inner engine e.g. at keV to MeV energies is negli-
gible (with respect to the observed values). The observed
radiation in the keV to MeV energy domains is explained
by a different mechanism in a BdHN I; see e.g. [20]. The
request that the observed GeV emission be paid by the
extractable (rotational) energy of the Kerr BH have al-
lowed us to estimate, for the first time, the mass and
spin of BHs in long GRBs. Since we have here used only
the GeV observational data, these values of the BH mass
and spin must be considered as lower limits. In fact, we
have shown that even a small higher mass (or spin) of the
BH can guarantee even larger and longer emission of the
BH inner engine, and in view of the decaying power-law
behavior of the GeV emission, it may lasts forever!.

Before closing, it is worth to recall some crucial aspects
of the BH inner engine. (I) The nature of the emission re-
sults from considering the physical process leading to the
electric and magnetic fields and the BH formation. (II)
This is fundamental to show that the emission process
leading to the observed luminosity is not continuous but
discrete. (IIT) The timescale of the emission in GRBs is
too short to be probed directly by current observational
facilities. Direct evidence of the value and discreteness
might come out instead from the observation of large
BHs of 108-10° My in AGN. For instance, in the case
of M87*, for M = 6 x 10° Mg, a = 0.1, and By = 10 G,
the BH inner engine theory predicts a high-energy (GeV)
emission with a luminosity of a few 1043 erg s=%, with a
timescale of up to tenths of seconds, while the timescale
for UHECRs emission is of the order of half a day.

All the above results are important. The underlying
proof that indeed we can use the extractable rotational
energy of a Kerr BH to explain the high-energy jetted
emissions of GRBs and AGN stands alone. The jetted
emission does not originate from ultra-relativistic accel-
eration of matter in bulk (massive jets), but from very
special energy-saving general relativistic and electrody-
namical processes leading to the emission of blackholic
quanta of energy [10]. We were waiting for this result for
fifty years since “Introducing the black hole” [6] and the
writing of equation (1). We are happy to have given the
evidence of the successful operation of the BH BH inner
engine in this 50th anniversary.
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