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1. Penrose process and BSW effect: Definitions

-Black holes appear in all scales, recall r, = M + \/M? — Q% — a2, for simplest
case ry = 2M. So, there can exist micro black holes with the radius of a
proton or gigantic black holes with the radius of a galaxy. Therefore,
processes involving black holes, as the Penrose process and the BSW effect,
are of interest for all scales, not only in astrophysics. Therefore, all black
holes in general relativity, Schwarzschild, Reissner-Nordstrom, Kerr,
Kerr-Newman, with or without cosmological constant are of interest.

-The Penrose process uses the negative energy states of the ergosphere of a
black hole to extract energy and deposit it at infinity. Originally, the process
was realized in the decayment of one particle into two new particles.

-The BSW effect uses the properties of the event horizon to generate infinite
center of mass energies in the collision of two radially ingoing particles.

-In this work we determine the energetics of a Penrose process of two
electrically charged particles suffering a BSW collision along the radial
direction at the event horizon of an extremal Reissner-Nordstrom-de Sitter,
flat, anti-de Sitter black hole.



1. Penrose process and BSW effect: Definitions

-First, one has to find an instance for having a BSW collision, where huge
center of mass energies are generated locally in the collision. This is a
favorable condition to extract energy from the black hole, but not sufficient,
since the product particles might go down the hole.

-To understand whether energy can be extracted or not in a Penrose process, we
investigate in detail a collision between ingoing particles 1 and 2, from which
particles 3 and 4 emerge, with the possibility that particle 3 can carry the
energy extracted far out from the black hole horizon, i.e., there is a high
Killing energy transported by particle 3.

-We find that the mass, the energy, the electric charge, and the initial direction
of motion of particle 3 can have different values, depending on the collision
internal process itself. But, the different possible values of the parameters of
the emitted particle 3 lie within some range, and moreover the energy of
particle 3 can, in some cases, be arbitrarily high but not infinite, characterizing
a super-Penrose process. Particle 4 lives in its own electric ergosphere with
negative energy states before being engulfed by the event horizon.



2. Penrose and super-Penrose energy extraction from a

BSW collision
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-A t = constant drawing of a BSW collision of particles 1 and 2 and of the
resultant particles 3 and 4, and a Carter-Penrose diagram of the same collision.



2. Penrose and super-Penrose energy extraction from a

BSW collision

-The Reissner-Nordstrom line element, or Reissner-Nordstrom-Tangherlini in d
dimensions, is )
2 ,  dr 2 102 1
ds? = —f () + {4 PA f ()= () (= r)e()
where g(r), is a polynomial function of r, of some degree which depends on
the cosmological constant. The electric potential is ¢ = % Q the black hole
electric charge.

-Defining the four-momentum as p* = mu®, the equations of motion for the
particle are
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with € = +1 defining the direction of the particle’s motion, —1 for inward
radial motion and +1 for outward motion. The forward in time condition,
t > 0 implies that £ — % > 0 outside the horizon.
-Supposing Q > 0, then if E = —|E| and e = —|e|, find an electric ergoregion
ry < r < Tergo With rergo = % for the electrically charged particle.



2. Penrose and super-Penrose energy extraction from a

BSW collision

‘The horizon radius r obeys the equation f(ry) = 0. If E — % = 0 for the
particle then interesting things can happen. Given E; for particle i, it is critical
when e¢; = ¢;, = %E,-.

Now from p? = gupp°p” = gar(p? + p3) (P4 + p) deduce for particle 1 critical
and particle 2 usual, both of mass m, that for an extremal black hole

Q
EZ\(7) Ey— 2= 1
1+ (B —JE2—m2 _

for a collision happening at a radius r near ... When r — r,, the factor

1

7= — oo. Thus, the energy at the center of mass frame explicitly diverges

when the collision is at the horizon.
-This is the collision we were looking for: Ecy — oo. It is important but not
sufficient for an interesting Penrose process, perhaps a super-Penrose process.

-Impose the three conservation equations for particles 1, 2, 3, 4, all with
different masses and different attributes.



2. Penrose and super-Penrose energy extraction from a

BSW collision

-Four cases:
1. OUT : 0 < m3 < AE| and m3+/g(r+) < E3 < E3;. Then €5 = +1, the parti-
cle goes out after collision. No energy extraction, can be shown that E3, < E|.

2. OUT": 0 < m3 < AE; and E3;, < E3 < o. Then & = +1, the particle goes out
after the collision. This case can yield a Penrose process and when m is very
small then E3, can be arbitrarily large but not infinite, and E3, can be
arbitrarily large, characterizing a super-Penrose process. There is an upper
bound in m3. Surely E4 < O, there is an ergosphere.

3.IN": AE; < m3 < oo and m3\/m < E3 < E3p. Then &3 = —1, the particle
goes in after the collision into the black hole. There is no extraction of energy.

4. IN": AE; < m3 < oo and E3, < E3 < o. Then &5 = —1, the particle goes in
after the collision and then reverses the motion to move outward. This case
can yield a Penrose process and there is a lower bound in m3. One can have a
super-Penrose process. There is the possibility that m3 be very large with the
emission of superheavy particles. E4 < 0 and there is an electric ergosphere.



2. Penrose and super-Penrose energy extraction from a

BSW collision

-To have a hand on these results, suppose that the initial inputs, are m1, E1, e1,
€1, my, Ey, €3, &, and the point r of the collision of particles 1 and 2. This
point of collision, to be of interest, is near the horizon radius r; and can be
found from kinematic expressions for particles 1 and 2. It is also assumed that
particle 4 travels inward so that & is known.

-Then, ms, E3, e3, and &3 can have different values, depending on the collision
internal process itself. One has that €3 can be either +1 or —1. For each
collision, one could consider m3, E3, and e3 as free parameters, but this cannot
be, since for the given inputs, m3, E3, and e3 are entangled quantities.

-Let us then consider m3 and Ej as free parameters. Thus, m3 emitted can have
some range of values and E3 emitted is also within some range, but within
these ranges m3 and E3 can be any that depend on the collision internal
process. Given mj3 and E3, e3 is then fixed values being within some range.



2. Penrose and super-Penrose energy extraction from a

BSW collision

-Now, in the case particle 3 moves always inward then it is hard to measure m3
and E3, but this is anyway irrelevant since it is the case IN™ and there is no
energy extraction.

-In the case particle 3 moves outward in one stage or the other, which is the
interesting case, we need a detector to measure m3 and E3, with e3 being then
calculated. From the measured m3 and the initial inputs, we find &3, and we
can discern between the cases OUT ™~ or OUT™, that have &3 = 41, and IN™
that has €3 = —1, this latter case yielding directly energy extraction.

“To distinguish between OUT ™~ and OUT™" we calculate E3; which is given
from m; and E;. If the measured Ej is in the range m3+/g(r;) < E3 < E3,
one is in the case OUT ™, and there is no energy extraction. If the measured E3
obeys E3, < E3 < o one is in the case OUT ", and there is energy extraction.
Also, we can find from the conservation laws, the other physical quantities of
particle 4, i.e., m4, E4, and e4, given the inputs and the measured m3 and E3.



2. Penrose and super-Penrose energy extraction from a

BSW collision

-Since there are many quantities, my, Ey, ey, €, mp, E», €2, &, m3, E3, e3, &,
my, Ey4, eq, &, and the point of collision r, what is initial input, what is measu-
red, and what is deduced is a matter of choice. We have given an example of a
collisional Penrose process with BSW type collisions. But many other
examples might be given. For instance, if the detector is also able to measure
the electric charge e3, then the point of collision does not need to be an initial
input, it can be found a posteriori.

-For details see D. Feiteira, J. P. S. Lemos, and O. B. Zaslavskii, “Penrose and
super-Penrose energy extraction from a Reissner-Nordstrom black hole
spacetime with a cosmological constant through the BSW mechanism: Full
story”, Phys. Rev. D. 110, 333454 (2024); arXiv:2411.14528 [gr-qc].
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