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Abstract: Penrose process provides one of the possible explanation for astronomically observed phenomena like gamma ray bursts
and active galactic nuclei. In this process the rotational energy of a rotating blackhole is extracted. After the proposal of BSW
mechanism the Penrose process attracted physicists to study the efficiency of the process. The efficiency of the Penrose process is always
moderate even though the centre of mass energy may diverge near the horizon.
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1. Kerr Blackhole

Blackholes are the most beautiful predictions of Einstein’s
theory of gravitation. A black hole can be characterized by its
mass, angular momentum and charge according to ’no-hair’
theorem. The geometry of a rotating, axially symmetric
object (uncharged) is described by the Kerr metric. This
solution is obtained by Roy Kerr in 1963. In Boyer-Lindquist
coordinates (t, r, 0, @) it reads [5],
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where
>= r’+a’cos’(0)
A= r’+a*=2mr
where a and m are the angular momentum per unit mass and
the mass, respectively, of the blackhole. The metric has two
§a= aa na: aa
Killing vectors t and ¢ which corresponds to
the conserved quantities, energy and angular momentum of
the particle moving in Kerr spacetime, respectively. The Kerr
metric has coordinate singularity at A=0 , ie., at
— ,\‘Mz_ 2
r=m a , which corresponds to the event horizon
and cauchy horizon. If both these horizons coincide then the
black hole is called extremal. Neither signals nor particle can
escape from the region inside the event horizon. In addition
to these there is another surface defined by the condition

9.=0 known as the static limit surface which makes Kerr
black hole more interesting one. The side view of the horizon

structure of Kerr black hole is shown in (fig 1) [4].
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Figure 1: The horizon structure of Kerr black hole

2. Ergo Region

The region between the event horizon and the static limit
surface is known as ergo region or ergosphere. It is possible
for a particle to enter and leave the ergo region, but not to
remain stationary. The space time within the ergo region is
dragged in the rotational direction of black hole, known as
frame dragging, so that a particle crosses the static limit
surface won’t be static in the ergo region. The possibility of
having a timelike or null trajectory with negative energy
within the ergoshere makes it possible to visualize Penrose
process in a rotating black hole.

3. Penrose Process

An interesting feature of the Kerr mertic is that the rotational
energy of the blackhole can be extracted through what is
known as Penrose process [7]. In the original Penrose
process a particle which falls into the black hole disintegrated
into two particles in the ergo region, one with negative
energy plunged into black hole, and the other with energy
greater than the incident particle escapes to infinity. Since the
outgoing particle has more energy than that of incident
particle the energy of the black hole is extracted in this
process. As a consequence the rotational energy of the black
hole decreases. However the inefficiency of this single
particle Penrose process soon led to the proposal of
collisional Penrose process [9].

4. BSW Mechanism

Penrose process attracted many physicists after the proposal
of the BSW mechanism[1] , in which the Kerr black hole acts
as a particle accelerator. BSW mechanism says that the
centre of mass energy will diverge near the horizon of Kerr
black hole for particle collision. The range of the angular
momentum per unit mass (I) of the particle falling into the

black hole is —2(1+ Wa)<I<2(1+-a) e
results for the centre of mass energies for two colliding
particles of same mass given in [1] which can be obtained
using the equation,
Ecm=m, - Qv Us Uy

vl v
where U and U are the 4-velocities of the particles.
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5. Collisional Penrose Process

In this revised scenario, two particles are colliding in the ergo
region of the Kerr black hole which leads to Penrose process
under suitable initial conditions. The efficiency of

the collisional Penrose process is more than the original
Penrose process. The different aspects of this problems are
studied by many people [2] [8] [3] where the preliminary
emphasis was put on the efficiency of the mechanism, with
different physical situations. The original Penrose process
and its some variants are depicted in (fig. 2) [6].
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Figure 2: First figure represents the original Penrose
process. The second one for collisional Penrose process. In
the third diagram the incident particle collides with a particle
which is rotating around the black hole. In the last figure the
collision is between an ingoing and an outgoing particles,
sometimes known as super Penrose process. The efficiencies
of this processes are in increasing order from left to right
side.

The study of the dynamics of a particle moving in a Kerr
geometry which is essential for the understanding of
collisional Penrose process. The allowed region of impact
parameter for the particle (the simplest case, a photon),
created in the ergo region after the collision, to escape to
infinity is shown below (fig. 3). This analysis is important
because the particle will escape to infinity only under certain
conditions even though the centre of mass energy may
diverge near the horizon. The outgoing particle has finite
energy so that the efficiency of the Penrose process is always
moderate.
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Figure 3: The shaded region represents the initial conditions
of a photon that can escape to infinity. i.e.,2 <b<r+1.

The study of Penrose process is important in understanding
the gamma ray bursts and Active galactic nuclei in galaxy.
Apart from the speculations that a post modern civilization
may use rotating black holes as energy power houses, the
study of Penrose process in different spacetime geometries
will shed light on astrophysical applications.

6. Acknowledgement
I would like thank Dr Ajith K.M. (NITK Suratkal) and Prof.

Sushant Ghosh (CTP-Jamia Millia Islamia, Delhi) for the
fruitful discussions and suggestions.

References

(1]

(2]

3]

[4]
[5]
[6]

[7]

(8]

[l

Banados, M., Silk, J., and West, S. M. (2009). Kerr
Black Holes as Particle Accelerators to Arbitrarily High
Energy. Phys. Rev. Lett., 103:111102.

Bejger, M., Piran, T., Abramowicz, M., and Hakanson,
F. (2012). Collisional Penrose process near the horizon
of extreme Kerr black holes. Phys. Rev. Lett.,
109:121101.

Berti, E., Brito, R., and Cardoso, V. (2015). Ultrahigh-
energy debris from the collisional Penrose process.
Phys. Rev. Lett., 114(25):251103.

Carroll, S. (2003). Spacetime and Geometry: An
Introduction to General Relativity.

Frolov V., a. N. I. (2011). Black Hole Physics, Basic
Concepts and New Developments.

Leiderschneider, E. and Piran, T. (2016). Maximal
efficiency of the collisional Penrose process. Phys.
Rev., D93(4):043015.

Penrose, R. and Floyd, R. M. (1971). Extraction of
Rotational Energy from a Black Hole. Nature, 229:177—
179.

Schnittman, J. D. (2014). Revised upper limit to energy
extraction from a Kerr black hole. Phys. Rev. Lett.,
113:261102.

T. Piran, J. S. and Katz, J. (1975). High Efficiency of
the Penrose Mechanism for Particle Collisions. The
Astrophysical Journal, 196:L.107.

Paper ID: ART20174391

Volume 6 Issue 6, June 2017

wWww.ijsr.net
Licensed Under Creative Commons Attribution CC BY

1008





