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ABSTRACT

In this thesis, we study several applications of black hole (BH) physics in the presence of
two different deformed metrics. This deformation is implemented by the non-commutative
(NC) gauge theory of gravity. The first part of the thesis is devoted to obtain the deformed
metric in the presence of non-commutativity for two black holes (BHs), which are the
Schwarzschild and Reissener-Nordstrom (RN) metrics. The use of the NC gauge theory
affects the geometry of BH and their properties, such as singularity, static limit surface,
and event horizon. The second part is devoted for a detailed investigation of the particle
motions around a NC BH. Two cases are studied for each deformed metric. Firstly, we
study the motion of both massless and massive test particles in the NC Schwarzschild
spacetime for two kinds of motions: free fall and circular motion. For free-fall motion,
these two types of particles take an infinite time to reach the NC singularity. Moreover,
for the circular motion, the non-commutativity predicts a new stable circular orbit (SCO)
near the event horizon, which is not allowed in the commutative case. In the third part of
this thesis, we investigate in detail the effect of non-commutativity on the BH evaporation
process for different scenarios. In the first one, we study in detail the thermal proprieties
of the NC Schwarzschild BH in the context of the classical BH thermodynamics, where
we predict four important results, which are a new scenario of BH evaporation, a new
fundamental length, and a remnant BH in the final stage. We show then similarity between
the NC Schwarzschild BH and the Anti-de-Sitter (AdS) RN one in the grand canonical
ensemble. The second scenario is devoted to the investigation of the thermal stability and
the phase transition of this BH inside a thermal spherical cavity in the presence of this
geometry, in which this NC BH shows a two-coexistence phase transition. In the final
scenario, we present a detailed study of the NC effect on Hawking radiation, using the
quantum tunneling process for two cases. In the first one, we investigate pure thermal
radiation, where we show an equivalence between this approach and the thermodynamical
one, and then we show the effect of this geometry on the density number of particles that
are emitted from the NC Schwarzschild BH. Secondly, we investigate the non-thermal
radiation in the presence of this geometry, and then we check the correlation between two
successive particle emissions, in which the non-commutativity doesn’t preserve only the
correlation in this geometry but also reduces it compared to the commutative case, which
allows the information to come out with Hawking radiation. Finally, we show the effect of
this geometry on the BH evaporation process.

Keywords: Non-commutative gauge theory, black hole physics, geodesic equa-
tion, thermodynamical quantities, Hawking radiation, evaporation process.
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INTRODUCTION

General relativity (GR) theory is one of the foundations of modern physics and one of
the major scientific discoveries at the beginning of this century; it describes one of the
four fundamental interactions in nature, known by gravity, and this theory provides an
excellent relativistic description of this interaction. This theory was proposed for the first
time by Albert Einstein in 1915. The success of this theory is due to its direct and indirect
prediction of some phenomena, such as the four classical tests of GR [1], which were
the prediction of the anomaly in Mercury’s orbit (the periastron advance of orbit), the
deflection of light around massive objects, the red-shift, and the time delay. More modern
predictions, such as the detection of gravitational waves (GW) by the collaboration of the
LIGO/Virgo experiment in 2016 [2] and the recent indirect observation of a supermassive
BH for the first time in the center of the galaxy M87 by the event horizon telescope in 2019
[3].

The BHs are considered the most mysterious bodies in the universe. Unfortunately, noth-
ing can escape its gravity, and that makes direct observation of these objects difficult. The
only observation is the indirect one, for example, the motion of the stars around the center
of the galaxy, such as the star 52 around the supermassive BH Sagittarius A (SgrA*) in
the Milky Way galaxy [4-7], where we only observe the effect of their gravitational field
on the stars orbits. Also, it is possible to detect these celestial objects through their inter-
action. For example, a pair of BH can emit gravitational radiation, which is observed as
an GW, or detect the radiation emitted from their accretion disk and also their shadow,
etc. The first theoretical prediction of the existence of BHs was established by K. Schwarz-
schild in 1916, which is a vacuum solution of Einstein’s equations with static spherical
symmetry. After the Schwarzschild solution, several solutions were proposed, such as the
Reissner-Nordstréom (RN) RN, which is also a vacuum solution with a static spherical
symmetry, and the more realistic Kerr and Kerr-Newman solutions, which describe a ro-
tating uncharged and charged BH, respectively, etc. In this thesis, we focus only on the
Schwarzschild and RN solutions.

The geodesic motion of a test body around a compact object has great importance in as-
trophysics to understand the physics and geometry of these objects, such as neutron stars,
BHs, etc. The motion of different types of particles around a BH reveals a lot to understand
their nature [8-32]. Moreover, the classification of stable and unstable orbits is interesting
to describe the geometrical properties of spacetime around massive objects. Among the
various methods for analyzing the stability of geodesics, the Lyapunov exponents [33]
has a great application in this context, in which it is considered a bridge between the non-
linear GR and the non-linear dynamics. The Lyapunov exponent measures the average rate
of separation between two nearby geodesics in phase space [34-44], where the instability



of orbits is expressed by the real Lyapunov exponent, while the marginal stable and the
stable ones are expressed by the zero and imaginary Lyapunov exponents, respectively.
Although GR predicts BHs, it fails miserably in explaining or studying the center of
these objects, in which a spacetime singularity appears, where the geometry at this point
diverges at infinity, and this physical singularity is considered as a quantum object. Add
to that the failure of this theory to describe gravity signals at the quantum scale. These
issues lead physicists to look beyond the GR theory for solving the above problems and
search for a new theory that enables them to describe gravity effect at the quantum level.
In this context, quantum gravity (QG) theory is one of the biggest modern problems in
physics and one of the largest and most active research areas. At the end of the last century,
there were several theories that emerged to solve these issues. Among the most promising
theories are string theory (ST) [45, 46], loop quantum gravity (LQG) [47, 48], as well as
super-gravity [49-52], without forgetting the semi-classical approach [53]. Unfortunately,
none of these theories provide a complete theory of QG, despite their impressive applica-
tions and theoretical results, and to this day, none of them has been proved experimentally.
We must point out that looking for a theory of QG results from the idea of unifying the
four fundamental interactions in one single gauge theory. As we know, the classical theory
of GR is not a gauge theory. In this context, the first gauge theory of gravity was pro-
posed by R. Utiyama in 1956 [54], which is constructed by analogy to the gauge models
of internal symmetries (U(1),SU(2), ...etc.), where the gauge theory of gravity is based
on the spacetime symmetry [55-58]. In 2002, G. Zet et al. [59] published an elegant gauge
theory of gravity in the Poincaré group, based on a 4-dimensional spherical Minkowski
metric, and the gauge fields in this theory are described by four tetrad fields e}, and six
ff’, where these gauge potentials are generated by a point-like particle

source of mass m. The solution of the equations raised from this gauge gravity reproduced

spin-connections w

the Schwarzschild one for a vacuum solution. Then, G. Zet et al. generalized their work to
the de-Sitter (dS) SO(4,1) group [60], and the solution for vacuum became the Schwarz-
schild with cosmological constant solution [60, 61]. In this thesis, we will use this theory
as a mathematical background for our calculations.

In the semi-classical approach context, the first mechanism that unifies quantum me-
chanics and gravity near the event horizon of BH was proposed by S. Hawking in 1975
[53], and it’s considered the first bridge to the QG theory, where this discovery changed
our idea about the BHs, in which these objects can emit radiation and thus evaporate
[53, 62], similarly to black body radiation. This phenomenon is called Hawking radiation.
Also these objects are considered a perfect thermodynamical system, and they are sub-
ject to the thermodynamic laws [63] in a similar way to the classical one. Later, the BH
thermodynamic became a large part of the research area of the BH phenomenology, [62,
64-75],...etc., and that enhanced our comprehension about this relation between quantum
mechanics and gravity, and deepened our understanding about BHs, which is the aim of
this thesis.

It is worth noting that, after Hawking’s original derivation of BH radiation, several
approaches were derived to deduce Hawking radiation. Amongst them is the quantum



tunneling process with its two methods: the null geodesic method [76] and the Hamilton-
Jacobi one [77]. Also, the use of anomaly mechanisms [78-80] near the event horizon pro-
vides a way to reproduce Hawking radiation. In this thesis, we will focus on the tunneling
process using the null geodesic method, which was initiated by Kraus and Wilczek [81]
and developed by Parikh and Wilczek [76, 82, 83]. This approach describes Hawking ra-
diation as a quantum tunneling process within a semi-classical framework. In a variety of
BH with static spherical symmetry, this technique has proven to be invaluable for studying
Hawking radiation [84-98].

In the semi-classical approach, Hawking demonstrated that the pure thermal spectrum
of the Schwarzschild has a temperature, which relates all fundamental constants of physics
in one single formula: Ty = hi¢3/(8tGkgM). It is clearly evident that this expression has
a divergent quantity in the final stage of evaporation, M — 0. Thus, the final stage of
Schwarzschild BH evaporation is not clear in the classical theory, and the explanation
problem requires a QG theory. In this context, many theories emerged to solve this prob-
lem, which studied the effect of some QG models on BH thermodynamics in different
scenarios, such as rainbow gravity (RG) [99-104], and quantum deformation effect, which
predicts a minimal length (as an example, the generalized uncertainty principle (GUP),
the extended uncertainty principle (EUP), etc.) [105-120] in which these models predict a
minimal length and are expected to be in the order of the Planck scale, which acts as a nat-
ural cutoff to eliminate the divergence behavior. In the second scenario, there is an interest
in studying the thermodynamic stability of BH in the presence of boundary conditions,
where the BH is surrendered by a isothermal spherical cavity [70, 71], and in the presence
of the QG effect on this BH [73, 75, 102-104, 118, 121, 122], to maintain the thermal stability,
and the results look promising. In addition to previous models of QG, another model of
quantizating gravity has been proposed.

In 1994, Alain Connes presented a new idea in the treatment of space geometry [123], in
which he adopted the same concept as quantum mechanics concerning the commutation
relations between observables (position, momentum, energy, etc.) and applied it to the
spacetime coordinates, which led to the so-called NC geometry. Lately, this theory has
become one of the most promising in physics to solve the problems of modern physics
concerning the quantization of gravity. The application of this geometry in physics predicts
a new minimal length, which is expected to be on the Planck scale. At this scale, the gravity
effect is significant, which makes this theory one of the most promising to describe QG. The
idea of this geometry is simple, in which the quantization of spacetime leads to quantizing
gravity, and that leads to the concept of QG. The QG effects can be considered negligible in
low energy limits, but they must be taken into account in the powerful gravitational field
of a BH. In the beginning of this century, there has been a lot of interest in the study of
the NC geometry in different fields of physics, for example, the standard model of particle
physics [124-126], ST [127], quantum Hall effect [128, 129], quantum fields theory [130,
131], and even the GR [119, 132, 133],...etc., which is the aim of this thesis. Recently, there
has been interest in studying the geodesic in the presence of non-commutativity [133-144],
as well as their effect on the thermodynamic properties of BH and their thermal stability



[132, 145-152], and it’s useful with new mechanism as the tunneling process [153-159],
which show promising results in solving the issues mentionned above.

This geometry is also mainly motivated by string theory, in which non-commutativity
emerges naturally between the endpoints of the open string in a B-field background with
D-branes [160]. In the same paper [160], N. Seiberg and E. Witten established a gauge
transformation that gives an important correspondence between the NC gauge fields and
the ordinary gauge ones and is known by the SW map. The application of this map in grav-
ity was given in [161], in which the author obtained a deformed Einstein’s gravity, where
that is due to gauging the NC dS SO(4,1) group and contracted to the Poincaré' group
ISO(3,1), and in this theory the gravitational potentials are given by 10 gauge potentials,
four deformed tetrad fields &}, and six deformed spin-connection fields w;‘jb . Through the
use of this theory together with the commutative gauge theory that we mentioned above
[60], we obtained an NC gauge theory of gravity, which has shown interest among physi-
cists [149-151, 162-166]. Our thesis will be in this context.

THESIS OUTLINE

This thesis was based on my works [167-173], which are focused on studying various
aspects of BH physics in the presence of non-commutativity. We summarize some notable
results of these studies. In this thesis, we obtain a deformed metric for Schwarzschild
BH and RN in the context of NC gauge theory of gravity. The non-commutativity affects
some geometrical properties of these BHs, shifts the singularity at a finite radius, increases
the event horizon, and adds a new static limit surface. Then we investigate in detail the
geodesic motion of a few types of particles in these metrics, and then we observe a new
type of motion near the event horizon, which is not allowed in the commutative case.
Also, the massless particles present a new stable photon sphere near the event horizon.
Finally, we investigate the thermodynamic properties of NC Schwarzschild BH and their
thermal stability in different scenarios, where this geometry presents a new scenario of
evaporation, predicts a new fundamental length at the Planck scale, presents a solution to
the information paradox, and predicts a remnant BH in the final stage of evaporation.
This thesis is organized as follows:

Chapter 1 , we provide an overview of the fundamental concepts that guided the devel-
opment of the theory of GR concisely and clearly. Then we present a brief review of
the gauge theory of gravity.

Chapter 2 , we provide an overview of the fundamental idea of NC geometry and its
motivation in physics. In particular, we present some mathematical tools of geometry,
such as the star product and the SW map for the foundation of the NC gauge theory
of gravity.

Chapter 3 , we investigate the effect of non-commutativity on the geometry of some BHs
metric by computing the NC correction to a general form of spherical symmetric

1 In-homogeneous Lorentz group.



metric. Then, we investigate some geometrical properties of two types of BHs, which
are the Schwarzschild BH and RN ones, where we present the effect of this geometry
on both singularity and the event horizon.

Chapter 4 , we investigate the motion of different types of particles in the deformed space-
time in the presence of non-commutativity in a different spacetime. In particular, we
are interested in two kinds of motion around the deformed BHs, which are the radial
and the circular geodesic, where we present the NC correction to each one of them
for different types of particles. Also, we discuss the stability of circular orbits. Finally,
we examine the four classical experimental tests of GR inspired by the NC geometry
to give an estimation for the lower bound on the NC parameter.

Chapter 5 , we investigate in detail the thermodynamic properties of the deformed
Schwarzschild BH in the presence of non-commutativity in different scenarios. In
particular, we are interested in two approaches to BH thermodynamics in the NC
geometry and for different scenarios. First, we use the classical approach to inves-
tigate its thermal stability and phase transition in different cases. In the second ap-
proach, we study Hawking radiation as a quantum tunneling process of massless
particles from BH in the context of NC gauge theory, in which we investigate two
scenarios: thermal and non-thermal radiation. Finally, we examine some of the BH

phenomenology quantities inspired by the gauge theory of non-commutativity.

In the last chapter , we present our remarks and conclusions.






OVERVIEW OF GENERAL RELATIVITY

In this first chapter, we provide an overview of the fundamental concepts that guided the develop-
ment of the theory of GR concisely and clearly. In particular, the relationship between gravitational
interaction, accelerated reference frames, and spacetime geometry will be highlighted. For further
mathematical details, we refer the readers to visit some text books [1, 8, 174-179].

This chapter is organized as follows: In Sect. 1.1, we present briefly the basic ideas of
the GR theory. In Sect. 1.2, we present some consequences of the Schwarzschild solution,
and then we study the four classical tests of GR. In Sect. 1.3, we briefly present the main
results of Hawking radiation and summarize the four laws of the BH thermodynamics. In

the final Sec. 1.4, we briefly see the basis of gravity in the gauge theory.



OVERVIEW OF GENERAL RELATIVITY

1.1 EINSTEIN GRAVITY

In 1905, when A. Einstein published his special theory of relativity, he only dealt with the
cases of inertial systems, i.e., systems in motion without acceleration, so this theory only
describes some cases of physical phenomena. At that time, the question of the object’s ac-
celeration, as much as it bothered him, allowed him to discover a global theory of relativity.
At the same time, this new theory allows us to treat all possible cases (whatever the state
of the movement), if the theory of general relativity can write all the laws of physics, what-
ever the system of coordinates. This problem caused Einstein to generalize the principle of

special relativity to general relativity.

1.1.1  Generalization of the Special Relativity Principle

To wait for a general theory of relativity and to avoid the problem of non-inertia or so-
called accelerating frames. In 1907, Einstein generalized the principle of restricted relativity
for all reference frames, whatever their state of motion, i.e., an accelerated reference frame

compared to the inertial reference frame or a rotating reference frame [180]:
"The laws of physics are the same in all systems of reference regardless of their state of motion.”

So all reference frames, whatever their state of motion, are equivalent to writing the laws

of physics in the same way.

1.1.2  The non-Euclidean geometry of spacetime

The problem of right geodesics in Euclidean space (with a positive signature (+1,+1,+1,+1),
masking the essential quality of the free system, which is subject to a law of minimum [180],
to avoid it, Einstein thought of a non-Euclidean space-time to describe all the information
possible on the free system to its information is contained in their geodesic:

"Any free system is animated by a geodesic movement of space-time.”

where each point of this spacetime is labeled by a four-vector x# = (1%, x!, 2%, x%) =

(ct,x,y,2).
Einstein used differential geometry to construct the law of geodesics, which generalized

Galileo’s principle:

"The geodesic equations are straight lines in spacetime (4-space) that correspond to the motion of
free particles in 3-space.”

d2xt u dx® dxP

oz Tl an O (1.1)



1.1 EINSTEIN GRAVITY

where A is the affine parameter, and the quantities I'} g are called the linear connection
coefficients or Christoffel symbols of the 2nd kind, defined by:

1

where g, is the metric tensor. The problem is to determine the non-Euclidean metric g, to
solve the geodesic equations. To solve this problem, Einstein used Riemannian geometry
to construct his famous gravitational field equation; instead, Minkowski spacetime was
replaced by pseudo-Riemannian spacetime, in which the habitual notion of "distance" was
replaced by the notion of the "metric" g;,,. The metric g;, can be defined by the invariant
distance between two events, which is called the line element ds?:

ds? = Suvdxtdx” (1.3)

In the flat spacetime as an example, the components of g;, are given by the Minkowski
metric gy = Ny = (—1,1,1,1), and in the curved spacetime, the metric Suv is a function
of spacetime coordinates x* and describes all geometrical properties of spacetime.

1.1.3  Equivalence principle

The principle of equivalence was published by A. Einstein [176]:

"In a freely falling (non-rotating) laboratory occupying a small region of spacetime, the laws of
physics are those of special relativity.”

Moreover, Einstein made a revolutionary proposal when he proposed the equivalence
between the gravity mass and the inertial mass (mg = m;), in which locally the acceleration
is equivalent to a gravitational field (7@ = ?) [180]:

" At least locally, a field of gravitational forces is equivalent to the inertial force field that would
create the acceleration of the reference system, suitably accelerated by relation to the Galilean
frames of reference.”

Einstein inspired this relation of equivalence by a thought experiment of two rockets,
one motionless on earth and the other in space with accelerated motion.

1.1.4 The stress-energy-momentum tensor

The distribution of matter and energy in space-time can be expressed as an energy-
momentum tensor; in its most simple form, it can describe a perfect fluid, or a fluid is
said to be a perfect fluid if there is no transport of heat or viscosity; moreover, isotropic flu-
ids, which are defined by an energy-momentum tensor T#" with the following components
[176]:

700, energy density.



10 OVERVIEW OF GENERAL RELATIVITY

In Earth In space
E’f -0 7f =-9 g
*
/\ */\
B <l
I
@]
& O ol O
1 1 *
EREE:] @, =7 F

[ L.
/11N

Figure 1.1: Thought experiment of two rockets (principle of equivalence).

TY: the energy flow divided by ¢ in direction i.
T': the momentum density multiplied by c in the direction i.
T': the flow of the i component of the pulse in the j direction.

In a rest frame, the tensor components T*" of a perfect fluid!, are a function of the energy

density p and the pressure p with the four-vector perfect fluid velocity u*, so T is written:

pc*
0
0

0

TH = (1.4)

o O I O

0
0
p
0

= O O O

The general case of the energy-momentum tensor in any coordinate system is given by:
p
™" = (p+ C—z)u“uv — pg’. (1.5)
This tensor satisfies the following conservation equation:

3, T" =0 (1.6)

1.1.5 Einstein equation

The famous idea of A. Einstein on the nature of space-time and its pseudo-Riemannian
geometry allowed him to find the relationship between curvature and the presence of mat-
ter, at which matter can influence the geometry of space-time and likewise geometry can
influence the motion of matter. This relationship revolutionized our vision of the classical

1 i.e. in the absence of any dissipative transport phenomena, for example, heat, diffusion, and viscosity



1.1 EINSTEIN GRAVITY

theory of gravity (Newtonian gravity), which allowed him to make a relativistic descrip-
tion of gravitation [176]:

"Gravity should no longer be regarded as a force in the conventional sense but rather as a
manifestation of the curvature of spacetime, this curvature being induced by the presence of
matter.”

So space-time is sensitive to the presence of matter or energy. This geometry (non-
Euclidean) allows the test particles that are subjected to inertial forces to be considered
free test particles; on the other hand, in Euclidean geometry, the particles subjected to
Newton’s gravitational force are not free, and their movement is accelerated relative to the
inertial reference [180]. In pseudo-Riemannian geometry, the tensor that characterizes the
propriety of the curved spacetime is a tensor of rank (1, 3) and is the so-called Riemannian

tensor R"

A [181]. This tensor vanishes only in flat spacetime, as the Minkowski one, and is

defined as a nonlinear combination of the Christoffel symbol I, and its derivative. More-
over, the general tensor that describes the geometrical properties of spacetime is defined
by a linear combination of the curvature tensor and the metric and is written as follows
[176]:
1
Guw =R + Eg;“,R (1.7)

where G, is called Einstein’s tensor, R, = RZUV' and R denotes the tensor and the scalar
of Ricci, respectively. The only equation that describes gravitational field dynamics is Ein-
stein’s equation in GR, in which he coupled the geometry to energy and matter by his
famous equation [176]:

G = —= Ty (1.8)

A

where the constants G and ¢ are Newton’s gravitational constant and the speed of light
constant, respectively, and T """, which describes the physical containment of matter and
energy (the perfect fluid), is defined by the relation (1.5). The solution of the above equa-
tion allows us to obtain all the information on the geometry of spacetime in the metric
tensor g,,. We can clearly see that the left term of this equation writes the geometric infor-
mation and tells us how spacetime is curved, while the right term writes the distribution
of matter (the perfect fluid). We note that the Ricci tensor trace is proportional to the

2 so we have:

energy-momentum tensor trace
R = —-8nGT (1.9)

In the vacuum case, i.e., there is no matter and no energy, T#" = 0, so the curvature scalar

is zero, R = 0, then Einstein’s equation comes down to a simple one:

To determine the metric gy, it is necessary to solve Einstein’s equation in vacuum (1.10)

or in the presence of matter (1.8) according to the case studied.

2 Defined as follows: T = g;,, TH".
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1.2 SCHWARZSCHILD SOLUTION

In December 1915, a few weeks after Einstein’s publication of his gravitational field equa-
tion (1.8), a German astrophysicist called Karl Schwarzschild published the first free so-
lution of Einstein’s equations (1.10). This solution was called the Schwarzschild metric.
Schwarzschild solution is a particular solution of Einstein’s equations, since he considered
the case of the gravitational field source outside’®, or he has considered a static (i.e., time-
independent) metric with spherical symmetry, and the only variable is r. The Schwarz-
schild solution is written [1, 8, 174, 176, 179]:

-1
ds? — — (1 - ZCij) 2dp + (1 - ZCGZ% dr? + 120 1.1n)

with dO? = r2d6? + r?sin®0d¢? denoting the solid angle, M describing the mass of the
gravitational field source, and G is the Newton constant. This solution describes the space-
time metric around a spherical mass, and this metric can be used to study the motion of
a planet around the sun. One of the uses of this metric is to find the Keplerian equations
of motion in first approximation to the geodesic equation (1.1) of Schwarzschild space-
time (1.11); moreover, the Schwarzschild equations describe well the periastron advances
of the planets and some secondary phenomena inaccessible to the approximate theory of
Newtonian gravitation.

One of the other phenomena described by the Schwarzschild metric are BHs, where
the singularity problem begins. The Schwarzschild metric is valid from infinity to the
surface of the spherical object of mass M, and the vacuum equations no longer apply at
the boundary of this surface. This surface is defined by a singularity of the Schwarzschild

coordinates at s = ZCC;Z,M , at its radius called the Schwarzschild radius, and this surface is

also called the event horizon. When a massive object of mass M and radius r contracts
sufficiently so that its radius tends towards the Schwarzschild radius r — 7, this object
becomes a Schwarzschild BH due to the gravitation of itself. BH will become intense, and
all other nearby objects will fall on this surface (the event horizon). Nothing can escape

from this surface, not even light.

1.2.1 Classical test of general relativity

In 1915, Albert Einstein, when he published his theory of general relativity, proposed three
classical tests for his theory, which provide success to general relativity for the prediction
with good accuracy to the experimental test. The first three classical tests are considered the
first signs of the validity of his theory, which were the periastron advance of the Mercury
orbit, the deflection of light, and the red-shift [182]. Later in 1964, the fourth classical test
of general relativity was discovered and observed by I. Shapiro [183], which is so-called
the time delay, and became another successful test of general relativity.

3 ie. au T,w =0
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In which we present the first four successful classical tests of general relativity, which
are based on the Schwarzschild geometry (1.11).

1.2.1.1  Periastron Advance of Mercury

Let us consider the motion of the Mercury planet around the Sun’s as a massive particle
in Schwarzschild geometry.

object

\

Figure 1.2: Schematic picture of periastron advance of the orbit.

The geodesic equation that describes this system can be obtained using (1.1) together
with (1.2), or using the Lagrangian of the massive particle in curved spacetime. For a
simple case, we would consider the motion of the test particle only in the equatorial plane
6 = Z with the initial condition 6§ = 0. The lagrangian in this case is given by

2L - gl/“/xyxv,
2 . 2m\ ! .
- _ <1 — :”) A+ (1 — ;”) i+ 2§ (1.12)

where the dot denotes the derivative with respect to the affine parameter, 7, along the
geodesic, and m = GC—ZM The extract of the constant of motion can be obtained using the
following Euler-Lagrange equation:

d (aL) oL _y, (1.13)

ds \oir) oxt

and use the fact that L is independent of t and ¢, we obtain two conserved quantities.

-2 (0-2))

(1 - 2:”) t =cnst =E, (1.14)

and for ¢,

d (0L d , ..
ds(w>—ds(“”)—0'

13
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r’¢ = cnst =1, (1.15)

where E and [ are denoted, respectively, as the energy and the orbital momentum per unit
mass. In a similar way, we use the Euler-Lagrange equation to obtain the second-order
equation for r, but the obtained equation provides a challenge to solve; it is better to deal
with the first-order one in (1.12), which is the sample to solve it. For that, using the two

above conserved quantities together with (1.12) for a massive particle, we get

2 2m\ 2 2m 71-2 242
—C" = — 1—7 Ct+ 1_7 T-i-i’(,b,

e (o) ) )
:_(_Mq+<y_r)1#+ﬂ, (1.16)

rearrange our equation, we find the first-order equation for r.

2
(Z) Y (1 — 2;”) <Z + c2> . (1.17)

In order to obtain the orbital motion equation of the test massive particle, we need to
write the above equation as a function of ¢, and that can be done by using the conserved

quantity of the angular momentum (1.15) to write ¥ = r(¢).

dr drd¢ 1 dr

it = dgdt ~ g (1.18)
Let us define a new variable, u = 1/r. The above equation became
Lo o (119)
r2d¢ d¢
By setting the above relation into the Eq. (1.17), we obtain
du\? 2(E2—1) 2m 2 3
Writing the above equation in the second derivative form with respect to ¢, we find
dPu m 2
W_ﬁ_u+3mu . (1.21)

This equation is called the geodesic equation in Schwarzschild spacetime. As we see, the
first two terms in the right hand of the geodesic equation correspond to the Newtonian
case, and the third one, 3mu?, corresponds to the relativistic correction to test particle

motion. The solution to this equation without the relativistic corrections, 3mu?,

up(¢) = %(1 + ecos¢) (1.22)
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where e is the eccentricity of the orbit, and this solution represents the zero-order solu-
tion to the relativistic equation (1.21). The general solution to the geodesic equation in
Schwarzschild spacetime can be obtained by considering the relativistic correction term as
a first-order perturbation in the Newton equation.

u(@) = uo(¢) + () (1.23)

where u;(¢) is considered as a particular solution, which can be obtained by submitting
the general solution (1.23) into the geodesic equation (1.21) and solving it for the first order

of u1(¢). Therefore, the general solution can be expressed as follows:
m 3m?
u(p) = 7 1+e cos | ¢p(1— l—z) . (1.24)

and hypothetically, the quantity 3’%2 < 1 is small. Both the solution of the Newtonian
case and the Schwarzschild solution represent the elliptic orbit of a massive test particle,
and the difference can be found in the orbits themselves, in which the Newton solution
represents a closed orbit with a 27t period, while the Schwarzschild solution provides a
non-closed orbit with a 27t /(1 — 3%2) period, which means the period in the Schwarzschild
solution is longer compared to the Newtonian case. As we mentioned above, the period
in Schwarzschild spacetime is shifted from the Newtonian case by a factor of 3%2 (in the
leading order of the period 27t/(1 — 3%2)) Let us now derive the deviation angle of the
orbit in Schwarzschild spacetime.

Ap = 271 o 67Tm

3m? 2
— e l

(1.25)

where angular momentum satisfied the following relation for an elliptic orbit: I? = ma(1 —
¢?). By setting this relation into the above one, we obtain the angel deviation of the planet
orbiting around a massive static object (Schwarzschild spacetime) [176].

6tG M

Ap = ol o) (1.26)

As an application to the angle deviation, we use experimental data of some planet’s
from our solar system [184-186] and compare it to the prediction results using the above
equation (1.26), which is summarized in the following table:

It is clear that the prediction results from this theory are in agreement with the observa-
tion, which has high accuracy, for the different planets in our solar system.

1.2.1.2  Deflection of light

The deflection of light is one of the three first successful experimental tests of general
relativity, as predicted by Einstein. In this phenomenon, the light passing near a massive
object is deflected from its original path (see Fig. 1.3).

15
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Table 1.1: Comparison between the experimental observation and the theoretical prediction of GR
of the angel deviation of some planet of our solar system, which are: mass of the planet
(M), semi-major axis («), eccentricity (e), orbital period (T), orbital precession in columns
2-6, respectively. The prediction of the orbital precession in general relativity in column

7
Planet Mass « e T Aops Apcr
(10*Kg) (AU) (Zrtry Cetry ) “Centry

Mercury 0,3301 039 0.206 415.203 42.9800 & 0.0020 42.9805
Venus 4,8675  0.72 0.007 162.574 8.6247 £0.0005  8.6283
Earth 5,9724 1.00 0.017 100 3.8387 £0.0004 3.8399
Mars 6.44171 152 0.093 53.175 1.3565+£0.0004 1.3514

Jupiter  1898.19 520 0.048  8.431 0.0700 £0.0040  0.0623
Saturn 568.34 954 0.056 3.396 0.0140 +£0.0020  0.0137

Observer

rOC
Nojlrce

Figure 1.3: Schematic picture of light deflection by the gravitational field.

Considering now a photon approaching a compact object from infinity r., (see Fig. 1.3),
at this distance the spacetime is described by the Minkowski metric, and the motion of
photons is expected to be a straight line passing near the massive object at distance b (called
the impact parameter). However, this is not the simple case as in Minkowski spacetime; in
Schwarzschild spacetime, the phat of the photon near a massive object is deflected with
angle A¢, which is determined in a similar way as above. In the case of the photons, we use
the same Lagrangian expression (1.12) with 2L = 0, and together with the two conserved
quantities (1.14)-(1.15), we obtain

dr\? vro 2 2m

Using the relation (1.18) to write the orbital equation r(¢) as a function of ¢, we find

2 4
(Z)) - %CZEZ 2 <1 - 2;”) . (1.28)
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Considering that this type of particle at a distance of g from the massive object is in a
circular orbit, for which 7y = 0, we can extract the energy condition of this particle from
the equation (1.27).

E? = iZ (1 - 2m> : (1.29)

substituting this relation into (1.28), with some algebra, we obtain the general solution to
Eq. (1.28)

; 2( 2m> —1/2
o r r BTy
¢(r)—¢oo:/r E T | 1 (1.30)

It is practical to expand this expression in the first order on m before integrating; after
some algebra, we find

2
2 m(ro+2r)y/ 3 —1 2
P(r) — oo = — + = - o )\/T —tan™! \E + .., (1.31)

70 2 r(ro+r)

The deflection angle of the light closing on the massive object can be evaluated as follows:
[187]

4m
Ap = 2|¢(70) - 4)°0| — = EI
4G M
= (1.32)

The above formula allows us to predict the angle of deflection of the light path close to
any massive object. For example, if a light passes close to the Sun, its path is deflected by
angle Ap ~ 1.749”, compared to the experimental results observed by Eddington in the
1919 Sun eclipse, which give two values [181]: Ap ~ 1.98 4-0.16” and A¢p ~ 1.61 +0.4".
As we see the theoretical prediction, it’s in agreement with the observation, and that is
considered another success test for the GR.

1.2.1.3  Einstein effect

The third experimental test of GR was described for the first time by Einstein in 1907 before
he published his full theory of relativity, which is known as the Einstein effect* or more
generally, the gravitational red-shift. This phenomenon is one of the four success classical
tests of GR, in which the light moving away from a gravitating field created by a massive
object loses some of its energy, and this loss of energy corresponds to an increase in the
wavelength A (a decrease in frequency).

This shift in the spectral of light due to gravity can be determined using a simple exam-
ple of two fixed observers, emitter rg and receiver rg in Schwarzschild spacetime.

4 This effect is similar to the Doppler effect in flat space.
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Emitter Receiver
TE TR
tr + Atp
N lr
t tg + Atg
lE
Source Observer

Figure 1.4: Schematic example of emitter and receiver of two signals of light.

Let us now suppose that the emitter observer rr sends two luminous signals successively
and separated by an interval of proper time Atg measured by the observer rg, and there
are received by the observer rg in interval ATg (see Fig. 1.4). The traveling of the light
between rg and ry is described by the null-geodesic, and the two luminous signals travel
in the same spatial path at two different coordinate times for emission at the time ¢ and
te + Atg and reception at the time fg and tg 4+ Atg, which means the two signals take
the same coordinate time to travel from rg to g, and that suggests the following equality:
Atg = Atg.

The relation between the proper time measured by the two fixed observers (dr = d0 =
d¢ = 0) and the coordinate time in Schwarzschild spacetime can be obtained from the

metric (1.11) in the following formula:

ds? = —c?dt? = — (1 — 2;”) c2dt?, (1.33)
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which gives us the following two relationships:
-1/2 -1/2
AtE = <1 — Zrm> ATE, AtR = (1 — 21’11) ATR, (1.34)
E
With the equality Atg = Atg, we get

ATR

1.35
At (1.35)

Using the definition of the frequency v = %%, with At representing the period of the signal
in this case, the above expression became

VR _2m
2
ve A1z (1.36)

_ 2m

R, (1.37)

1.2.1.4  Shapiro effect

In 1964, the fourth successful classical test of GR was discovered and observed by I. Shapiro
[183]. Shapiro and the Lincoln Laboratory team made measurements of the time needed
for the radar signals to travel to the inner planets and reflect back to Earth [181]. In this
phenomenon, the radar signals passing near a massive object (such as the Sun) take slightly
longer to travel to the inner planets (such as Venus) and longer to return to the Earth than
they would if the Sun were not present, and that is known as gravitational time delay and
also the Shapiro effect.

Venus Black Hole

®

b
Earth

Figure 1.5: Schematic picture of the Shapiro effect.

Supposing now that a radar signal travels from the Earth r = rg to Venus r = ry passes
near the sun, the geodesic equation corresponding to this system is given by (1.27). Now

we want to write this equation as a function of coordinate time t, r = r(t).

drdrdt E dr

F T da T G- mar (1.38)
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substituting this into the equation (1.27), we get

ar\* 5. 2m, [PP(1-2)
For the closest point passing by the light near the sun, r = ry; at this point, 79 = 0, so the
above equation gives us

12 2,2

corg
= = s (1.40)
E2 (1-2m)
substituting this condition inside the Eq. (1.39), we find
1/2
dr 2m r2(1— 2m)
S e B S s ) 1.41
it C( r ) < 7’2(1 _ Zﬂ) ( )
L]
The integral to the above equation gives us the coordinate time.
-1/2
roo1 rg(1— 2t
t(r,ro :/7 1-2__rz dr’,
( ) 70 C( — 277;1) ( 1’/2(1 — 2},—70'1)
r2—r2 o5 r4 /12 —7r2 N\ 1/2
L I S +m<r r0> . (1.42)
c ¢ 7o c \r+r

For the example illustrated in Fig. 1.5, the necessary time for a radar signal traveling in a

straight line from Earth to Venus and reflected is given by

At=2 [t(rg,b) +t(ry,b) — \/FEC_ o _ \/YVC_ ro} (1.43)

If we take into consideration the distance at our solar system level (see Fig. 1.5), we have

re > 1o and ry > rg. At this limit, our above equation became

INES 4G3M (ln (‘”EJV) + 1) ) (1.44)
C 1"0

The above expression describes the time delay of a radar signal passing near the Sun, in
the case of the Venus planet on the opposite side of the Sun from the Earth (see Fig. 1.5).

For the numerical application, we get
At == 252ps. (1.45)

For more detail in the experiment (Fig. 1.5), see Refs. [179, 188].
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1.3 BLACK HOLE THERMODYNAMICS AND HAWKING RADIATION

In the classical picture, a BH is a physical object with a strong gravitational field in which
nothing can escape from its gravity, not even light (as we see in the above Sec. 1.2), and
that led the scientists to consider that the BHs are the darkest objects in the universe.
Unfortunately, that is not the case. In 1975, Stephen Hawking published the most important
theoretical paper [53], in which he discovered the first mechanism that unified quantum
mechanics with gravity, where he applied the techniques of quantum field theory in curved
spacetime near the event horizon of BHs, and that led him to find amazing results, for
which the BHs are note so dark as we expected, in a same way as the blackbody can
radiate, also the BH can emit a spectrum of particles and thus evaporate, and recently this
phenomenon is known as "Hawking radiation". Moreover, in the same paper, Hawking
demonstrated that the BHs emit radiation with a temperature proportional to their surface
gravity «°,
=X _ e
4t 8nGkgM

where 7t and kp are respectively the Planck and the Boltzmann constants. Before this dis-

(1.46)

coveret, precisely in 1973 [189], Bekenstein found a connection between the event horizon

area and the BH entropy S « %. A few years later, Hawking fixed the proportionality

factor to the Bekenstein entropy, which was given by

. kBC3Ah . 47TkBGM2

5 4hG hc

(1.47)

The above expression is called the Bekenstein-Hawking entropy of BH. The results found
by Hawking and Bekenstein for the BHs are clearly analogous to the ordinary thermody-
namics system and thus lead to the emergent of the BH mechanics. After these works [189,
190], Hawking together with Bardeen and Carter [63] formulated the version of thermody-
namic laws for BHs in analogy to the laws of classical thermodynamics, which are known
as "the four laws of BH mechanics".

1. The zeroth law: The horizon of a stationary BH has constant surface gravity.

2. The first law: The first law of BH thermodynamics is given by the change in BH
mass.
dM = TydS + ¢dQ + Qd]. (1.48)

where ¢, Q, (), and | are the electrostatic potential, electric charge, angular velocity,
and angular momentum, respectively.

3. The Second Law: The area of any BH event horizon cannot decrease §A > 0.

4. The Third Law: It is impossible for any process to reduce the surface gravity of a BH

to zero with a finite number of operations.

5 For Schwarzschild BH, the surface gravity is defined as follows: x = — % a‘% rery ’
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These four laws become independent tools to study the BH thermodynamics. Therefore,
the thermodynamics of BH allowed us a better understanding of the connection between

quantum mechanics and gravity, which was considered the first bridge to QG theory.

1.4 GAUGE THEORY OF GRAVITY

The gauge theory of gravity is a model of general relativity in which the gravitation has a
dS group SO(4,1) as active symmetry group [191], and the gravitational field is generated
by a point-like source of mass m. This model was developed by G. Zet et al. [60, 61], based
on the flat manifold, which is the Minkowski spacetime in 4-dimension with spherical
coordinates.

As a first step, consider a four-dimensional Minkowski spacetime My, in spherical coor-
dinates x* = (ct,r,6,¢), which is our base manifold [60, 61]:

ds? = —dt* + dr® + 12 (d@z + sin® 9dq02) . (1.49)

The dS group SO(4, 1) is 10-dimensional, where in this group the infinitesimal generators
are the dS "translations" and the Lorentz transformations, which are denoted respectively
by Il, and M, = —My,, a,b = 0,1,2,3. In general formulation of the gauge theory for
the dS group, these generators are denoted by X4, A =1,2,...,10. Which is subject to the
general form of the structure equation:

(X4, Xp] = ifSpXc. (1.50)

where f§; = —f5, are the structure constants. In order to write this constant, we use the
following notation for the index A:

A{ a=20,1,2,3 (151)
[ab] = [01],[02], 03], [12], [13], [23].

From this notation, we have X, = I1, and X|;;) = Mgy The constant of the structure ng is
given in [60, 61] by:
b
fie = Fiay = Feiag =0
b b
S = an2 (ohog — onoh) = =i,
1
forea) = —fieap = 3 (176c03 — Mpads)
1
fitteay = 3 (110c0585 = 10c650] + naadbel — madisl ) —e— f, (1.52)
where A is a real parameter and 7, = diag(—1,1,1,1) is the Minkowski metric. It is
interesting to note that the contraction A — 0 leads to the contracts of the dS group to the

Poincaré group (ISO(3,1) gauge group) [60]. In the dS gauge group, gravity is described
by a 10 gauge field denoted by hﬁ(x),A =1,2,..,10, p = 0,1,2,3. The strength tensor of
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the gauge fields of gravity is F,, = F »X 4, which takes its value in the Lie algebra of the
dS group. The components of this tensor are related to the gauge fields hﬁ by the relation:

EFfy, = 0y — 0uh + fachihy. (1.53)
Using the notation above of the index A (1.51), we can group the 10-gauge fields hﬁ
as the four tetrad fields e} if A = a, and the six spin connection wi’(x) = —wi’f’(x),

[ab] = [01],]02],]03],[12], [13], [23] if A = [ab]. Then, the corresponding components of the
strength tensor can be written in the standard form as the torsion tensor if A = a:

Fi, = 0u€) — ey, + ( 1ol — C) Moe = Tpy (1.54)

and as the curvature tensor if A = [ab]:

Fb = Ri = 0,00 — 0yl + (@ifwi® — wifw®) g — 477 (ehel — ehet) = R, (1.55)

The integration of action associated with the gravitational gauge fields e}, (x) and w;jb(x)
will be chosen as [60, 61]:

1 4
=— 1.
S 167TG/dxeF, (1.56)
where e = det(ej;) and
F=Fyele. (1.57)
Here, ¢}/ (x) denotes the inverse of ey (x) satisfying the usual properties:
eZeg = 0, €ney = 0y (1.58)

The field equations for the gravitational potentials ¢j(x) are obtained by imposing the

variational principle 6.5 = 0, with respect to e} (x), firstly we write:
S(eF) = [((536)1: + 3(561-";}17)6“ e, + eF“bé (eaeb)}
= | —eFe} del + e (6Fy) eliey + e (Fiydel ef + Fiy el dep)
a&b,uev
_ [_ePe; sel + e (OFL) eliel + 2¢ Fiboel! eﬂ (1.59)
The second term in this equation vanishes with the integration, so we get:
1
65 = jo— | dxe [~ Fel+2Fbe;] oel =0, (1.60)
Then we get the Einstein equation in the vacuum:

1
Fi—5Fe, =0, (1.61)
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where F] is equivalent to the Ricci tensor, which is defined by:
Fi =File}, (1.62)

For the other gravitational gauge potentials w}”lb (x) (spin connection), their field equations

are equivalent to:
F;, =0. (1.63)

We suppose that the gravitational field has spherical symmetry and is created by a
point-like source of mass m in our base manifold (1.49). Where the gravitational field is
described by a particular form of the spherically symmetric 10-gauge field, which is given
by the following ansatz [60, 61, 192]:

1 :
¢y =(A,0,0,0), e, = <0,A,0,0>, e, = (0,0,7,0), e, =(0,0,0,rsin6), (1.64)

and

wi' = (W0,00), w=w’=0, w’=(00A40), (1.65)

w,’ =(0,0,0,Asinf), w;’ = (0,0,0,cos6),

where A and U are functions only of the 3-dimensional radius r. Using the above expres-
sions (1.54) and (1.55) to compute the components of the tensors Fj, and Pﬁﬁ The non-null

components of these tensors are:

Fy=———. 1.
01 A ( 66)
respectively:

= U +4A%, EB=A(U+4A%), 2 F® = Asin® (U +4A%),

! .
p2 _ —AA+ gy (CAATH 4N sing
21 7 31 A 7
F = (1—A*+4A%?)sing, (1.67)

where A’ and U’ denote the derivatives with respect to the variable 7.
Using the definitions (1.57) and (1.62) to compute the equivalent of the Ricci scalar F

and Ricci tensor Fj (only the non-null components) in the dS gauge group:

2U' +2rU — 2rAA" — A2 +1
p= o2t > ALY (1.68)
and:
o A(rU’ 42U + 12A%r) g U- rAA +1— A% +12A%r
0 - 7 2 — 7
r r
'—2AA" + 1272 —rAA +1— A2 +12A2

g Y AT U rAATE AT ine, (1.69)

rA rA
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Put all of these in the equation (1.61), and we obtain the following equations for the gauge
fields e

2AA" 1— A2
—-———122* = 0,
r T
U—AA ++U +12A%r = 0,
—2AA + U +12A%r = 0. (1.70)

In the null torsion, the field equation of w;’lb (1.54) gives us a constraint on the component
U. From (1.66) we get:
U=—-AA, (1.71)

Use this constraint, the second and third equations in (1.70) become identical, and these
systems of equations reduce to two field equations with one unknown function, A(r):
2AA" 1— A2

+
T 72

/
2AA e = o, (1.72)

+12A%2 = 0,

The difference between these two equations is:

1— A?

S —Uu'=o, (1.73)

Then, using the constraint (1.71), we can get the differential equation of the function AZ%(r),
which can be written as:
r?(A%)" —2(A%)+2=0, (1.74)

The solution of this equation is:
A2:1+%+,Br2, (1.75)

where a and B are constants of integration. It is well-known [8, 179] that the constant « is
determined at the Newtonian limit by the mass m of the point-like source that creates the
gravitational field:

0= —2m. (1.76)

The other constant f was determined by using the effect that the solution (1.75) satisfies
the field equation (1.72), then we find p = 4A> = — £, where A is the cosmological constant
of the model [193], such that the solution finally reads:
2m A m A
2 _q_ =" 2 _ _
A =1 . 37 u r2+ 3 (1.77)
If we consider the contraction A — 0, then the dS group becomes the Poincaré group,
and the solution (1.77) reduces to the Schwarzschild one.
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OVERVIEW OF GENERAL RELATIVITY

The final metric g;, can be obtained using the following relation:
Sy = el‘ieﬁ Nab » (1.78)

Using the relations (1.64) and (1.77), we get:

-1
G = — (1 - 27’” - /3\r2) 2 dt* + (1 — 27’“ — 272) dr? + r*d6* + r* sin® d¢* . (1.79)

It is clear that this solution represents the dS Schwarzschild BH, and in the Poincaré group
limit A = 0, this metric is reduced to the Schwarzschild one (1.11).



NON-COMMUTATIVE GAUGE THEORY OF
GRAVITY

In this chapter, we provide an overview of the fundamental idea of NC geometry and its motivation
in physics. In this overview, we present briefly some mathematical tools of non-commutativity, in
particular the star product and the SW map for the foundation of the NC gauge theory of gravity.
For more detail in this context, we refer to the readers to some Refs. [130, 160, 178, 194-196].

This chapter is organized as follows: In Sect. 2.1, we present the motivation to use
non-commutativity in physics. In Sect. 2.2, we present briefly the basic idea of non-
commutativity and their gauge theory by presenting the Weyl transformation, the Moyal
product, and the SW map. In the final Sec. 2.3, we present the deformed gauge theory of
gravity in the context of the NC resulting from solving the SW map, and then we present
an application to the dS Schwarzschild BH.
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NON-COMMUTATIVE GAUGE THEORY OF GRAVITY

2.1 MOTIVATION OF THE NON-COMMUTATIVE IN PHYSICS

In the NC geometry, we adopt the same concept as in the quantization of observables
in quantum mechanics, where the position changes to the operator one x, — £, and is
subject to the commutation relation between the coordinates themselves, which is given by

[£#, V] = ih®H, (2.1)

where O = —O"' is an anti-symmetric matrix with a positive constant parameter ©.
The NC parameter determines the fundamental cell discretization of spacetime much in
a similar way as the Planck constant /! discretizes the phase space, and this constant can
define a minimal length. The use of this geometry is motivated by many problems in

modern physics. Here we summarize some of the them:

1. Strong magnetic field in the classical level: In [197], the author demonstrated that,

for a charged test particle e with a small mass moving in a homogeneous constant
strong magnetic field B, the classical Poisson bracket between positions is different

from zero and it’s given by

{xt,x"} = —~—, (2.2)

It is clear that the coordinates of spacetime in this physical problem do not com-
mute in the classical Poisson bracket, which are the coordinates perpendicular to the

magnetic field.

2. Fundamental length: For any theory of QG,a fundamental length must be predicted

at the Planck scale because the effects of gravity at this scale are significant and must
be taken into account [198]. As we know in the algebra of the NC spacetime, we
have an uncertainty relation between the coordinates of the spacetime themselves, in
a similar way to the Heisenberg uncertainty relation in quantum mechanics.

—_

ARMARY > @M, (2.3)

N

and that prevents one from measuring positions with better accuracy than the Planck
length.

3. Remove the divergence: The presence of the fundamental length and the uncertainty

relation between coordinates of spacetime lead to a lower bound for any position
measurement, which removes the short-distance divergences in quantum field theory,
and that is due to the presence of non-commutativity.

4. String theory: In [160], the authors shows that, in the B-field background with D-

branes, for the open string, their endpoints become non-commutative.

1 In our calculation we take i = 1.
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2.2 NON-COMMUTATIVE FRAMEWORK AND GAUGE THEORY

In this section we present briefly the NC spacetime and its algebra, where we present the
Weyl transformation and the star product, with the gauge theory of non-commutativity.
For more detail we refer the readers to visit some references that take in detail the above
points such as [130, 160, 178, 194-196].

2.2.1  Weyl Transformation

Let us now consider the algebra of the Schwartz functions f(x) on the 4-dimensional
Euclidean spacetime R*, in which these functions and their all-order derivatives vanish
rapidly at infinity in both spaces of positions and momentum [199]. These functions admit
a Fourier transform f(p) with it’s inverse transformation, given by

F(p) = [dtxe e fl), (24a)
4 . |~
f(x) = / (;iﬂl;4e”’f‘x’f(p), (2.4b)

The Fourier transform function f(p) is also a Schwartz function and it’s subject to the same
properties we mentioned above.
The Weyl operator for a function f is given by

4 . A
W[f] = / (‘217[?;4]?(;9)81;7”%’ (2.5)

It is easy to prove that the Weyl operator is hermitian W[f]' = W[f] for a real function
f(x) [130]. The form of the quantizer operator A(%;, x;) can be obtained by substituting the
function f(p) inside (2.5),

W[f] = /d4Xf(X)A(J?i, Xj>, (26)
where A(%;, x;) is given by
4 . A . 1
AEx) = [ (%461”""”6‘”’”5 2.7)

It is clear that in the commutative limit ® — 0, the operator function A(%, x) is reduced
to the Dirac distribution 6*(# — x); injecting this inside Eq. (2.6), we can easily show that
WIf] = f(%), while for ® # 0, we must use the Baker-Campbell-Hausdorff (BCH) formula,
which gives us

P ol — efé®}ll/pfip”ei(p+p/)"ﬂ. (2.8)
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Let us now consider the non-hermitian derivative operator 9, in the non-commutative

space R% which satisfies the following commutation relations:

w2 =6 |80,0.] =0. (2.9)

By using the commutation relations above, it is easy to prove the following commutation
relations:

[3H,A(£,x)] = —3,A(%,x), (2.10a)

[éM,W[ f]] = W3, f]. (2.10b)

According to the result in Eq. (2.10a), we can compute the translation transformation in
spacetime for the operator A(%,x). By using the unitary translation operator "%, with
some algebra, we can show that

A (R, x)e " = A%, x — ) (2.11)

This result suggests that, for any trace on the algebra of the Weyl operator, the TrA(%, x)
is independent of x, which means TrA(%,x) = TrA(%,x — «). We choose the following
normalization factor: TrA(%,x) = 1/+/det(2®), where in the phase space, the quantity
\/det(271®) represents the volume of an elementary cell in the NC spacetime R¢. Using
this fact, the trace of the Weyl operator given by Eq. (2.6) is given by the following integral:

\/det(27@) TVF / dxf(x 2.12)

We use the anti-symmetric property of the NC matrix ® to show that the operators
A(%,x) for any x from the commutative spacetime R* form an orthogonal relation, given

by
det(2m@®)Tr (A(%,x)A(%,y)) = 6*(x — y), (2.13)
By using this formula, we can easily prove the following trace,

\/det(27t@)Tr OV[f]A(%, %)) = f(x), (2.14)

It is evident from this that the Weyl map A does, in fact, give a one-to-one correspondence
between operators and fields.

2.2.2  Moyal product (x—star product)

In the NC spacetime, the coordinates of spacetime x, become operators £, (by applying
Weyl operator (2.5)) to satisfy the commutation relation (2.1), and that leads to the deforma-
tion in the habitual algebra of the commutative case. In this context, the ordinary product
is not held in this deformed geometry; for that reason, the ordinary product is replaced by
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a new product, which is called the Groenewold-Moyal-Weyl product. In order to find the
proper definition of the deformed product in this algebra, we use the fact that the product
of the two Weyl operators WW[f] and W[g] corresponds to the Weyl operator of the new
function W [h], and we need to find h(x) as a function of f(x) and g(x). For that, we begin

by defining the generalization form of the orthogonal relation given in Eq. (2.13),

\/det(2®)Tr (A(%, x)A(%,y)A(%,2)) = 6*(x — y), (2.15)

4 4 . SU i1 oV
//chjdk p)g(k)elPst! gt (2.16)

Using the BCH formula given by Eq. (2.8), we find

4 .
;lk4f ) ( ) *%®/4vpykvei(p+k)m/
7T
4 .
B // ;ink4f (p)§(q — p)e 2@ Puiveitn®
d4 1 ig, &1 A~
-/ e = Wik (2.17)
where we use this change g = p + k and the fact that @"" = —@"* is an anti-symmetric

tensor. It is clear that, in the limit of the commutative spacetime, the function fz(p) is
defined by the ordinary product i(p) o (f.§)(p), while in the NC case this product is

deformed and is replaced by a new notation called star product /i(p) o (f/*\/g) (p), so the
Eq. (2.17) becomes [130]:

WIfIW[g] = WIf *gl, (2.18)

According to our previous result (2.14), we can define the function (f * ¢)(x) by using the
inverse transform of the Weyl operator to the above Eq. (2.18), is given by [196]

det(2@®)Tr (WIf x g]A(%,x)) = (f * g)(x). (2.19)

where the function (f * ¢)(x) is the Fourier inverse transformation of the function f(q)
given in Eq. (2.17), which is given by [200, 201]

(f*&)(x) = f(x)e?

= f(x)g(x)+ ) <;> %@"“’1...@”"""8#]...aynf(x)avl...avng(x). (2.20)

The above expression is the Groenewold-Moyal-Weyl product or star product in the NC
spacetime RE, and it is clear that for ® = 0 we recover the habitual expression of the
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product in the commutative spacetime. Also, we can write the above expression in the

second order in ©.

(F *8)(x) = f(¥)3(x) + 500, f (1)ug(x) — SO O3,y (x)2,,8(x) + O(O7).

(2.21)

In the remaining calculations in this thesis, we use only the second order in © of the star
product.

2.2.3 Seiberg-Witten map

In one of the significant theoretical papers [160], N. Seiberg and E. Witten demonstrated
that there is a gauge transformation that gives an important correspondence between the
ordinary gauge fields and the NC gauge ones. This transformation is called the SW map
and it’s given by [160].

A(A,0) +6,A(A,0) = A(A+6,A,0), (2.22)

where 43 and J) denote the infinitesimal variations under the NC and commutative gauge
transformation, while for the quantities A(A), A(A, A) are denoted respectively the NC
gauge field and NC gauge parameter, while A and A represent the commutative gauge

field and the commutative gauge parameter, respectively.

Sy Ay = A +i[A A =DyA, (2.23a)
5,A(A,0) =0,A+i[A,A(A,0)], =D,A (2.23b)

where * denotes the star product and it’s given by Eq. (2.20). According to the SW map,
the NC gauge field and gauge parameter are a function of the commutative ones, and that
allows us to write the NC gauge fields as a power series in the NC parameter ©.

A=A+ A0 2@ 4 A4 (2.24a)
Av=Ag+AD + AP + AW 4, (2.24b)
Buy = Fu + F) + FD 4+ F) + ... (2.24c)

where (F,, = BVAV — HVA},—i [Ay, Av] . ) is the NC field strength of the NC gauge field AH'
The first-order solution to the Eq. (2.22) for the gauge fields is given in the original paper
[160] by:

A = %@’d {Ar, 97}, (2.25a)
1
A](ll) — 1@kl {Ak/ (alAy + Fl,u)} , (2.25b)

1
FiY) = Z@kl(z {Fut Fiv} — {Ar, (DiFw + 31F) ). (2.25¢)



2.3 DEFORMED GAUGE GRAVITY

It is worthy to note that the above solutions are not unique; we can add more terms of
homogeneous solutions with an arbitrary coefficient. The second-order solutions are given
in Ref. [194]. In order to write the second-order solution as a function of the first-order
one, are given in Ref.[195]

0= Jom ({000} + {4,000)) - Lobor uaanal, o
AR = 207 ({AD, @Ay + )} + {4 @Al + EI))
. %@PV@W 00 Ao, 953y A, + Fuy)], (2.26b)
=10 ({Anonf 0} = (42 0y} -2 {7075
~2{Ey) Fu}) - 1176@9'7@“/3 ([02Ap, 3(3, Fuw + DyFs)] =2 [aFyp 9pFuy]) - (2.260)

For a solution in high order, we refer the readers to Ref. [195].

2.3 DEFORMED GAUGE GRAVITY

As we see in the previous chapter Sec. 1.4, the gravitational gauge fields in the gauge
theory of gravity are described by the tetrads e} and the spin connection wﬁb = —wi’f
fields in the commutative dS group SO(4,1), while for the NC dS gauge symmetry, the
deformed gauge fields are denoted by ¢é},(x,®) and w“b (x,©). According to the previous
section, the deformed gauge field can be obtained using the commutative ones by the use
of the SW map. For that, the Eq. (2.22) for the spin connection can be written as follows

[161]

&P (w,0) + 830 (w,0) = & (w + 6w, ©) (2.27)

The solution of this equation can be obtained in series of power in ® up to the second
order,

@y (x) = wy + 0wy, (x) + 0O Wiy, () + O(@7). (2.28)

where the components wwp (x) and ww pir (X) are given by

1 b
Winp (¥) = 7 {wv, dpeoy + Ep}", (2.29)

W 1
Wiore (X) = 0 (= {wn 0 {wy, dpwy + Fop } } +2 {wn, {Frv, Fup } §

— {wn, {wv, DoFry + 9pFry } } — {{wy, 9pwr + For }, (9rwy + Fry) }

+ 2 [, (3w + Fr)] )™ (2.30)

In a similar way, the SW map for the deformed tetrad fields ¢} (x, ®) is given by:

&,(e,0) +05¢,(e,®) = & (e + dre, O) (2.31)
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The solution to the above equation is obtain as a series in the power of © up to the second-
order [161]:

&,(x,0) = el (x) — i@l (x) + OPONel,  (x) + O(©?) 2.32)

where:

el = i[wgcape;i + (B + F29)ell e (2.33)
e = 3 |2 Fews Frp} 65 — o (DpFSh -+ BpFE0 el
—{wy, (DpFry + 0Fr) }*¢5 — 9c{wy, (Qpwy + Fop) €5
wi? (wf,dape;f + (apw;d + Fgl‘f) eT) Ham + 20,039,065,
20, (3eewfl + B dues — {wu, (peon + Fpn) }"0ce

— (Bewy+ Foy) (w§0pel + ((@pcon + Fpn)) €l') ham s (234)
and

{Dé,ﬁ}ab — (tXaC‘Bdh + ﬁacadb> Neds [“, :B]ab — (aacleb _ IBac(xdb) Ned (2.35)

DyFgl = 3 Fiet (i + i FEl ) e (2:36)

The complex conjugate é;’f(x, ©) of the deformed tetrad fields is obtained from the her-

mitian conjugate of the relation (2.32):

&l (x,0) = ¢ (x) + i@"¢),,(x) + ©POe, . (x) + O(©°) (2.37)
Where the x-inverse of é;, is denoted by ey
&h (x,0) = ¢y (x) — i@"ely,(x) + @O el e (¥) +0(©%) (2.38)
Where eZl,p and eZV oA Can be computed using (@ « é;’l = (52):
ehy = —€h by el + %avegapeg e, (2.39)
evaAT =—€ eprm e, + —€p Al + LliavaAeg d,0re) el

1
~5 (ve? peb o el + 0yety; Dpelel) (2.40)

The NC Riemann tensor can also be expanded in powers of ©:

ﬁ;ﬁj = F;ﬁj + i®pTFﬁ1€pT + ®pT®K(TFZEpTKU + O(®3) ’ (2.41)
where
1
F;jfjm = a,,wﬁf,f + (wﬁcwﬂzT + Wior + wib — Eapw;ﬁcafwﬁb)ch — () (2.42)
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and

ac, ,db db

ab ab
Fyvprxa - anVpTKU' + (wy varmr + wyprxa + Wy a aKw X an )”Cd

w’
yprwww

—(pev), (2.43)

where wwp and wwpm are given by (2.30) and (2.30)
Now we can compute the NC scalar curvature F using the NC curvature tensor Fﬁl’j and

the deformed tetrad fields &;, which are given by:
F=ey«Fib«ep, (2.44)
The general expression of the scalar curvature, expanded in power of ©, is:

i T (KO ab 1z ab v W ab v ab v
F=F+0"0"((e FHVPTmeb +eapm71-" Ve +eaF ebpm, eapTF VChior

— ehor Feh — el Fit eb ) +O0(0%). (2.45)

wvxoCh nvpt

F2  and

. . ‘I,l
where F is a commutative scalar curvature and the components €l eb oo Fvpr @

F% . are given by (2.39), (2.40), (2.42) and (2.43), respectively.

UVPTKT
2.3.1 Application to the Schwarzschild black hole

The deformed Schwarzschild dS metric can be determined using the same ansatz (1.64)
and (1.65). Firstly, we need to obtain the corresponding components of the deformed tetrad
fields &, (x, ®) and their complex conjugated &, (x, ®) given by the Eqs. (2.33) and (2.37).
Taking only space-space noncommutativity, ®p; = 0 (due to the known problem of unitar-

ity), we choose the coordinate system so that the parameters ®"" are given as:

0 0 00
ev_| 0 0 @01 v =0,1,2,3. (2.46)

0 -® 0 0

0 0 00

The non-zero components of the tetrad fields ¢, (x, ®) are:

1 1!
1 = e YA 3
6 = 2+45© +0(0%),
& = —1(A+2rA’) ®+0(0%),
& = r—|—3—2(7AA’+12rA/2—|—12rAA”) @’ +0(0%),
!/
&g = rs1n9—zl(c059)®+% (2rA’2+rAA”+2AA’—i> (sinf) @ + 0(©%),

8 = A+% (2r AP +5rAA'A" +rA?A" +2AA? + A2A") @2 +0(0%), (247)
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where A’, A”, A" are the first, second, and third derivatives of A(r),with respect to r
coordinate, with A2 given in (1.77).

In the NC spacetime, the ordinary relation of the metric (1.78) is written by the formula
given in Ref. [162].

. 1 . A
8o (x,©) = 5 [é;; N AN e,ﬂ Tab (2.48)

Then,we use this new definition, (2.48), to obtain the following: non-null components of
the real deformed metric §;» (x,©) up to the second order:

1
G0 (x,0) = —3 (2rAA’3 +rA3A”’+A3A”+2A2A’2+5rA2A’A”) @2

— A2+ 0(0%), (2.49a)
. 1 14" .
$2 (x,0) =1 + 11? (A2 +11rAA +167% A2 +1212A A“) @ +0(0), (2.49¢)
!
$33 (x,0) = +11—6 {4 (ZrAA’— r% - rZAA”+2r2A’2> sin® 6 +cos’0 +4 | ©
+ 72 sin? § + O(@*). (2.49d)

For ® — 0, we obtain the commutative type-Schwarzschild metric solution with .

It is worth to note that, the expressions for the NC corrections to the deformed tetrad
fields and NC metric elements are the same as the ones obtained in [149, 150, 162] except
for the element ¢33, where we found a new term (%@2).

Now, if we insert A2 =1 — 27’” into egs. (2.49a)-(2.49d), we obtain the deformed Schwarz-
schild metric with corrections up to the second-order in ®. The non-zero metric compo-

nents are:
Soo = — <1 — 2:”) — (W) e>. (2.50a)
g1 = (1 - 2;”) B - (M) @2, (2.50b)
ey (BT o7

(2.50d)

$33 = r*sin® 0 + (C052 0(—4m* +2mr 4 1*) + 4(m* — 3mr + 72)) o

16r(r — 2m)

This deformed Schwarzschild metric was obtained for the first time in Ref. [162] (except

the ¢33), and in the limit ® — 0, the commutative solution is recovered (1.11).



GEOMETRICAL PROPERTIES OF BLACK HOLES IN
NON-COMMUTATIVE GAUGE THEORY

In this present chapter, we investigate the effect of non-commutativity in the geometry of some BHs
metric by computing the NC correction to a general form of spherical symmetric metric by using the
SW maps and star product between the tetrad field. In this study, we investigate some geometrical
properties of two types of BHs in the presence of this geometry, which are the Schwarzschild BH
[167] and the RN one, where we present the effect of this geometry on both singularity and the
event horizon.

This chapter is organized as follows: In Sect. 3.1, we present a NC correction to a gen-
eral form of a spherical symmetric metric using a SW maps and star product between a
non-diagonal form of tetrad fields. In Sect. 3.2, we present the deformed metric of Schwarz-
schild in the context of the NC gauge theory of gravity. Then we discussed some geomet-
rical properties of NC Schwarzschild BH and their formation by the collapsing matter in
this geometry. In final Sects. 3.3, we show the new consequence of the non-commutativity
on the geometrical properties of the NC RN BH.

3.1 NC STATIONARY BLACK HOLE IN GAUGE THEORY OF GRAVITY

In the last section of the previous chapter, we see the construction of the NC metric in
gauge theory using a Schwarzschild type metric with a diagonal ansatz of tetrad field
(1.64). However, in this chapter, we construct a more general form of the NC metric in
which we use a non-diagonal tetrad field, a general type of static metric, and spherical
symmetry. For that, we take the following metric:

ds? = —A%(r)dt* + B*(r)dr* + r*(d6” + sin® 0d¢?) 3.1)

where A(r) and B(r) are functions related only to the radius r, and for the tetrad fields we
choose a general form of non-diagonal, which satisfied the relation (1.78), and is written
as follows:

A(r) 0 0 0
0 B(r)sinfcos¢ rcosfcos¢p —rsinfsing
0 B(r)sinfsing rcosfsing rsinfcos¢
0 B(r) cosf —rsinf 0
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We note that this form of tetrad field can be used for a stationary observer at spatial infinity
[137].

The non-zero component of the spin connection for these tetrad fields is given by (see
Appendix. A):

= <1;’ sinf cos ¢,0,0, O) = (1;/((:)) sinfsin¢, 0,0, 0> ,
= <’2 cos6,0,0, 0) (0,0,0, [1— Bgr)] sin29>,
= <O, ,— B(lr)] cos¢, [1— B(lr)] sin9cos€sin<p> ,
wu = <O, 0,—[1- B(lr)] sing, —[1 — Bgr)] sin 0 cos 6 cos 4)> . (3.3)

Using the relations (1.55) in the limit of A — 0, to compute the non-null components of

the curvature tensor Fﬁfj (see Appendix. A):

o [2/1(53) _ A,gz)(lil)(r)] sinfcos¢, Fy = —ggg cos 6 cos ¢,

A/ A// A/ B/ ‘ .
F E § sin 0 sin ¢, Fglz - _ [ B(i’;) B gz)(r)(r)} sin 8'sin ¢,
A’ . Al .
F%2 = — <r) cosfsing, Fa = _BZE:; sinfcosp, FB = B2E:; sing,

Q
_[A'(r)  A(RB(r)
e R
:
<

1
] cos 0, lef = [1 — Bz(r)] sin 6 cos 6,

B'(r B'(r) B'(r)
12 _ 13 _ : :
Fi3 = B (r) sin’0, F5 = () cos¢p, Fi3= B (r) sin ) cos 0 sin ¢,
Ff=—1]1—- sin@sing, FZ = — B(r) sin 6 cos 0 cos ¢
B TE() '
B’(r) 1
23 _ : 23 _ .2
F5 = _Bz(r) sing, F3 = [1 — Bz(r)} sin” 6 cos ¢. (3.4)

where A’(r), B'(r), and A”(r) denote the derivatives of first- and second-order with respect
to the r-coordinate.

In this case, we took only space-space non-commutativity, ©y; = 0, and the best choice
of metric for the NC parameter ©"" in this case is r — ¢ and r — 0:

0 0 00
0 0 b
N — . g NE v =0,1,23 (3.5)
—a
0 —b 0 0

where 4 = b = O for a sample case of the same deformation in all directions, and this
notation 4, b is useful if we duel with special casesasr -0 (a1 =0,b=0),r—¢ (a=0,b =
©®), or for the general case r — 0, r — ¢. The non-null components of the deformed gauge
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(a% + b%sin? 6)
32B4(r)

1B (r >>> + (1) (A'(r)B (1) +447(1)) + BX(r) (~3A'(1)B(r) + 4(A" (1)

+rA" (1))} + O(a®, b, ab?,a’b), (3.6a)

! 2 sin

iB'(r) (bsin@sin¢ — acosf cos ) + 6b4B3 6 {8(2B

—B(r)B"(r))sin? @ + B3(r)B" (r)(3 + cos 26) + B(r)(B*(r) — B(r)B"(r))(1 +3

a®sin 0

32B3(r)

{B?(r) + B(r)B"(r)(—1+ B(r)) } sing + O(a®, b*,ab?,a°b),  (3.6b)

& =A(r)+ {16 rA'(r)B"(r) — 4B(r)(4rB'(r) A" (r) + A'(r) (2B’ (1)

¢l = B(r)sinfcos¢ + ——

X c0s20)} cos ¢ + {(8 — B(r))B"*(r) + B(r)B"(r)(—4 + B(r) +B*(r))}

abcosf
8B2(r)

X cos¢ +

iB'(r) ( a®sinf

& = B(r)sinfsing — —— (acos@sin¢ + bsinf cos¢) + 2B (r) {(B(r) —8)

xB/(r)? + (B(r)2 + B(r) —4)B(r)B"(r) } sing + 24,31(“)% {(B(r)(1+ 3cos26)

+16sin?0)B'(r)* + B(r)B" (r) (B(r)*(3 + c0s20) — B(r)(1 + 3cos26) — 8sin”6) }

<sing -+ o (BB (1) = BB (1) — BO)'B (1)} cose

+ O(a®, b3,ab2, a’b), (3.6C)
& = B(r) cos 6 + B/(r)fneﬁ ;21;05@ {(8— B(r))B'(r)>+ B(r)B"(r)(—4 + (B(r)

+1)B(r))} — Zan ? {B/(12(~8+3B(r)) + B(r)B(r)(4 — 3B(r) + B(r))}

x cos@ + O(a®, b%,ab?, a’b), (3.6d)

ia

B0 [B(r)*> — B(r) +2rB/(r)] sin®

b
&) = rcosfcosp — ZZ [B(r) — 1] cos @ sin¢ +

X cos ¢ + ;2;"3‘1 {2B(r)B'(r) + 36rB'(r)? + B(r)2(3B'(r) + 8rB"(r)) — (7B'(r)
+16rB'(r)* + 12rB"(r))B(r) } cos ¢ gg;mi {B(r)*B'(r) +20rB'(r)* + 8rB(r)*

xB"(r) + B(r)(B'(r) — 16rB'(r)? — 8rB"(r)) } sing + ;’2;‘(’:')3 {B(r)4B’(r)(—3

+c0s26) — B(Zr)BB’(r)(—9 +5c0820) + sin” 0 [16rB’(r)> — B(r)*(B'(r) — 4rB" (r))
—4B(r)(2B'(r) 4+ 2rB'(r)*> + rB"(r))] } cos ¢ + O(a°,b°, ab?,a’b), (3.6¢€)

& = reosfsing — ste [B(r) — 1] cos ¢ + Z”S(li‘)f [B(r)? — B(r) +2rB'(r)] sing

;12;083 {2B(r)*B'(r) 4+ 36rB'(r)* + B(r)*(3B'(r) + 8rB" (r)) — B(r)(7B'(r)

+16rB'(r)* + 12rB"(r)) } sin¢ + gzb;mi {B(r)*B'(r) + 20rB'(r)* + 8rB(r)*B"(r)

can be written in the second-order on the NC parameter as follows (see Appendix.
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p p " b? cos 0 , 1
+B(r)(B'(r) — 16rB'(r)> — 8rB"(r)) } cos ¢ + --p—g 2B(r) {B( r)*B/ (1) (=3 + c0s26) — 5
xB(r)*B'(r)(—9 + 5c0s20) + sin® 0 [16rB’(r)*> — B(r)*(B'(r) — 4rB"(r)) — 4(2B'(r)
+2rB'(r)* +rB"(r))B(r)] } sing + O(a,b°,ab?, a?b), (3.6f)
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b? sin 6 {
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+B(r)*(3B'(r) + 8rB"(r)) — B(r)(7B'(r) + 16rB'(r)* + 12rB" (r)) } +

&} = —rsinfsing — Z( 1+ B(r)) cosf — )? cos® 0 — B(r)* + (B(r)
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3B(r) )(3 — 5B(r) +4B(r)?) — 16rB'(r)?

—2rB'(r))sin? 0} sin¢ +
ab cos 6
32B(r)4
+19 cos20)) — sin® @ [18B(r)*B' (r) + 20rB'(r)* + B(r)(B'(r) — 8rB"(r))] } cos ¢

b?sin @

32B(r)*
+8rB"(r)) + B(r)(7B'(r) + 16rB'(r)* + 12rB"(r))] } sin¢ + O(a®,b°, ab? a’b), (3.6h)

+4B(r)(2B'(r) + rB"(r)) } sing — {B (1) (4B(r)* cos26 — S B(r)*(~11

{—ZB(r) B'(r) +2B(r)*B'(r) cos? 0 + sin” 0 [—37rB'(r) — B(r)*(3B'(r)

i b sin 0
é%-rsin@cosgb—i—%(—l%—B( r)) cos 6 cos ¢ — : sz{ B(r)? + B(r)’ cos® 6 + (B(r)

a%sin @

3358 (y) (B0B ()3 = 5B(7) +4B(r)?) ~ 167B'()’

—2rB/(r))sin*6} sin¢ —

+4B(r)(2B'(r) +rB"(r))} cos ¢ — ;Zz];(():)i {B (r)(4B(r)* cos 20 — 1B(r)3(—11
+19cos20)) — sin” 0 [18B(r)*B'(r) 4+ 20rB'(r)* + B(r)(B'(r) — 8rB"(r))] } sin¢
2 sin
+3bz;(r)94 {—2B(r)*B'(r) + 2B(r)*B'(r) cos? 0 + sin® 0 [~37rB' (r) — B(r)*(3B'(r)
+8rB"(r)) + B(r)(7B'(r) + 16rB'(r)* + 12rB"(r))] } cos ¢ + O(a®, 0%, ab? a’b),  (3.6i)
ibsin?  cos ab sin
8= W [(—B(r) + B(r)® +2rB/(r))] + 6:3 94 {sin? 0 [~2B(r)B/(r)

—40rB'(r)* 4+ 16rB(r)B" (r)] + B(r) [18B(r)B'(r) — 19B(r)*B'(r) + 8B(r)*B'(r)]
x cos20 + B(r)(6B(r)B'(r) — 13B(r)*B'(r) + 32rB'(r)> — 16rB(r)B"(r)) }
+ O(u3, b3, ab?, azb) . (3.6j)

In the commutative limit 2 = b = 0, we recover the commutative tetrad fields given by eq.
(3.2)
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By using the definition (2.48), we obtain the non-zero components of the NC metric ;v
up to the second-order in © (see Annex. A).

—go0 = A%(r) + Alr) {16rA’(r)B’2(r) + B3(r)(A'(r)B'(r) + 4A" (1)) — 4B(r) (4rB' (r) A" (r)

16B(r)4

+A'(r)(2B'(r) + B"(r)) + B2(r) (—3A'(r)B(r) + 4(A" (r) + fA"'(r)))} (a* + b*sin*(6))

+ O(a4, b*, a%b?, ), (3.7a)
= B0) + IO (a20) 4 982018 r) + B0 987(7) + B'(7)) ~ BO)B70)

+4B"(r))} + O(a*, b*,a%b?, ..), (3.7b)

_ _sin(20)6? [6B3(1)B (r) +37B(r) — B()(B(r) + rB" (1)) — B(r) (11B'(r) + 57B" (1))}
§127 7B ()

+ (’)(a4, b*, a%b?, ., (3.7¢)
G =1+ 2B 0) {9B4(r) + (2B®(r) — 12B%(r))cos®6 + 9B*(r)cos26 + rB>(r)B' (r) (5 — c0s26)

—4rB*(r)B'(r)(2 + cos26) + {—6rBz(r)B’(r) + 32r2B”%(r) — 8rB(r)(2B'(r) + rB”(r))} sin? 9}
2

+ ﬁ%) {934(r) +40r*B"(r) +2B3(r) (=34 rB'(r)) — rB(r)(11B'(r) 4 32rB™(r)
+12rB" (r)) + B2(r) (1 + 27rB' (r) + 16r23”(r))} +O(a%, b, a2, ), (3.7d)
§33 = r?sin®(0) + 321{;(1/) {2B6(r)c0520 +2B>(r)(—3 + c0s20) + B*(r)(9 + cos26 — 8rB/(r))
+ {10rB3(r)B’(r) — 6rB2(r)B'(r) + 32r*B™(r) — 8rB(r) (2B (r) + rB”(r))} sin? 9}
If;;;;,? {9B4(r) +2rB3(r)B(r) + (B®(r) — 6B°(r) — 6rB*(r))cos®6 + sin @ {407/23’2(1’)
—6B3(r) + rB(r)(11B'(r) + 32rB™(r) + 12rB" (r)) + B2(r) (1 + 27rB'(r) + 16r2B”(r))} }
+ O(a*, b*,a%1?,..) . (3.7¢)

It is clearly that, in the commutative limit when a = b = 0, we recover the usual metric
(3.1), and for the case 2 = @, b = 0 or in the equatorial plane § = 7 we can obtain a
diagonal form of the NC metric. As we see above, the NC metric has a non-diagonal form,

and its line element is written as follows:
482 = —goodt? + §11dr? 4 2812drd0 + §20d6? + §33d > . (3.8)

Note that the NC spacetime metric (3.8) is static but not spherically symmetric due to the
presence of the cross product term drdf, compared to the commutative metric (3.1), which
is static and spherically symmetric. Moreover, that is due to the presence of a coupling
between r and 0 induced by non-commutativity in the plane of rotation, which disappears
when the non-commutativity goes to zero (2 = b = 0).

In our choice of NC tensor ®"", the rotational invariance is broken but the translational
invariance remains; for more detail, see Ref. [202]. The broken rotational invariance occurs
in the (r,0) plane in spherical coordinates. Thus, the metric is non-diagonal in the presence

of non-commutativity, leading to only one non-zero off-diagonal term, $;». We note that
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we have chosen non-commutativity between just a couple of two coordinates r — 6 and
r — ¢, while for the case between the angle coordinates 6 — ¢ provide a problem in the
dimension in NC parameter, which is different from the previous cases, and this problem
can be solved by using a normalization constant to keep a homogeneous dimension of ®

in all possibility.

3.2 NON-COMMUTATIVE SCHWARZSCHILD BLACK HOLE

The deformed Schwarzschild BH can be obtained by inserting the Schwarzschild potential,

1
A(r) = B71(r) = (1—2)?, into the above components of the deformed metric ¢, and
that gives us

(1 2m> m<88m2+mr(—77+15./1—2;”>—8r2<—2+ 1—2;”>) >
—$oo=|1-——)+

16r4(—2m +r) v

+ b?sin?(0)) 4+ O(a®, b3, ab*ab), (3.9a)
) o 1 m(12m2+mr<—14—|—1/1—2rm>—r2<5+\/ —2;")> .
s = ( a r) + 8r2(r — 2m)3 (a
+ b?sin?(0)) 4+ O(a®, b3, ab*ab), (3.9b)
m <—4m2+r2 <./1— m ) + mr <16—17,/1— 2;">>
$1p = —b? sin(26)
32r(2m —r)3
+ O(a®, 13, ab*a®b), (3.9¢)
. m?r (5061/1 2;") + mr? (43+23\/1 2;") + 273 (531/1 2;")
82 =1+ 32r(r — 2m)?
—8m> + cos 20 [Sm?’ + 6m?r <5 +4/1— 2;”) + mr? (—37+ 134/1— 2;“) +2r° (5
+ 32r(r — 2m)?
-3 1—2;11” 68m> + 18m" (—64—1/1—2;")4—"11’2 <57—29,/1—2;“)
B/ I % I
+ 32r(r — 2m)2 b 16r(r — 2m)?
2 (—5 +3y/1— 2;”>
2 313 22
+ T6r(r —amP2 a+ O(a’,b>,ab"a"b) (3.9d)

—8mS3 + m?r (506./1 — 2;”) + mr? (43+23,/1 — 2;”) +2r%(5

32r(r — 2m)?

$33 = r?sin? 0 +
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—3,/1—2;"> + (r—2m) [4m2+3mr (—1—1—1/1—231) —2r2( 1—2;")] cos 20 )

+ 32r(r — 2m)2 v
2m2r (74 —9,/1— 2:1) — 68m3 4 mr? <—97+47,/1 — 2;”) 4413 (5 —3y/1— 2;”)
+ 32r(r — 2m)2
2m>r (—34+9,/1 — 2;”) + 68m° + mr? (17— 11,/1— 2;")] cos 26
L bZ 2
+ 32r(r — 2m)? sin” 6
+ O(a®,b%, ab*ab) (3.9¢)

It is clear that all components of the non-zero NC metric ¢, acquire a singularity at
r = 2m in the NC correction terms, as well as in the component ¢y, where that is in
contrast to that given in Ref. [162], because it is a consequence of using a general form of
the tetrad field (3.2). As we motioned above, the commutative Schwarzschild metric can
be obtained by setting a = b = 0, and the diagonal form can be obtained in different ways,
fora = ®,b = 0, or in the equatorial plane 6 = /2 for the two cases 4 = b = © and
a=0,b=0.

3.2.1 Singularity and event horizon

As we know, the Schwarzschild BH is apparently two types of singularity, which are the
coordinate singularity at v = r;, = 2m (called the event horizon of Schwarzschild BH) and
the physical one at r = 0, where this one is the only true singularity. In which follow, we
analyze these two singularities in the NC framework.

The physical singularity occurs when the NC line element (3.8) goes to infinity at this

NC
singularity’

As we see in Fig. 3.1, new behavior of §;,, are shown in this theory. Whereas now the

pointr =r and that can be due to the analysis of the profile of goo.
non-commutativity of spacetime shifted the singularity of the Schwarzschild BH at r = 0

to the finite radius rN¢

singularity — 2/M- This result is not available in the diagonal form of the

tetrad in the NC gauge theory, as Refs. [149, 162], or in the other additional theory of non-
commutativity, see Refs. [138, 139, 203-205]. However, this result is similar to one obtained
in the quantum-corrected BH theory as Refs. [206-208], but is observed just in a particular
case for &« = r;, = 2m, where a represents a minimal distance expected to be on the order of
the Planck length, [,,. This result is not a natural one because we need to fix the parameter,
a, for a particular value in order to observe the same result as in Fig. 3.1. Contrary to our
case, in which the singularity of origin is shifted naturally from the quantum structure of
spacetime itself, when we impose the NC property of the geometry on spacetime without
the need to impose any particular value on the NC parameter, ©. Then, we conclude that

the NC geometry spreads the singularity at the origin of the Schwarzschild BH over a

NC

two-dimensional sphere of the Schwarzschild radius 7, air,

= 2m as in the quantum-
corrected BH and increases the radius of the event horizon.
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Figure 3.1: Behavior of the NC component §qo for a stationary observer at spatial infinity in the
equatorial plane 6 = 7r/2 as a function of r, for different values of ©.

To investigate the event horizon in the NC spacetime, we cheek the killing vectors in this
geometry, where we have two killing vectors in the NC spacetime, which are respectively
the time translation and the azimuthal killing vectors, because our deformed line element
(3.8) is independent of t and ¢. Then we obtain two surfaces in the NC spacetime (3.8): a
static limit surface and event horizons. Firstly, the static limit surface is obtained by solving
$oo = 0, for which we find

r
"y

NC 4541\ a2+ b%sin’0 10 ++/5\ (4% + b?sin?0)
=7, |1+ +

sls 32\6 ™ 128 > ] ’ (310)

The spacetime (3.8) has a coordinate singularity at ﬁ = 0, which corresponds to the
11",

142 <(”2 T sziHZ 9)>] . (3.11)

8 ry

NC event horizon.

T’;Il\lc =7y

The NC event horizon has three parameters: r;,, ® (a, b are related to ®), and the ob-
servation angle 6, while in the commutative spacetime there is only one parameter m. The
limit surface and event horizon obtained in the NC case are in the general case and can
be defined in four scenarios of geometry. For each value of a and b, we have a particular
choice of NC matrix (3.5). The dependence between the event horizon and the observa-
tional angle is a natural result related to the deformation of the spherical symmetry of the
BH, and that is due to the rotation created by non-commutativity in coordinate space. The
radius of the event horizon increases with ® as well as with the angle 6, and when 0 takes
the value 71/2, we find the upper bound of the radius of the event horizon. However, when
0 takes the values 0 or 71, we find the lower bound of the event horizon (this observation
is available for cases 3 and 4; see Fig. 3.2). The dependence of the NC event horizon on

the observational angle is limited only to the condition of b # 0, and that corresponds to
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the choice of r — ¢ in the NC matrix (see case 3 in Fig. 3.2). This confirms that the NC
parameter © plays the role of angular momentum induced by the rotation of the BH due

to the non-commutativity of coordinates.

3 a=0, b=0 4)- a=b=0

Figure 3.2: A schematic picture of Schwarzschild BH in the NC spacetime. The red solid line rep-
resents the commutative Schwarzschild event horizon, the black dotted line represents
the NC event horizon, and the blue dashed line represents the static limit surface. With
©® = 0.75, the black disk represents the singularity.

3.2.2  Collapse of matter

In astrophysics, the BHs are considered the most mysterious celestial objects; unfortunately,
these objects can’t be observed directly, and only their gravitational effects can be observed,
such as the gravitational wave [2], the motion of stars around the galactic center [4-7, 209,
210], etc. However, raising the curtain on the process of the formation of these objects leads
us to better understand the physics of BHs. The gravitational collapse of matter is the most
popular mechanism to produce a BH, which is considered the final stage of a star’s life.
Stars are considered huge nuclear reactors in the universe, like, for example, the sun
in our solar system. These objects can survive their own gravity because of the pressure
created by their nuclear reaction. This pressure is generated by the energy created by the
nuclear fusion inside the star, in which the light nuclei, such as hydrogen, are burned
into heavy ones, such as helium atoms. When it consumes all its hydrogen fuel, it begins
to use the heavy nuclei as energy, which leads to a decrease in the emission energy that
generates the pressure, and the star begins to cool and collapse under its proper gravity.
At this point, the star has three scenarios for collapse depending on its own mass, and it

is resumed as follow [176]

* M < 1.4Mg: The star with this mass collapse to a stable white dwarf.
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* 1.4Ms < M < 3Me: The white dwarf is unstable' in this range of mass and continue
collapsing to form a stable neutron star.

e M > 3M.: The neutron star is unstable” in this range of mass and continue collaps-
ing to form a BH.

In this section, we are only interested in the third scenario, concerning the formation of
BH. Moreover, the Schwarzschild BH is formed when a star with spherical symmetry and
a mass of M = 3M, is collapsing under its own strong gravitational fields. In this scenario,
this mass is collapsing into one single point, » = 0, and this point is called a singularity of
Schwarzschild BH. This BH now is defined by its trapped surface (event horizon) and the
singularity 7s = 0, and that is in the commutative case, as we see in the left panel of Fig.
3.3.

Non-commutative
Singularity

—— Singularity

NC Event

Event
horizon horizon
black NC black
time holc hole
forms NC gauge theory forms

Collapsing
matter

\ Collapsing
\ matter

Figure 3.3: A schematic picture of the gravitational collapsing matter in the NC spacetime and the
formation of NC Schwarzschild BH.

As we see, when the mass of a star collapsing to a radius r;, = 2m under its own gravity
(with respect to the condition on its mass), we obtain an BH and continue to collapse until
collapsing into a zero radius r = 0 (see Fig. 3.3). At this point, we have a Schwarzschild
BH in the commutative spacetime. Unfortunately, this is not the case in the presence of
non-commutativity. In this geometry, when a star with a mass of MN®?, it collapsing to a
size of rNC (representing the NC event horizon given by Eq. (3.11)), at this moment a NC

Schwarzschild BH is formed. Also, the matter continues collapsing to a new singularity

NC
singularity
collapsing mass into a point r = 0, in which the singularity is shifted to a two-dimensional

NC
singularity

at a radius of r = 2m. In this case, the non-commutativity prevents the star from

sphere with a radius of r
3.3 and Fig. 3.4.

= 2m, and that is represented in the right panel of Fig.

The limit M = 1.4M, is called the Chandrasekhar limit.

This M = 3M, called the Oppenheimer-Volkoff limit.

This mass is the limit mass of the Oppenheimer-Volkoff limit to obtain an acsBH after collapsing matter, in
the presence of non-commutativity
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Star

Schwarzschild BH NC Schwarzschild BH

Commutative case NC gauge theory

E . Collapsing - ) NC

matter singularity

Figure 3.4: A schematic picture for the collapsing matter of a star in the NC spacetime and the
formation of Schwarzschild BH.

3.3 NON-COMMUTATIVE REISSNER—-NORDSTROM BLACK HOLE

In this case, the deformed Reissner-Nordstrom (RN) BH is obtained by inserting the RN
1
potential A(r) = <1 — 27’” + '%2) * into the deformed metric in Sec. 3.1,

om Q2 2Q272 <_15m <—7+ y/1— ZTm + %Z) — 56Q6 — 284Q2r2m2)
_§OO: (1—+2> +
r r

32r6(Q? — 2mr 4 12)

mrd <88m2—8r2 (—2+ 1—2;“+?§> +mr (—77+15,/1—2;“+?§>>

32r6(Q? — 2mr + 12)

12Q2 (—3+ J1— 24 ?f)

32r6(Q? — 2mr 4 1?)

_|._

+ (> 4 b*sin 0) + O(a°, b3, ab*ab) (3.12a)

o, om 02\ ! (Qz—mr)z(8Q2—r(16m+r(—17~|— 1—2:”+%2)>>
811—< _r+r2> + 16r2(Q2 — 2mr + 12)3

r(—m?r —3Q%r +2m (Q> +1?)) (—4Q2+r(8m+r <5+\/1—2;"+%2>>)

+ 16r2(Q? — 2mr +r2)3
x (a* 4+ b*sin®0) + O(a>, b2, a*b, ab?) (3.12b)
200 — Q4 (9m—r (10—11 1- 2;"+%2>) +m2r (16—17\/1—2;"—%%2)
s12= 32r(Q? — 2mr + r2)?
—mr? <4m2+r2 (7— V1-22 4 9;)) + Q2 <12m2+4r2 <2+ 1— 2y ?f))
_'_

32r(Q? — 2mr + r2)?

mQr3 (28 —23/1—2m 4 %2)

32r(Q% — 2mr +r2)2

b? sin 26, (3.12¢)
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14Q* + Q%r (23r—51m+9m,/1 2ﬂJrQ——m,/ )+46m 2 4 9rt
+ 32(Q2 — 2mr + r2)2
—mrd (41 —234/1— 27’" + %2) + (13mr3 — 7Q%r? — 9mQ?r)\/1 — 27’" + %zcos%)
+

32(Q% — 2mr +r2)?2

[8@4 + Q%r(19r — 33m) + r? (34m2 — 39mr + 12 (11 —124/1— 22 ¢ ?;)ﬂ cos? 0

* 16r2(Q% — 2mr +r2)?

[SQZrZ(SrZ + 5mr — 24m?) — 16Q° + 24%r (32m —7 (8 —3y/1— 2" 4 %)) + 16m3r3

2

+

16r2(Q2 — 2mr + 12)2

r <9r3 — 35mr? + 2mPr <13 +6y/1— 2 ¢ 922))] sin” 6

16r2(Q? — 2mr +12)?

+ v + O(a3,b%,a%b,ab?) (3.12d)

(11Q? + 9r% — 20mr) (Q* — 2mr + r?) + [r (r —6(r —3m)\/1— 22 4 %2)
16(Q2% — 2mr 4 12)2

—2mr+ Q% (1 —12\/1—2;"+922>} 12 cos? 0 + {ré <1—61/1—2;"+%2) +30Q°

16(Q? — 2mr + r2)?2

413 (68m3+2m2r (349\/1 2;"+922) + mr? <19+29\/1 2m +<§f)>

16r2(Q? — 2mr +r2)2

g1 (184m2+r2 (28—33\/1—27'”4—%2) +mr( 146 +39(/1— 21 ¢ QZ))

16r2(Q? — 2mr + r2)2

+Q4r (—135m+r <57—11,/1 — oy ?j))] sin? 0

16r2(Q2 — 2mr + 12)?2

(Q2 —2mr +1?) [rz <3mr <1+,/12;“+?§> —272 (1+ 12;”+%2)

32r2(Q? — 2mr 4 12)?

+4m?) 8Q* + Q*r (—16m +r (8 —3y/1—-2 4 8;))] c0s 20 — 8Q° + 8m>r*

32r2(Q?2 — 2mr +12)?

833 = 12 sin® 6 +

+

+

+

b2 sin? 0

+

+
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Q'r (32111 +r <—26 + 3@)) +7 (mrz (43 - 23@)

32r2(Q? — 2mr + r?)?

—2m?r (253,/1 — oy %2) — 273 (53\/1 — oy ?f)) + Q%% (—36m?

32r2(Q? — 2mr 4 12)?

+mr (75 - 9\/@) —7? (28 - 17\/@))

32r2(Q? — 2mr 4 12)?

_|_

+

2

+ a

+ O(a®, 0%, ab, ab?) (3.12¢)

where Q is the electric charge of the BH. For the case when Q = 0, this deformed metric
reduces to the deformed Schwarzschild solution in the previous Sec. 3.2. Also the commu-
tative RN solution is recover when we set ©® = 0 [8].

3.3.1 Singularity and event horizon

Q=0.8

Figure 3.5: Behavior of §yy in the NC RN spacetime.

The behaviors of the deformed gpyp component as a function of r for different ® with Q
constant (left panel) and for different Q with ® constant are shown in Fig. 3.5. As we see,
in the NC spacetime there is no problem anymore of two horizons as in the commutative
RN BH, where in this geometry we have only one static limit surface for a charged BH and
the non-commutativity increases its radius r)YC. It is worth noting that the NC RN BH has
a physical singularity at the finite radius r1 = m + \/m? — Q? in the NC spacetime in a
similar way to the NC Schwarzschild BH (see Sec. 3.2), where in this case we have a new
degree of freedom, which is the electric charge Q. In addition, the NC geometry removes
the Cauchy horizon of the commutative RN solution at r_ = m — y/m? — Q?, and the only
existing coordinate singularity is the NC static limit surface rNC > r, = m + Vm? — Q2.
In the left panel, for a fixed electric charge Q and we increase in the NC parameter O, the
radius of the static limit surface increases, while in the right panel, for a fixed ® and we
increase in Q, this radius decreases (the same behavior for the commutative case), so the
role of the NC parameter in the RN spacetime is the same as in the Schwarzschild one (see
Sec. 3.2).
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The corresponding static limit surface and event horizon in the NC RN spacetime can

be obtained by solving oo = 0 and 1/¢11 = 0.

15d + V/ds : 84 +/ds\ (a*+b?sin®6)
NC — 2 2 2
rys =th+ <128 y ) (a2 4+ b?sin0) + ( T ) . (3.13)

where

. m? — Q%+ my/m? — Q?
RN o

i 80m°® — 172m3Q? + 93mQ* + 80m*/m2 — Q2 — 132m?Q?*\/m2 — Q2 + 37Q*\/m2 — Q2
a 64\/m2 — Q2(m + /m2 — Q2)*

and the NC event horizon

y+fi
e =r+p T (a® 4 b*sin0) , (3.14)
T
with
1 (m+/m2—Q?%)3
P=m 2(m? — Q2) +2my/m2 — Q2 |

f=32mb — 60m*q* + 31m>q* — 3q° + (32m° — 4dm®¢® + 13mg*)/m2 — Q2,
y = 160m® — 664m*Q* + 534m*Q* — 72Q° + (150m° — 584m>g* + 262mg*)/m2 — Q2. (3.15)

where v, = ry = m+ \/meQ2 is the commutative event horizon of the RN BH when
a = b = 0, while for Q = 0 we find the NC Schwarzschild static limit surface and event

horizon (3.10) and (3.11) respectively.

0.8 0.8

0.6 0.6

0.4 0.4
o 02 - o 02
S =

NS T 0

-0.2

-0.2

-04 -0.4

-0.6 -0.6

Figure 3.6: Representation of $q for the three conditions of m? — Q?, for fixed electric charge Q =
0.5 for all cases and different masses m = 0.7,0.5,0.3.

As we knew in the commutative spacetime, the RN BH has three conditions on the
quantity m? — Q? [8, 211, 212]. Furthermore, the types of BH can be determined by these
conditions: for m?> — Q? > 0, we have an BH with two horizons; for m?> = Q?, we have
an extremal BH; and for m?> < Q2 we have a non-BH (Fig. 3.6 right panel). But in the
NC geometry, we always have a BH with a singularity at the finite radius r. and one
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event horizon, whatever the sign of the quantity m?> — Q? (Fig. 3.6 left panel). This means
non-commutativity corrected this condition when it was not respected and removed the
Cauchy horizon.






MOTION IN THE NON-COMMUTATIVE
SPACE-TIME

In this present chapter, we investigate the motion of different types of particles in the deformed
spacetime in the presence of non-commutativity in a different framework than in the previous chap-
ter (see Chap. 3). We are interested in two kinds of motion around the deformed black holes, which
are the radial and the circular geodesic [167, 168], where we present the NC correction to each one of
them for different types of particles in different deformed spacetime. Also, we present the discussion
of the stability of circular orbits for both massive and massless particles, together with charged and
uncharged ones. Finally, we examine the four classical experimental tests of GR inspired by the NC
geometry to give an estimation for the lower bound on the NC parameter [167, 169].

This chapter is organized as follows: In Sect. 4.1, we present the NC corrections to the
radial equation of motion for an arbitrary static metric with spherical symmetry, and we
also obtain the NC effective potentials up to the second-order in ® for a particle in the
NC Schwarzschild spacetime. In Sect. 4.2, we study two types of motion for a massive test
particle in NC Schwarzschild spacetime, and we check the stability of the circular orbitals
by using the Lyapunov exponent. In Sect. 4.3, we present a detailed analysis of the motion
of a massless particle in this deformed spacetime, and we investigate the effect of the
non-commutativity on the BH shadow. In Sects. 4.4, we present the NC correction to the
effective particle in the NC RN spacetime. In Sects. 4.5 and 4.6, we analyze the motion of
a charged or uncharged massive test particle in this geometry. In Sect. 4.7, we present the
constraint of the NC parameter using the four classical tests of GR.
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41 NON-COMMUTATIVE SCHWARZSCHILD SPACETIME

The structure of NC spacetime (3.8) in the equatorial plan 7 can be written as follows:
ds* = goo(r, ®)c2dt* + §11(r, ®)dr* + §33(r, ©®)dg? (4.1)

where the components ¢,, of the deformed metric (Sec. 3.2) in the case for 2 = 0 and
b = O are given by

- m<88m2+mr(77+15,/12;n>+8r2<2 12;11»
3 (1—r>+ @ (4.2a)

16r4(—2m +r)

) (1_m>1_ m(12m2+mr<—14+ﬂ)—r2<5+ﬂ)>

= @* (4.2b

s r 8r2(—2m +r)3 (4.20)
m (m 10—6\/1—2”1) —8’”2+r<—3+5,/ —2m>)
S =r* + ( ( i ' ' @2 (4.2¢)
16(—2m + )2
m| —17 + —=2

SRy - Y L ( 12‘”>+m2 Sl O (4.2d)
833 = 8 8 r T6r (—2m 1 1)?2 '

In which follow we use this deformed metric as background for studying the geodesic
motion in the equatorial plan of Schwarzschild spacetime.

The motion of a test particle in the NC spacetime (4.1) can be described by the La-
grangian as in eq. (1.12) with the above deformed metric.

2L =8u(r,0)c* + n (1, ©)i% + $pp (1, @) ? (4.3)

where the dots represent the derivative with respect to the affine parameter, 7, along the
geodesic. As we see, L is independent of t and ¢, and that means tow conserved quantities,

Eo=pt =c"gu(r,@)t =t = Z3u(r,0) (4.4a)
. . !

l=pp=238ps(1,O)p = p= ——= 4.4b

Pe g¢¢( )(P (P g(M)(r’ @) ( )
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which are obtained by using the Euler-Lagrange equation (1.13). To obtain the orbital

equation, we use the following invariance' of SuwUrU" = —h, together with conserved

quantities (4.4a) and (4.4b), we obtain the explicit radial equation of motion #*

2= Eg 1 ( r +hc2> (4.5)
28u(r,0)8(1,0)  8n(r,0) §¢¢(7’,@) '

where we shall consider h = m% for massive particles.

We propose the following decomposition of the NC metric: ¢,

—%o0 = A%(r) + @%a(r) + O(0%) (4.6a)
gu = B (r) + @p(r) + O(0*) (4.6b)
833 = 17 + O (r) + 0O(0%) (4.6¢)

where a(r), B(r), and #(r) are a function of r, which can be determined using the deformed
metric components (4.2a), 4.2b, and (4.2d). Using the relations (4.6a), (4.6b), and (4.6¢), the
orbital equation (4.5) becomes

2 E? (s )

(A%(r) + @2a(r))(B*(r) + ©2B(r))  (B*(r) + ©B(r))’

12
F (e )

A2(r)B2(r) (1 + @2 (“(r)B;(zr()rJ)fz({r))Az(r) )) B2(r) (1 + @2 lfz((rr))) '

(4.7)

As we knew, the non-commutative correction is just a series in the power of ®, so the
non-commutative terms are so small compared to the commutative terms because it’s just
a correction. Now, we can use this development (1 + x)*" ~ (1 + nx), so we get

rym»_O—Wﬂw(ﬂ@_@mn+@,

A2(r)B? B2(r) 2
B E2 E? (a(r)B%(r) + B(r)A%(r)) 1 12 125 (r)
SEeEG © AR g (@)
+0? 54(8) (Z + h) +Oo@b). (4.8)

By keeping only the lower order in NC parameter ©, we get

) E? 1
- A2(r)B2(r)  B2(r) (

ff(rr)) (Z + h) } +0(04). (49)

12 E? (a(r)B*(r) + B(r)A%(r))  Py(r)
2T h) e { ALV BA(r) " ARy

1 where UV = 0*1% denote the 4-velocity.
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This is the general equation of orbital motion for any metric with spherical symmetry.
Now, if we take the case of Schwarzschild-type metrics (A(r) = B~1(r)), we get the orbital
equation for a deformed Schwarzschild metric.

72 =E2 — A%(r) <lz + h> — @2 {EZ <:2(8) + ﬁ(r)Az(r)>

l2 12
I A%0) = ) A%0) (3 +1) | + 0@ @10
Using the deformed metric components (4.2a), (4.2b), and (4.2d), this equation can be
written as:
7+ Vops(r,©) =0 (4.11)
where:

17 +
2 2 _ 2m < 12m>
2m> (l +hc)E2+®2 A > ) L

Ve (r,0) = (1 - 16r

SV J_%j (MW+WF@+”ﬁ—@y

—2m +r) 16r5(1 — 22)2

2m(13 — 3 — 2m)y2 2 m(12m? + m(—14 + — 2y,
(133, r>)+(z+w)(< ( Q/ ")
r

16r5(1 — 21)2 r2 8r5(1 — 2m)

1 2myy,2
GV ) )}+(9(®4), (4.12)

8r5(1 — 21)

For ® = 0, we restore the usual commutative effective potential for the Schwarzschild

Veff(r,@) = 0) = <1 - 2;11) (lz + hc > — E? (4.13)

metric.

4.2 TIME-LIKE GEODESIC EQUATION IN THE NC SCHWARZSCHILD SPACETIME

In this section, we investigate the effect of non-commutativity in the radial and the circular

motion of a massive test particle in the equatorial plane of NC Schwarzschild spacetime.

4.2.1 Radial motion of massive particles

In order to investigate the radial motion of a massive test particle around the NC
Schwarzschild BH, we must use some conditions on the above effective potential (4.12),
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in which/ =0and h =1, c = 1, and that gives us the following equation of radial motion
for a massive test particle in NC spacetime.

ar\? o (o2 o) 64m> + m?(—49 +13,/1 — 22)r
=E 1 p O°<¢E

dr 2
dt 16r5(1 — 21)2

2m(13 —3/1 — 22)r?) . m(12m? +m(—14 + /1 — 28y
16/5(1 — 2m)2 8r5(1 - 21)

—(54 /1 — 2m))y?
8r5(1 — 1)

r

N +0(@"). (4.14)

It is clear that for ® = 0, we recover the usual commutative radial equation of a massive
test particle in Schwarzschild spacetime [8]. Considering now a free fall of massive test
particle in NC Schwarzschild BH, and for the initial condition, the test particle considered
in the rest, i.e., # = 0 and located at r = ryp when T = 0. In NC spacetime, the proper time
of a massive test particle can be computed using the above equation (4.14) with E = 1.

_/r 2m_ o m(64m? + m(—49 +13,/1 — 21 +2(13 — 3, /1 — 21)r"2)
ro

= -
2
+ 16r5(1 — &t)2
~1/2
m(12m? +m(—14+ /1 — 28)¢ — (5+ \/@))”/2
+ ar’, (4.15)

8r5(1 — 2—’”)

r/
At the leading order of ®, we can obtain

2R 7o [ 32m* +4m(=52+ /1~ F)rg +131rg
T= < %—F@ -—

3 2m 128(2m — r9)13

1 , 2m 67 1o
+— \[ = | + s=—ArcT. A o= ) ¢ — (ro—71). 4.1
ArcSin ( . ) 5e ArcTanh < 5 )} (ro =) (4.16)

The usual commutative expression can be recovered when © = 0 [176].

In Fig. 4.1, we show the proper time T behavior for a free fall of a massive test particle
into NC Schwarzschild BH. As we observe, the non-commutativity effect on the proper
time is located near the event horizon, in which the proper time near the event horizon is
increasing with the increases of ®. In this geometry, the massive test particles take more
time to reach the NC event horizon compared to the commutative case and an infinite
time to reach the singularity, contrary to the commutative behavior [8], and this effect
disappears when we move away from the event horizon.
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Figure 4.1: The behavior of the proper time for a free fall of a massive test particle in the NC
Schwarzschild black hole as a function of r, with m = 1 and the initial position ry = 8.

Now if we use the relations (4.4a) and (4.14) with setting E = 1, we can write the
coordinate time for a free fall in the NC Schwarzschild BH as follows:

. /¢(A)_1 o 64m> + m2(—49 +13,/1 — 2 )r—kbnﬂﬁ 3,/1— 22)"2
o

r! 16r/5(1 — &t)2

-1/2
m(12m? +m(—14 + /1 — 22)y (5+\/72;51))V/2

Ch dr’, 4.17
* 8r5(1 — 1) ' (#417)

At the leading order in ©, the above integral gives us

A 2 1’0 2 1o 25
t= g\/%—kél —4dmArcTanh <\/ >+® { 2711(_16r0
2
37m 154/1 =3¢ T 61

128(rg — 2m)? 32(r0 —2m)? 4( ro—2m)2  512(rg — 2m)

1 2m 605 0
—1— ArcSm (1/ ) + To0dm ArcTanh <, / 2m> } —(ro = ). (4.18)

The usual commutative expression is recover when ® = 0 [176].

The coordinate time f behavior for a free fall of a massive test particle in the NC Schwarz-
schild BH is shown in Fig. 4.2. As we see, the non-commutativity effect on the coordinate
time is located near the NC event horizon, in which this geometry increases the time co-

ordinate of a massive test particle, and that is a similar behavior to the commutative one

[8].
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25¢

20r

< 15¢

10+

Figure 4.2: The behavior of the time coordinate for a free fall of a massive test particle in the NC
Schwarzschild black hole as a function of r, with m = 1 and the initial position ry = 8.

The variation of the proper time ¥ and the coordinate time f of a massive particle falling
toward the NC Schwarzschild BH is shown in Fig. 4.3. The massive particles located at
ro falling toward the NC Schwarzschild black hole take an infinite time with both their
own proper time and in the coordinate time to reach the NC singularity and the NC
event horizon, respectively, which is contrary to the commutative case for the proper time
[8]. In this case, the non-commutativity prevents the massive particles from reaching the

singularity in a finit time.
4.2.2  Circular motion of massive particles

For studying the orbital motion of a massive test particle around the NC Schwarzschild
BH, we analyze the behavior of the effective potential (4.12) with/ #0and h =1, c¢=1.

The influence of parameters ®, m, E, and [ on the effective potential for a massive test
particle is shown in Figs. 4.4 and 4.5. It is clear that, in these figures, all the extremes of the
NC effective potential are located outside the NC event horizon for any value of the used
parameters. As we can see in the NC geometry, there is a new minimum in the effective
potential behavior, and that allowed us to see it as multiple stable circular orbits for a
massive test particle. From the left panel in Fig. 4.4, we can see that, when © increases,
the maximum peak of the curve decreases and shifts a little off the event horizon. We
note that the divergence behavior of the effective potential around the NC event horizon
is a consequence of the NC geometry, which plays the role of a barrier preventing high-
energy particles from falling into the event horizon. In Fig. 4.4 (right panel), the increase
in mass shifts the NC effective potential off the event horizon and increases the depth of
the potential in NC spacetimes.
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-
o

Figure 4.3: The behavior of the proper/coordinate time for a free fall of a massive test particle in
the NC Schwarzschild black hole as a function of r, with m = 1 and the initial position
ro = 8.

Veff
S
~

Figure 4.4: The behaviors of the effective potential for a massive particle. Left panel: different ©
and fixed: E = 0.998, m = 1, and | = 4.2. Right panel: different m and fixed: E = 0.998,
0=041=42

As we observe from Fig. 4.5 (left panel), the effective potential depends on the energy
of the test particle in the NC spacetime (4.12), in which the increase in energy leads to a
decrease in the level of the effective potential and an increase in the depth of the potential
well. For low-energy particles, E < 1, the new minimum of the effective potential disap-
pears, and hence such particles fall into the event horizon of the Schwarzschild BH. While
in the right panel (Fig. 4.5), we show the influence of the orbital momentum / on the ef-
fective potential, where we found that, in this geometry, there is always a minimum of the
effective potential near the event horizon, whatever the value of the orbital momentum;
when [ increases, the depth of the potential well decreases and shifts towards the event
horizon. The other extremes are restored when I,; > 2+/3m.
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Figure 4.5: The behaviors of the effective potential for a massive particle. Left panel: different E and
fixed: m =1, ® = 0.2, | = 4.2. Right panel: different [ and fixed: E = 0.998, ® = 0.2,
m=1.

In this scenario, non-commutativity plays a similar role as the potential well near the
event horizon, when all matter absorbed by the black hole is compressed into this region
before entering the event horizon. This leads to the formation of a new accretion disk near
this region with high density and high temperature around the NC BH, which becomes
very bright. This is known as "Black Hole Accretion Disk Theory" (see Refs. [213-216]),
which is also known in astronomy as "Quasar" (see Ref. [217, 218]).

The new minimum appearing in the behaviors of the effective potential in Figs. 4.4 and
4.5 can be found in other theories such as the Reissner-Nordstrom BH [219, 220], or the
non-singular black hole theory [221, 222], etc. While these theories show a problem in
the location of this minimum, which is located inside the event horizon and thus cannot
be interpreted as a stable circular orbit, in our work, the NC geometry shifts the new
minimum outside of the event horizon, thus giving the possibility of a stable circular orbit
near the event horizon. We elaborate on this in the following section.

4.2.3 Stability condition and Lyapunov exponent

In what follows, we investigate the orbital motion and their stability in the NC spacetime
in order to see how the non-commutativity affects this class of orbits. For that, let us now
consider a circular motion (# = 0), and the corresponding effective potential (4.12) must

satisfy the following condition:
V,f(r,®) = V3(r,®) — E> =0, (4.19)

and the extreme of the NC effective potential can be obtained by solving the following
equation:
Vers _
Sdr

The solution to the above equation enables us to obtain stable and unstable orbits.

0, (4.20)
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In NC spacetime, there is always a minimum for the effective potential V, ;¢ that appears
when | > 0,7 which corresponds to the Newtonian case. However, the other extremum of
Verr exists for a specific condition on the angular momentum, /, namely I.,; > 2v/3m, and
it depends on the value of the NC parameter ©. This is similar to the relativistic case in
commutative spacetime. It is clear that the use of the gravitational gauge theory in NC
Schwarzschild spacetime using SW map 2.2.3 relates together the Newtonian case and the
relativistic case in commutative Schwarzschild geometry.

Table 4.1: Some numerical values of event horizon 7’111\] C, unstable circular orbit r,,s, and multiple

stable circular orbit 7, in the commutative and the NC case with different parameter ©
and fixed E =0.998,] =42,m =1.

C) 0 0.1 0.15 0.20 0.25 0.30
r}ll\] € (event horizon) 2 2.00188 2.00422 2.0075 2.01172 2.01688
Tsta (internal) - 216349 2.21421 2.25862 2.29837 2.33435
Tuns 3.83278 3.83684 3.8419 3.84894 3.85791 3.86876

Tsta(external) 13.8072 13.8074 13.8076 13.8078 13.8081 13.8086

The influence of the NC parameter ® on the event horizon unstable and the multiple
stable circular orbits, obtained by the numerical solution to the Eq. (4.20), are shown in

Table 4.1. As we see, all types of circular orbits increase with increasing ®. This behavior
can be found in Fig. 4.6.

2.5 (a) 4/(b) 2.5/(c)
@2.4 @2.4'
<23 £39 <23
L 22 L 2.2
2.1 3.8 2.1t
0 0102030405 0 01 02 03 04 05 0 0102030405
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=24 T 2
® » 515
£23 T~ £4 H
s _ £ 10
=22 3 R
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0 1 2 3 4 5 35 4 45 5 O35 4 45 5

Figure 4.6: The behaviors of the radius of circular orbits for a particle in the NC space-time. Unsta-
ble and multiple stable circular orbits as function of ® and for fixed I = 4.2, E = 0.998,
m = 11in (a), (b), and (c), and as function of [ and for fixed ® = 0.2, E = 0.998, m = 1 in
(d), (e), and (f).

As we see in Fig. 4.6, all the types of radius in (a), (b), and (c) increase as the NC
parameter, ©, increases. Therefore, in NC spacetime, the unstable circular orbital has a
greater radius and is increasing as the NC parameter increases, indicating a strong grav-
itational field. We can also observe that the unstable and internal stable circular orbits

2 When | = 0, in this case, the NC parameter plays the role of angular momentum.
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decrease when the angular momentum, [, increases, while the external stable circular orbit
increases, as shown in (d), (e), and (f).

In astrophysics, studying the motion of test particles around compact objects is due to
investigating a specific type of a circular orbit called the innermost stable circular orbit
(ISCO), which has great importance in this field and gives us a better understanding of
the nature of massive compact objects such as neutron stars, quasars, supermassive black
holes, etc. This class of orbits can be obtained from the stability condition given by:

B2V,
> .
5> 0 (4.21)

The numerical solution of the above condition in the usual commutative case shows that

one ISCO at ”?sco > 6 in Schwarzschild spacetime with [.,;;, while in NC spacetime we
get two stable circular orbits (SCO) stability orbits (see Fig.4.7), at r;, < r%%o < 246729
and rNC 5 > 6.00772, using SW map withe parameter ® = 0.2, which can see as a multiple
SCO separated by unstable region.

m=t, L=2\[3 . m=05,L.=+/3

800

400

-400

-800

-1200

Figure 4.7: The condition of stability for circular orbits for different ® and other fixed parameters:
(left panel) E = 1, I,; = 24/3, and m = 1. (right panel) E = 1, I,;y = /3, m = 0.5.

The behavior of the composite conditions equations given in (4.20) and (4.21) is shown
in Fig. 4.7, for fixed E and for different values for the parameters I, m, and ©. It is clear
that, in the commutative space, ® = 0, we have just one condition for the ISCO, while
the NC spacetime increases this orbit and predicts a new class of SCO near the event
horizon of the NC Schwarzschild BH. Another note that can be seen from the figure is that
when the mass of the black hole decreases, the NC effect increases, suggesting that the NC
correction term is proportional to (o< 1).

The stability condition behavior of circular orbits is shown in Fig. 4.8, as a function of

the mass, m, in the left panel and as a function of the NC parameter, ©, in the right panel.

It is clear that, in the NC spacetime, the effect of the mass (left panel) is similar to the
effect of the NC parameter (right panel), in which the increase in one of them leads to an
increase in the stability conditions of the two radii. From this behavior in Fig. 4.8 and the
interesting result in Ref. [149, 150], the Ricci scalar for the Schwarzschild black hole in the
NC spacetime has a non-zero value for ® # 0. Where we see that the NC parameter ®
plays the same role as the mass m, maybe that can be used to explain the dark matter in

this universe.
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©=0.2

250

200

150

100]

50,

Figure 4.8: The condition of stability for circular orbits for fixed E = 1. (left panel) different m,
lyit = 2+/3m and fixed ® = 0.2. (right panel) different ® and fixed m = 0.50

Table 4.2: Some numerical solution for the radius condition of the innermost stable circular orbit
with different parameters ® and fixed E =1, Iy = 2v3m, m. (@) m =1, (b) m = 0.5,

(c) m=23/14.
G 0 0.10 0.15 0.20 0.25 0.30

Y (@)ymin 2 6 6.00127  6.00286  6.00507 6.00792  6.01138
s LT (@)min S 239118  2.48542 2.5655 2.63613  2.69974

Y (bymin = 3 3.00254  3.00569  3.01008 3.01566  3.02241
s I (pymin S 1.28275  1.34987 140569  1.45373  1.49587

F(cymin = 1.28571 1.29157  1.29869 1.3083 1.32011 1.33377
s LT b)min S 0.616476 0.657125 0.688445 0.713273 0.733258

In table 4.2, we present some numerical solutions obtained according to the conditions
given by Egs. (4.20) and (4.21). The results in the above table represent the results obtained
in Fig. 4.7 and 4.8 (right panel), which represent the effect of ® in the ISCO radius, where
this radius increases with increasing ©. It is worth noting that the non-commutativity pre-
dicts a new class of SCO near the event horizon, which is absent in the usual commutative
spacetime.

From the two tables 4.1 and 4.2, we can conclude that the NC space increases the radius
of the SCO and allows for the possibility of multiple SCO separated by an unstable region.

For circular orbits, we can compute the energy and the angular momentum of massive
particles by using the two stability conditions (4.19) and (4.20).

_ 2 B(re) 4+ F(re), /1 — 22
g2 (Z2mET)” ‘ ‘ | e+ oY, (4.22)
re(re =3m)  \ 32(r4(=3m +1)2, /1 — 21)

Te

S(re) +Q(re)y /1 — an

12 ~ - “ 0%+ 0(0%). (4.23)
Te =3\ 32(re(—3m + re)2(re — 2m) /1 — 21)

Te
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Second class of SCO

Figure 4.9: Schematic picture of the first and second bounds of stable circular orbits around the
NC Schwarzschild BH, where green solid line represents ISCO for the Schwarzschild
BH, black dot-dashed lines represent ISCO in external region for the NC Schwarzschild
BH, blue dashed line represents the NC event horizon, and the black disk in the center
represents the singularity of the NC Schwarzschild BH, and the red dot lines represent
the new region of SCO near the NC event horizon. (E =1,] = 2v3,m=1,and © = 0.6).

where:

B(r.) = —120m* + 162m%r. — 71m*r? + 4mr2, F(r.) = 204m* — 174m>r. + 41m°r? — dmr?,
(4.24a)

S(re) = —48m* + 126m%r. — 55m*r?,  Q(r.) = —120m* + 174m3r, — 75m>r? + 8mr>.
(4.24b)

The usual expressions for energy and angular momentum of the commutative Schwarz-
schild BH are recovered when ® = 0 [176].

Figure 4.10: The behavior of energy (left panel) and angular momentum (right panel) of a circular
orbit for massive particles in NC spacetime.

The variations of the energy E? (left panel) and angular momentum 12 (right panel) of
a circular orbit for massive particles around NC Schwarzschild BH as a function of r,
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are shown in Fig. 4.10. It is clear that in the NC spacetime, the energy E2 of the massive
test particle for circular orbit shows a new behavior in the unphysical region (E2 < 0)
compared to the commutative case (see the left panel), in which the energy turned to
positive values (E? > 0) near the event horizon, where that is explained by the new SCO
at this region. The effect of non-commutativity on the angular momentum is shown in the
right panel, where a new behavior emerges from this geometry and is similar to the energy
behavior (see left panel). The angular momentum also has positive values near the event
horizon, which corresponds to the new stable circular orbit (see Table. 4.1), and that is not
allowed in the commutative case ® = 0, in which the region near the event horizon is an

unphysical region for both energy and angular momentum.

4.2.3.1 Time period and orbital velocity

For a massive test particle in circular orbit around a NC Schwarzschild BH, its orbital
velocity can be defined as follows: [36, 223]

O, = q; (4.25)

Using Eq. (4.4b) together with (4.22) and (4.23), we obtain the orbital velocity at the second
order in the NC parameter © as follows:

A m X(rc)+W(rc),/1—2r—’C” o

= |= , 4.26
‘ r + 32r8(r. — 2m)3 (4.26)
where
X(re) = —1272m° 4 2304m*r, — 1544m>r? 4 451m°r2 — 48mr?, (4.27a)
W(re) = —192m*r 4 298m>r2 — 137m?r2 + 24mr?. (4.27b)

The commutative case [36] recovers when ® = 0.
Lets now consider a massive particle orbiting around a deformed BH. The orbital time

or necessary time for a period is defined by [36].

N

7T

To =, (4.28)

o>

C

The orbital velocity (left panel) behavior together with the orbital time scale of coor-
dinate time (right panel) in the NC spacetime as a function of 7. are shown in Fig. 4.11.
As we see, in NC spacetime, both orbital velocity (left panel) and orbital time scale (right
panel) show a new behavior that appears only near the event horizon r)© (in the outside
region), and this geometry increases the orbital velocity near the event horizon, and this
effect becomes negligible for large orbits. Also for the orbital time scale, the effect of non-
commutativity is limited only near the event horizon, in which in this geometry the time
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Figure 4.11: The behavior of the orbital velocity (left panel) and orbital time scale (right panel) for
a massive test particle with different values of NC parameters ©.

period is smaller compared to the commutative case (right panel), and as we see, the non-
commutativity decreases the orbital time scale until it reaches zero at the singularity of the
NC Schwarzschild BH, while at the large orbits r. > 3, this effect vanishes.

4.2.3.2 Lyapunov exponents

In order to describe the NC spacetime proprieties around the NC Schwarzschild BH, it
is interesting to study the classification of both stable and unstable circular orbits. In this
context, the Lyapunov exponent [33] has a huge application in GR, where it is considered
a bridge between the non-linear dynamics and the non-linear GR. Moreover, the Lyapunov
exponent A measures the average rate of separation between two nearby geodesics in
phase space, and their stability can be determined by checking the nature of A, in which
the circular orbit is stable and marginal stable when A, (or A.) are imaginary and zero,
respectively, and is unstable for A, (or A.) real [40, 43]. In the NC spacetime, the proper
time Lyapunov exponents )A\p and coordinate time Lyapunov exponents A. can be written
respectively as follow [36, 40, 42, 43]

- - r,0
p—i/ eff eféiz )" (4.29)

Using the NC effective potential (4.12) for a massive particle together with (4.4a), (4.22)
and (4.23), we find

- m(re — 6m) Z(re)+ P(rc)y/1— 27':1 o 430
Pl (re—3m)rd * 32(rc — 2m)378(r, — 3m)? ’ (4.30a)

ho— | _omle=em) (YU NG YL " @2 4.30b
CTAl rd * 32(r. —2m)3r7 ' (4.30b)
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where

Z(re) = 16416m” — 38544mCr, + 34992m°r? — 16116m*r + 4076m>r? — 551m>r>

+ 32mr$, (4.31a)
P(r.) = 3564m°r. — 8058m°r? + 7070m*r> — 2910m>r* + 517m*r> — 24mr®, (4.31b)
Y(rc) = 8880m® — 16568m°r, + 11200m*r?> — 3470m>r2 + 515m*rt — 32mr2,  (4.31c)
N(r.) = 1668m°r, — 2870m*r> + 1808m°r2 — 473m>rE + 24mr?, (4.31d)

The commutative expressions of )A\p and A. are recovered when ® = 0 [40, 42].

08 i

I 1

06 i

<< o

0.4

0.2

Figure 4.12: The behavior of the proper time (left panel) and coordinate time (right panel) Lyapunov
exponents for a massive particle as a function of circular orbits ..

Fig. 4.12 shows the instability of orbits measured by Lyapunov exponents, which is
described by the behavior of the proper (left panel) and coordinate time (right panel) for
a massive particle in the NC Schwarzschild spacetime. As we see now, a new behavior
appears in the NC spacetime a for both ;\p (left panel) and A, (right panel). It is clear
that, in the right panel, we show the instability of the orbits in the region between the
singularity and the NC ISCO, 2m < r. < rI5¢0 which is measured by the coordinate time
Lyapunov exponents in the NC space time, where that means A, is real in this region, and
the non-commutativity increases the instability of the orbits near the event horizon and
decreases when we are far from the event horizon r, > r{l\] C, until reaching zero at the
outer ISCO rI5¢O. While, in the left panel, we show a different behavior to the coordinate
time (see right panel), in which the proper time Lyapunov exponents in the NC spacetime
measured the instability of circular orbits in two regions separated by an imaginary part
of ;\p, where )A\p is real in two regions 2m < r, < r15C0 and rins <r. < rISCO “which means

inner outer 7

that the circular orbit is unstable and is separated by a stable region with )Axp imaginary in

rI5€O <y, < 115, and this result coincides with the one obtained in the Table. 4.1 and 4.2,

where the new circular orbit near the event horizon is stable.
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The ratio proper/coordinate time of the Lyapunov exponent can be computed using
(4.30a) and (4.30b), which can be written as follows:

\ e Y(re)(Bm —re) = Z(re) + (N(re) (3m —re) — P(r)) (/1 — 22 o
A A\l (re —3m) + 32m(r. — 2m)3(re — 3m)2(rc — 6m)r2 ’
(4.32)
The commutative expression can be recovered when ® = 0 [40, 42].
I /
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Figure 4.13: The behavior of the ratio proper/coordinate time of Lyapunov exponent for a massive
particle in NC spacetime.

In Fig. 4.13, we show the behavior of the ratio proper time to the coordinate time of
the Lyapunov exponent as a function of the circular orbits r. in the NC spacetime. It is
clear that the ratio }\p /A is real in two regions and separated by an imaginary one, which

means the unstable regions are separated by a stable one (see Fig. 4.9), and that is similar
to the case of the proper time Lyapunov exponent.

424 NC effect on the orbital motion

As we see above, the non-commutativity affects the stability of circular orbits around NC
Schwarzschild BH, so the investigation of the geodesic equation is important for more
detailed analysis on the effect of this geometry. In which follow, we need to write the

equation of motion (4.11) as a function of ¢. To achieve this, we use the angular momentum
condition Eq. (4.4b), and then we obtain

drdrd¢ [ dr

0T dpdt T Ge(r,©) dp (39
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We substitute this into Eq. (4.11), and we obtain:

d 2 52 ,0
<d;> :_8¢¢(lz >v€ff(r,®) (4.34)

where we use the relations (4.11), (4.12), and (4.2d) in the case of a massive particle, h = m%,
then we obtain:

dr\? , 7 5 3 2m  m 5
(%) 722 (-3 )( *’“) © Vo e (T
r
+m2 1-—2m - 49+13./1 )r+2m (13 —34/1 — 2)y2)
(—2m +r)?

6r3(1 — 212
. 6413 l2+hc m(12m?* 4 m( 14—}—\/17) —(54+4/1 27’”))1’2
16r5(1 — 212 r2

!
2m
1(5 3 2m  m 5 1-= 12
-2 1-" = =17 -+ he?
12(8 8 r 16r( ) (2m+r)2)<< r)(rz )
1=

8r5(1 — 1)
~E?) } +0(e), (4.35)

We define a new variable, u = % ; thus, we find

2 2 _ 22 2.2
E 2
(du) = ( lzmo ) + m;;l —u? 4 2mud — @ {—u4(1 — 2mu) <5 - §\/1 — 2mu

g 8 8
m2u? > 2u?

1
+—mu

5
17+ +
16 ( v1 —2mu> (1 —2mu)?

+E2) x > §\/1 —2mu + L <—17—|— > ) + e
8 8 16 VI=2mu) = (1—2mu)?
. (EZmu3(64u2m2 + mu(—49 + 13/ = 2mu) +2(13 — 3y/1 — 2mu))>

- (=1 + 2mu) (mjc* + I*u?)

1612(1 — 2mu)?
+mu3(m(2)c2 + Pu?) (12u?m? + mu(—14 + V1 = 2mu) — (5 + /1 — 2mu)) }

812(1 — 2mu)
+0(0%), (4.36)

Let’s now rewrite the above equation in linear form using the following approximation

mu < 1, and we stop at 3" order in u, and hence we find:

12 12 212
m(5mgc* — AE*)u}, (4.37)

2 2 22 2.2
E 2
<Z:;> B e | 2R 2 o +7{ 2 — mie?)u?
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The derivative of the above equation with respect to ¢ gives us

+ 3mu® + i (E? — mjc®)u + 3—m(szcz —4E%)u? (4.38)
12 212 0 2 0 ‘ ‘

d*u e mmpc?
g2~

where this equation is the NC geodesic equation in NC Schwarzschild spacetime.
The analytical solution to this equation can be obtained using the approximation method.
For that, let’s rewrite the equation (4.38) in this form:

d2u mm%c2

i + w?u = ot 3m'u?, (4.39)
where
2 2®2 2 2.2
w-=1- W(E — mge?), (4.40a)
5mc? — 4E?
m' = m [1 + @ <’”OC412)] : (4.40b)

This equation can be solved using the same method in Sec. 1.2, where we use the ap-
proximation solution [224].

2
mmy

/ 2
u(#) = o2 <1 + ecos (wcp - 3";23’”0@ > - (4.41)

where ¢ is the eccentricity of the orbit. Note that when ® = 0, the commutative solution is
recover (1.24) (for the case my = 1).

The plot of some orbits of a massive particle around a NC Schwarzschild black hole
described by the geodesic equation (4.41) are shown in Fig. 4.14 for different values of [
and E and with a fixed black hole mass m = 3/14 and the NC parameter ® = 0.1,0.2,0.3
(left to the right) compared with the commutative case ® = 0. It is clear that in rows
1, 2, 3, and 4, the non-commutativity of the spacetime affected the orbits of the massive
test particle, and this appears in the deformation on the periastron advance of the particle
orbit.

43 NULL GEODESIC EQUATION IN THE NC SCHWARZSCHILD SPACETIME

This section is for studying the effect of non-commutativity in the radial and the circular
motion of a massless test particle in the equatorial plane of NC Schwarzschild spacetime.
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Figure 4.14: Time-like geodesic for a massive test particle h = 1 around a NC Schwarzschild black
hole, with ® = 0.1,0.2,0.3,0.4 (left to right) and fixed mass m = 13—4 and varying other
parameters in the plan 6 = 7: (rows 1), [ = 1.586, E = 0.993; (rows 2), | = 0.915,
E = 0.975; (rows 3) [ = 0.99, E = 0.9828; (rows 4) [ = 0.915, E = 0.975.

4.3.1 Radial motion of massless particles

The radial motion for a massless particle in the NC Schwarzschild spacetime can be studied
using the NC effective potential (4.12) with [ = 0 and / = 0, and it is written as follows:

3.4 20 [1_ 2m _ a1 _2my2
(dr>2E2—®2 o 64m> +m*(—49 +134/1 — Z)r +2m(13 — 34/1 — <4)r Lo,

) 16r5(1 — 21)2

(4.42)
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In the case of ©® = 0, the commutative expression is recovered. Let’s now consider a photon
emitted from the point r = rg in free fall into the NC Schwarzschild BH with E = 1. The
affine parameter T and coordinate time f in this case are defined by

—-1/2
r 64m> + m?(—49 +13,/1 — 20)r 4 2m(13 — 3, /1 — 21)y2
f:_/ (1-@2{ r " . (4.43a)
JT

16r5(1 — 212

m® + m r 4 2m 2 -1/2
f=—/r(§oo)*l (1_92{64 +m2(—49 +13/1— 20)r 4 2m(13 - 3,/1 - 2 }) |

16r5(1 — 21)2

(4.43b)

The integration of both above equations is evaluated at the leading order in ®, which gives

-1/2
. 2 70 B 1 32m? + 15mrg + 873 _ 2m
=1r0+0O {ZSLog <(1’0 — 2m)> 128 ( 7 + 1|1 T

2m\ 2\ 13 om\¥? 35 o
(1‘r0) )‘3(1‘r0) ‘z(m—zm)}“rﬁ”' -

224m?* — 201mro + 6315 63 0
= 2mL Y 2 U 0
o+ 2mbog < ) © { 1287y (ro — 2m)? mC <(r0 - 2m)>
(17m? — 24mro + 8r3) /1 —
+ —(ro = ). (4.44b)
m(rp — 2m)?

When © = 0, the commutative expression of both the affine parameter and the coordinate
time of a massless particle are recovered [8].
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Figure 4.15: The behavior of the affine parameter and the coordinate time along the radial null
geodesic of a photon in the NC Schwarzschild black hole as function of r.
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In Fig. 4.15, we show the behavior of both the affine parameter T and the coordinate
time f along a radial null geodesic. For the free fall of a photon from r = ry falling into the
NC Schwarzschild BH, it is seen that the photons take an infinite affine parameter to reach
the singularity, contrary to the commutative case [8, 225], in the case of the NC spacetime
in the affine parameter framework, and it’s the same case for the time coordinate, which
takes an infinite time to reach the NC event horizon, which is the same behavior as in the
commutative case for the time coordinate [8]. It is worth noting that the non-commutativity
prevents the photons from reaching the singularity only after an infinite proper time 7, and
that means the photons cannot reach the singularity for a finite time, which is the same

observation as the massive test particle in the above Sec. 4.2.

4.3.2  Circular motion of massless particles

In which follows, we focus on the null circular motion of a photon in the equatorial plane
around the NC Schwarzschild BH. The NC effective potential in this case is given by (4.12)
with h = 0.

0,

-0.2]

——1=1.00,0=0.0

-0.4

- 1=420,0=02

Veff

-0.6;

-0.8]

Figure 4.16: The behavior of the effective potential for massless particle with different values of
NC parameters © and fixed: E = 0.998, m = 1, | = 4.2 (left panel), and with different
angular momentum [ and fixed E = 0.998, m =1, © = 0.2 (right panel).

The variation of the NC effective potential for a massless particle (photon) as a function
of 7. is shown in Fig. 4.16, for different values of the NC parameters © (left panel) and for
the angular momentum [ (right panel). It is clear that, in the NC spacetime, the effective
potential shows a new minimum appears near the event horizon in a similar way as for
the massive test particle case (see Sec. 4.2), while for the photons, there are only two
extrema located outside the event horizon, which are a minimum and a maximum, and
that allows us to interpret this new minimum as a new SCO, which means a new stable
photon sphere near the event horizon in this geometry. It is clear that, when © is increasing,
the new minimum of the effective potential shifts away from the event horizon, and this
effect becomes insignificant as we move further from the event horizon (r > r;lz\] ©). In the
right panel, we show that in the NC spacetime, we have a condition in angular momentum
I in which the effective potential has an extremum, contrary to the commutative case where

the effective potential has a maximum, whatever the value of /, while in this geometry ©® =



4.3 NULL GEODESIC EQUATION IN THE NC SCHWARZSCHILD SPACETIME

0.2 this potential has always two extremums for the critical value of angular momentum
Icrit > 2 55 where this value depends on O. Finally, in the NC Schwarzschild spacetime,
there is always a two-photon sphere, in which the inner one is stable while the outer is the
usual unstable photon sphere.

4.3.3 Stability condition and photon sphere

In the case of a massless particle, the circular orbit subjects to the same conditions as the
massive one (4.19) and (4.20), where we use the NC effective potential (4.12) with h = 0,
and that leads to the ratio between the energy E. and the angular momentum [, for the
circular orbit by the following expression:

1 E. re —2m I(rC) +G(rC) 1- 2;%”

=== 2, 44
D, I r + 1676 (r. — 2m) © (145
where D, is the impact parameter, and
J(re) = 156m> — 185m>r, + 73mr> — 10r2,  G(r.) = 33m>r. — 37mr? + 6r2. (4.46)

Table 4.3: Some numerical values of unstable r,,;s and new stable circular orbit 7, of photon sphere
in the NC spacetime with different parameter ® and fixed E = 0.998, | =42, m = 1.

C) 0 0.10 0.15 0.20 0.25 0.30
Tsta(NEW) 2.18400 2.24624 2.30383 2.35865 2.41183
Tuns 3. 299782 299504 2.99101 2.98559 2.97855

The numerical solution of equation (4.20) is presented in Table. 4.3, which represents the
variation of stable and unstable circular orbits of the photon sphere as a function of some
values of ©, and when @ increases, these two types of orbits get closer to each other for
3.29 <1 < 4.48 (the condition on [ depends on 0 < ® < 0.3), in which the stable circular
orbit is increasing and these two orbits get closer to each other for 3.29 < [ < 4.48 (the
condition on / depends on 0 < ® < 0.3), which mean the stable circular orbit increasing
and the unstable one decreasing, while for the case of | > 4.48, these two orbits increase
both of them with increasing ©.

It is clear that, in Fig. 4.17 (two left panels), the new null SCO increases while the un-
stable one decreases as the NC parameter ® increases. Therefore, the unstable orbit of the
photon has a smaller radius in NC spacetime and decreases as the NC parameter increases
for the case | < 4.48, while for | > 4.48 this orbit is greater than in the commutative case,
where in the commutative case this orbit is independent of the angular momentum [, and
that is due to the presence of the non-commutativity effect that modified the gravitational
field. For the two right panels in Fig. 4.17, the circular orbit of the photon depends on the
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Figure 4.17: The behavior of the photon sphere radius in NC spacetime. stable and unstable circular
orbits as a function of ® and for fixed I = 42, E = 1, m = 1 (two left panels), as a
function of | and for fixed ® = 0.3, E = 1, m = 1 (two right panels).

angular momentum [ in this geometry, in which the new stable circular orbit decreases as

the angular momentum [ increases, while the unstable one increases.

Stable photon sphere

NC event horizon

Unstable photon sphere

Figure 4.18: The schematic picture of the stable/unstable photon sphere around the NC Schwarz-
schild black hole.

4.3.4 Lyapunoov exponents

In which follow we use only the coordinate time Lyapunov exponent, and that because the
photon doesn’t have a proper time.

In this case, for a null circular orbit, the NC angular frequency and the NC time period
in coordinate time are given by the following equations: (4.25) and (4.28), respectively.
1

—, T =2nD, (4.47)

QNull —
C DC

The coordinate time Lyapunov exponent for the null circular orbit of a photon around
NC Schwarzschild BH can be obtained using (4.29), which gives us

s _ | _3((Am e r)(=2m+r)) | O(re) +I(rc) /1 — 2 o @19

rd 32(rc — 2m)?r7
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where

O(re) = —19488m° + 39000m*r. — 29076m°r? + 9958m?r> — 1716mr? + 14012,  (4.49a)
I(re) = —3171m*r. + 5773m>r? — 3908m*r> 4 1080mr: — 84r2. (4.49b)
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Figure 4.19: The behavior of the coordinate time Lyapunov exponent for massless particles as a
function of 7, (left panel) and as a function of the NC parameters ® (right panel).

The behavior of the Lyapunov exponent A, for photon in the coordinate time is shown
in Fig. 4.19, as a function of . (left panel) and as a function of the NC parameters @ (right
panel). It is clear that in the left panel, the instability increases slowly from r. = 4 until it
reaches the maximum, then decreases rapidly as r. decreases until it reaches zero at . = 2
(near the event horizon), and this maximum decreases and shifts away from the event
horizon as © increases. It is worth noting that for the circular orbits near the event horizon
in the NC geometry, their instability is smaller than in the commutative case, while when
we move away from the event horizon, this observation is reflected. Furthermore, in the NC
spacetime the profile of the instability is shifted away from the event horizon, compared
to the commutative case in which the instability became zero at r. = 2, this behavior left
some SCO near the NC event horizon, and that is agree with what we find in the above
discussion (see Table. 4.3) concerning the new stable photon sphere (see Fig. 4.17 and 4.18)
around NC Schwarzschild BH, and the same observation can be found in other theory of
non-commutativity as in Ref. [223], but in this theory the orbit is located inside the NC
event horizon, which can’t seen as new SCO of photons around NC Schwarzschild BH.
In addition, the behavior of A, for some orbits 7. as a function of the NC parameter O is
shown in the right panel of Fig. 4.19. As we see, in the NC spacetime, the orbit r. = 3
is also unstable, and in this geometry, the instability of this orbit is greater than in the
commutative case. For the other new circular orbit that emerged in the NC spacetime near
the event horizon, there was less instability, and it decreased as © increased before going
to zero for specified values of ©. This indicates that some circular orbits near the event
horizon in NC spacetime are stable.

Also, another quantity that measured the instability of the orbits was the so-called insta-
bility exponent of null circular orbits, where this quantity in NC spacetime is defined by
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the ratio of Lyapunov exponent AN“! to angular frequency QN in the coordinate time,
which is given by the following expression:

ANull (3(4m —r) ) (O(rc) + 6] (rc) (8m? — 6mrc +12) + 6G(r) (8m* — 6mre +12), /1 — 21

QNull — re 32(rc — 2m)3rd

1/2

I(re)(8m* — 6mre +72) /1 — 22
(rc)(8m mre + %) C)®2) . (450)

32(rc — 2m)3r4

+

In Fig. 4.20, we show the behavior of the ratio AN*! /ON“! ag a function of . for different
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Figure 4.20: The behavior of % as a function of 7.

NC parameter ©. It is clear that, in the NC case (for ® # 0), we observe the same behavior
as in Fig. 4.19, while this behavior disappears when ® = 0 (in the commutative case),
which means the orbits near the event horizon in the NC spacetime are stable, contrary to
the results obtained in Ref. [223].

Finally, we check the behavior critical exponent 4 as a final analysis of the null circular

orbit instability around NC Schwarzschild BH, which is defined as a ratio of the Lyapunov

timescale T;\ = % to the orbital timescale T() = Zﬁ” [34-36], in this case we find

Null
T3 1

/)‘,NH” = TNull - '
O (O(m%](m(8'”2‘6’”“+f?>+(1<rc>+6c<rc><8m2—6mrc+rz)>\/1—Z’T> @2

3(4m—r.)
27 Te + 32(rc—2m)3rt

(4.51)

The commutative expression can be obtained when ® = 0.
Numerical values of the critical exponent 4N*! for different ranges of the photon orbit

rc with different NC parameter © are shown in Table. 4.4. It is clear that '?N ull in this table
shows both real and imaginary values, in which the real positive values of this quantity for
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Table 4.4: Some numerical values of the critical exponent ’?N”” for unstable r,,s and new stable
circular orbit rs,; of photon sphere in the NC spacetime with different parameter ® with

m=1.
Q) re=3 re =24 re =2.3 re =22
0.0 | 0.159155 // // //
0.1 | 0.158439  0.117291 0.121293 0.251639
ANl 0.2 ] 0.156349  0.136225 0.328429 0. -0.0662942 i
0.3 | 0.153042 0.210585 0.-0.10626 i  0.-0.0397438 i
0.4 | 0.148746 0.-0.2165641i 0.-0.0665877 i 0.-0.0288573 i

the different range of r. correspond to unstable circular orbits [35], while the imaginary
ones correspond to the stable ones. It is worth noting that the photon sphere located
at . = 3 around the Schwarzschild BH is always unstable in both commutative and NC
spacetime. Moreover, this instability means that the Lyapunov timescale is shorter than the
orbital timescale (T;\ < TQ) [34] (see the definition (4.51)). Also, we show that the values
of AN“I decrease when the NC parameter increases for 7. = 3, where that means the non-
commutativity increases the instability of this orbit, where the smallest values of AN"/!
indicate a strong Lyapunov instability [36], which agrees with our discussion for the right
panel in Fig. 4.19, while the imaginary values that correspond to the SCO coincide with
the new minimum of the effective potential for I = 5.2 (closer to the values of Table. 4.3),
where that shows the stability of the new stable photon sphere around NC Schwarzschild
BH and proves the instability of the external photon sphere in both geometry.

4.3.5 Black hole shadow

In which we are interested in studying the black hole shadow for one kind of motion of
photons, which is the circular motion in the equatorial plane 6 = /2, it is easy to show
the relation between the black hole shadow Rgj;40,, and the impact parameter D., which
are related by the relation Rgp400 = Dc|r:rps; where rz’;s is the radius of the external un-
stable photon sphere (see Fig. 4.18), and it can be obtained by solving (4.20), the analytical
solution to this condition in the leading order on ® and m, written as follows:

L

s (4.52)

—38 + 540D2m? o
288 m '

It is worth noting that the new stable photon sphere can be obtained only by numerical

solution (see Tab. 4.3), and their shadow can’t be observed because the photon is orbiting

in SCO around the NC Schwarzschild BH. Using this expression, we can express the radius

of the NC Schwarzschild BH shadow.

(1+2v/3)

Rshadow = 3v/3m (1 + W®2> . (4.53)
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When © = 0, we obtain the commutative expression.

6 ‘ ‘ ‘ ‘ ‘ g 6F
4r 4-
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Figure 4.21: The Schwarzschild black hole shadow in the NC spacetime, for different values of NC
parameter © (left panel) with m = 1, and for different values of black hole mass m
(right panel) with @ = 0.4.

The influence of the NC parameter (left panel) and the BH mass (right panel) on the ra-
dius of the NC Schwarzschild BH shadow is depicted in Fig. 4.21. It is clear that, in the left
panel, the non-commutativity increases the radius of the NC Schwarzschild BH shadow, in
which this radius increases with increasing ©, and we can see the same observation in the
right panel for the fixed ® and increasing in the BH mass m. Moreover, the effect of non-
commutativity on the shadow radius is similar to the effect of black hole mass, where the
NC parameter plays a similar role as a mass, and that’s what we expected in our previous
discussion (see 3 and SubSec. 4.2.3), and that means the non-commutativity increases the
gravitational field. It is worth noting that the same observation on the noncommutativity
effect on the radius of the BH shadow was obtained in [166], in which the authors used
the NC correction to the black hole mass using gauge theory of gravity with negligence of
the deformed metric in the calculation. However, in our case, we use the gauge theory and
the non-diagonal tetrad matrix to calculate the NC Schwarzschild metric, which is used in
our calculation to describe the radius of the NC Schwarzschild BH shadow, and the same
effect is observed in both approaches.
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On the equatorial plane § = 7, around a deformed R-N black hole is described by the line

element (4.1). In this case, the components of the deformed metric ¢, fora =0and b = @
are given by

Q2 2022 <—15m <—7+ J1-2m ‘322) — 5600 — 284Q2r2m2>
—g00=<1—+2> +
r T

32r6(Q? — 2mr 4 1?)

mrd <88m2—8r2 (—2+ 1—2;”+%2) +mr (—77+15,/1—2;"+?§))

32r6(Q% — 2mr + r2)
12Q%4 (—3 +yf1— 2y ?f)
32r6(Q? — 2mr + 12)

om Q2 -1 (Qz—mr)z<8Q2—r<16m—|—r(—17+\/1—2;"+%2)>>
u=(1-2+%) +

rooor? 32r2(Q? — 2mr 4 12)2

+

@ + 0(eY) (4.54)

r(—m?r —3Q% +2m (Q* +12)) (—4(22 +r <8m +r (5 + m»)

2 4
32r2(Q? — 2mr +r2)3 " +0(@)

(4.54b)

8Q° + mrd (—8m2+2mr (5—3\/1—2;”+%2> 412 <—3+5\/1—2;”+%2>>

16r2(Q? — 2mr +r2)?

Q22 (rz (7— 5./1— 2 4 %2) + 3mr (—11 +3y/1 -2y ?f)) — 320Q%mr + 36Q%m2r?

16r2(Q? — 2mr +r2)2

Q4r(3r<—5+ 1—2;”+?§>)
. 2
16r2(Q? — 2mr + r2)? o +0

S =1+

+

(@%) (4.54¢)

Q%2 (184m2+3r2 (16 11/1- 2 4 ?f) +mr (188+39\/1 — oy 9;))

16r2(Q? — 2mr + r2)?

% (2r3 <5—3\/1—2;"+9§> —18m2r<—6+s/1—2;”+%2> +29mr21/1—2;”+%2)

16r2(Q? — 2mr +12)?

Q*r (—135m +r <68 —114/1— 22 4 ?j)) +30Q° — 68m3r3 — 57mr?

2 4
1612(Q? — 2mr + r2)? ©°+0(@)

a3 ="+

_l’_

+

(4.54d)
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This deformed metric is used as background for the study of geodesic in the equatorial
plan around the RN BH in the next sections.

For a Lagrangian of a massive neutral particle moving the NC RN spacetime, it can be
written as for the Schwarzschild case (4.3), where use the above deformed metric of RN
spacetime. Since the same Lagrangian is independent of ¢ and ¢, we have the same two
conserved quantities, (1.14) and (1.15), where we use the components ¢pp and ¢33 given by
(4.54a) and (4.54d), respectively. The NC effective potential of massive neutral particle in
NC RN spacetime can be obtained following the same steps in previous section Sec. 4.2,
and it can be obtained by substituting the components (4.54a), (4.54b), and (4.54d) into the
equation (4.10), then we get

2.3 _13./1_2m 4 @
Vors(r,©) = 122 AV (P el e i <77 S rz)
eff\ =) roor? 12 16r4(Q2 + —2mr + r2)?
3Q24 (—17+3\/1 — oy ?f) +2Q42 (—32+5\/1 —am oy ?f) + 64m3r3 — 48Q°
+ 16r4(Q2 + —2mr + 12)?
192mQ*r — 224m2 Q%2 — st <49 - 13@) +2mr® <13 —ay/1- 2y 9;)
+ 16/5(Q2 + —2mr + 12)2
2 ((—ALQ2 + 8mr) + 12 (5 + m)> r(—m?r —3Q%r +2m(q* +1?))
—(he =
< * ,,2) 16r6(Q% + —2mr +r?)
8Q2(Q* — mr)? — r(Q?* — mr)? <16m +7 (—17+ 1-—2m 4 %2>>
* 16r6(Q? + —2mr +r2)
o (@ (m (39—75,/1— 2;"+§§> +r <—33+38,/1—2;“+§j>> - 110
S 1613/ Q% + —2mr + r?
3004 /1 -2+ & 4 2 <mr (29 - 37@) 22 (—3+5m)>
+

1613/ Q% + —2mr + r?

2mr? (—9+17,/1 g %2)
+

16731/ Q? 4+ —2mr 4 r?

+0(0%) (4.55)

When ® — 0, we recover the commutative effective potential [8].

2m  Q? 12
Vs (r,®=0) = (1 - 72) <r2 + h) — E? (4.56)

and for the case Q = 0, we obtain the previous NC effective potential in the Schwarzschild
spacetime (4.12).
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HOLE

In which follow, we investigate the effect of this geometry on the circular motion for
the case of a uncharged/charged massive test particle around the NC RN BH, where
we present a detailed analysis of this kind of motion.

4.5.1 Circular orbit and stability condition

The orbital motion of a neutral massive test particle around the NC RN BH is studied by
analyzing the behavior of the NC effective potential (4.55) with #0Oand h =1, c = 1. The

0=0 ©=0.0, Q=0.8

7 8 9 10 11 12 13 14
r r

Figure 4.22: The behaviors of the commutative effective potential ® = 0 for a massive particle as a
function of r. Left panel: different Q and fixed: E = 0.998, m = 1, | = 4.2. Right panel:
different ! and fixed: E = 0.998, Q = 0.8, m = 1.

behavior of the commutative effective potential of a neutral massive particle is shown in
Fig. 4.22 for different values of parameters Q (left panel) and / (right panel). As we see in
the left panel, the effective potential in the RN spacetime shows a new minimum, which
means two minimums and one maximum, and that is similar to the NC Schwarzschild
spacetime in Sec. 4.2 (see Fig. 4.4), where these two types of BH predict a new minimum
in the effective potential. Moreover, the effective potential has always a minimum, what-
ever the values of | (right panel) in commutative RN spacetime. Unfortunately, this new
minimum in the commutative RN spacetime is located inside the event horizon (see Ref.
[220]), and that leads to a difficult physical interpretation where we can’t see it as new
orbits. The influence of parameters (Q, ®, and /) on the NC effective potential of a neutral
massive test particle as a function of r is shown in Figs. 4.23 and 4.24. It is clear that, in NC
RN spacetime, this minimum is shifted outside the event horizon as in the Schwarzschild
case (see Fig. 4.4), so that can be seen as a new SCO near the event horizon in the same
way as the Schwarzschild black hole in Sec. 4.2. Unlike in the commutative charged BH,
where this minimum is always inside the event horizon whatever the values of Q and |/,
[211, 212, 219, 220, 226]. As we see, the increase in the NC parameter © for the Q constant
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Q=0.6

0 1 2 3 4 5 6 7 8 9 10 11 12 13 14
r

Figure 4.23: The behaviors of the NC effective potential for a massive particle as a function of 7,
with different ® and fixed: E = 0998, m =1, = 4.2.

leads to a decrease in the pick of the maximum and depth of the new minimum, which
are shifted off the event horizon.

0=0.2 0=0.2, Q=0.5

Veff
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Figure 4.24: The behaviors of the NC effective potential for a massive particle as a function of r.
Left panel: different Q and fixed: E = 0.998, m = 1, ] = 4.2, ® = 0.2. Right panel:
different ! and fixed: E=0998, m =1, Q =05, 0 = 0.2.

While, when we increase in the electric charge Q and we take a NC parameter constant
(left panel Fig. 4.24), the maximum of the effective potential increases and the depth of this
new minimum decreases compared to the commutative case. Also in the NC case of RN
spacetime, the effective potential always has a minimum, whatever the value of I, and we
can see that the depth of this minimum is smaller compared to the commutative case (see
right panel Fig. 4.22). Note that, when we increase the angular momentum [, the depth of
the minimum decreases and remains closer to the event horizon in the outside region. In
addition, the NC parameter © can be seen to play an inverse role of the electric charge

Q, but there is some similarity between them, and in this geometry, the new minimum is
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now shifted outside the event horizon for the RN black hole and gives us a multiple SCO
separated by an unstable region, and this indicates that the non-commutativity solves the
problem posed in Ref. [220] and leads to a new prediction of stable orbits near the event
horizon. In addition, the RN spacetime is similar to the NC Schwarzschild spacetime for
uncharged particles (see Fig. 4.4 and 4.22).

In order to obtain the circular orbits in this geometry, our effective potential must satisfy
the following conditions, which are given by (4.19) and (4.20).

23 (a) 365 (D) 5 14213
w® Q
£ 22 z 38 3 14.2115
Z 241 = 3.55¢ T
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Figure 4.25: The behaviors of the radius of circular orbits for a particle in the NC RN spacetime.
Unstable and multiple stable circular orbit as function of ® and for fixed | = 4.2,
E =099, m =1, Q = 0.5 in (a), (b) and (c), and as function of Q and for fixed
®=03,E=099,1=42 m=1in (d), (e) and (f).

It is clear that, from Fig. 4.25, we can see that all types of circular motion (unstable and
multiple stable) around the NC RN BH have the same behaviors as a function of ®, in
which their increases with © increases, while for increasing in the electric charge Q, the
first stable and the unstable circular orbits decrease, and the second SCO increases.

The stability of these orbits and the ISCO for a massive neutral test particle can be
obtained by the condition (4.21), which must be satisfied by the effective potential. The
numerical solution to this condition in the commutative RN spacetime shows that, for
ZICSCO = 24/2.785123 and Q = 0.5, we get rICSCO > 5.60664, while in the NC RN spacetime,
for © = 0.3 and IS, = 21/2.78732967 we get two of region of SCO rNC < rNG, < 2.45336
and rY$, > 5.62175 and separated by unstable region 2.45336 < r. < 5.62175, where that
is correspond to a multiple SCO around NC RN BH.

As we can see, non-commutativity predicted a new SCO near the event horizon in the
both NC Schwarzschild spacetime (see Sec. 4.2) and in the NC RN spacetime. A similar
result can be found in Refs. [227, 228].

Let’s now define the expression of the energy E? and angular momentum [2 for this
kind of motion of a neutral massive test particle. These quantities can be obtained using
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Second class of SCO

Figure 4.26: The first and second bound of stable circular orbits around the NC RN black hole.

the conditions (4.19), (4.20), and (4.21). Their expressions in the leading order in ® are
written as follows:

2 Q2
E2 ~ (QZ - 277/”’c + r%)z + X(T"C) + Q(rc) 1= rf:l + Te @2 + O(®4)
¢~ 2002 _ 2 !
re(2Q% = 3mre +18) -\ 3016(202 — 3mr, + 12)2,/1 - g &
(4.57a)

le = 2Q? — 3mr, + 12 + [1 _2m | @ O +0©).
c T8 32r2Vo(re)*(Q? +re(—2m +1c)) /1 — 5 + o

(4.57b)

where the functions X (r.), G(r¢), W(r¢), V(rc) and Vy(r.) are provided in Appendix B.1.

At the limit ® — 0, we recover the commutative case of a neutral particle in RN space-
time [219, 229], and the Schwarzschild case (see (4.22) and (4.23)) can be recovered when
we set Q = 0.

0=0.4

Figure 4.27: Radial dependence of the energy E? (left panel) and the angular momentum /2 (right
panel) of a neutral test particle orbiting around an NC RN black hole, for different
values of electric charge Q and for fixed NC parameter ©.
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Fig. 4.27 shows the behaviors of the energy E? (left panel) and the angular momentum
12 (right panel) of a circular orbit for a neutral particle around the NC RN BH as a function
of r, with fixed © and different values of the electric charge Q. It is clear that, in NC RN
spacetime, we get a new behavior on the energy E? and the angular momentum /2, as well
as in the case of NC Schwarzschild spacetime, where we have a new region of positive
values of E2 > 0 and [?> > 0 near the event horizon compared to the unphysical region
in the commutative case (where E? and /2 are negatives), and that explains the emerge
of the new SCO in this geometry. As we see, the effect of the electric charge Q in the NC
spacetime is significant in the energy and the angular momentum, in which the behavior of
these two quantities is shifted toward the event horizon, and that gives us more condition
on the circular orbits.
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Figure 4.28: Radial dependence of the energy E? (left panel) and the angular momentum /? (right
panel) of a neutral test particle orbiting around an NC RN black hole, for different
values of NC parameter © and for fixed electric charge Q.

The effect of the NC parameter on the behaviors of the energy E? (left panel) and the
angular momentum [? (right panel) is shown in Fig. 4.28. It is clear that the more we
increase in ®, the more we get new SCO near the event horizon, where the increase of ©®,
the behaviors of E2, and I? are shifted away from the event horizon.

4.5.2 NC effect on the orbital motion

In order to obtain a geodesic equation of a neutral massive particle ( = m3) in the NC
RN spacetime, we follow the same steps in SubSec. 4.2.4, where we use the radial equation
(4.34) together with the deformed metric component (4.54d) and the effective potential
(4.55). Let’s use the new variable defined by u = % and use the fact that mu < 1 and
® < 1 in order to write our equation in linear form. Then we stop at the 3 order in u
in the NC correction term, and with some algebra, the orbital equation can be written as
follows:

u? + 2mu® — Q*u*

(du>2 (B> —mdc?) n 2mm3c? 2 Q*m3c?
N 12 12 12

% _
2
+ ?—lz {(E* — m}c*)u? + m(5mic* — AE*)u’} (4.58)
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Derive the above equation with respect to ¢; in this case, the NC geodesic equation around
a RN BH for a neutral particle is given by

ZZZ + W= m";fcz 4 3m'u? — 2Q%8 (4.59)

with
w? =1+ QZ;’;%Cz - ?;(EZ ~ 3, (4.60a)
m =m [1 + 2 <5’”%CLZ_4E2)] ) (4.60b)

Not that, when Q = 0, we get the geodesic equation in the NC Schwarzschild spacetime
(4.39), and for ® = 0, we get the usual equation of massive test particles in the Schwarz-
schild spacetime [8, 179].

The general solution to this equation can be expressed by using the approximation solu-

tion [224].
2

/ 2
u(p) = ZZ‘; <1 + e cos <w’<p - % <1 - ?j) ¢>) : (4.61)

In Fig. 4.29, we show the circular orbit motion of a neutral massive test particle in the NC

m=3/14, ©=(0.0,0.4), Q=0.0, 1=3.8, E=0.993 m=3/14, ©=(0.0,0.4), Q=0.2, I=3.8, E=0.993
100f 100
50r 50
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Figure 4.29: Time-like geodesic for a massive particle around Schwarzschild black hole Q = 0 and
RN black hole Q = 0.2 withm =3/14, E=0.993,] = 3.8, and ® = 0,0.4.

RN spacetime, described by the geodesic solution (4.61), with a given m = 3/14, E = 0.993,
I, Q, and O (black dashed-line), and compared to the commutative case ® = 0 (blue solid-
line) and uncharged black hole Q = 0 (left panel). It is clear that the non-commutativity
effect is negligible for a large value of /; in both cases, Schwarzschild BH Q = 0 (left panel)
and RN BH Q = 0.2 (right panel).

Some of the periodic orbits of a neutral massive test particle around the NC RN BH are
shown in Fig. 4.30, where the plots are made with different /, Q, and © for a given m, E.

Here we examine the NC effect in the Schwarzschild BH Q = 0 and RN one Q # 0
for the periodic orbits. As we see, for a smaller value of /, the non-commutativity affected
the particle motion, whereas the NC geometry affected only the periastron advance of the
particle orbit in both cases of RN /Schwarzschild BH.



4.6 TIME-LIKE GEODESIC EQUATION OF CHARGED PARTICLE AROUND A RN BLACK HOLE

m=3/14, ©=04, Q=0.0, 1=0.5556, E=0.993

m=3/14, 9=0.4, Q=0.1, 1=0.5008, E=0.993

T2 2 4 6 8 10 12 14 20 2 4 6 8 10 12 14
m=3/14, ©=0.0, Q=0.1, 1=0.592, E=0.993 m=3/14, ©=0.35, Q=0.1, 1=0.592, E=0.993

N
=

m=3/14, ©=0.35, Q=0.1, 1=0.692, E=0.993

m=3/14, 0=0.0, Q=0.0, 1=0.6525, E=0.993

D) g

=0 -5 5 10 -10 -5
m=3/14, ©=0.0, Q=0.0, I=0.75, E=0.993 m=3/14, ©=0.35, Q=0.0, |=0.75, E=0.993

m=3/14, ©=0.4, Q=00, 10,6525, E=0.993

TP5 -0 -5 5 10 15 P15 -0 -5 0 5 10 15 P15 -0 -5 5 10 15 TP5 -0 -5 0 5 0 15
m=3/14, ©=0.0, Q= m=3/14, ©=0.4, Q=0.0, I=0.84, E=0.993 m=3/14, ©=0.0, Q=0.1,1=0.78, E=0.993
15 15
10 10 10
5 5 5
-5 -5 g
~10) -10
=10}
BE -15
=15  -10 -5 =15  -10 -5 5 10 15 ~215 -10 -5 5 10 15

Figure 4.30: Periodic orbits of neutral massive particle around Schwarzschild and Reissner-
Nordestrom black hole for fixed mass m = 3/14 and energy E = 0.993 and varying
other parameters /, Q, and ©.

4.6 TIME-LIKE GEODESIC EQUATION OF CHARGED PARTICLE AROUND A RN BLACK
HOLE

In which follow we investigate the motion of a charged massive test particle around the
NC RN BH, and its motion can be described by the following Lagrangian

A 1 A 1 . . ~ .
EZE@MWﬂ+qAMV:5(gmﬂm89+g4n®ﬁ?+%ﬂn@mﬂ+qA¢ (4.62)

where g is the electric charge of the test particle, and A; is the NC electric potential de-
formed via the SW maps [160], which generated by the NC RN BH (see SubSec. 2.2.3). For
a statically charged BH, the only potential generated by the total electric charge Q is the
Coulomb potential.

A=A+ AN + A7 + ., (4.63)

where A; is the commutative Coulomb potential, and Agl) and AEZ) are the first and second
order corrections in ® obtained by using SW map, as defined in Egs. (2.25b) and (2.26b),
respectively. For our choice of NC parameter matrix and the Coulomb potential, the NC
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corrections to the deformed potential are zero: Afl) = AEZ) =0, and that means A; = A; =
% However, for the non-static BH or another type of potential, we the NC corrections must
be considered in the calculation.
From our Lagrangian (4.62), we get two conserved quantities, which are
. EO —q At . l
=7, ¢= 57— (4.64)
c*8u(r,0) 89¢(1,©)
Using these conserved quantities together with the invariant quantity ¢,, %" = —h,
after some algebra, we find

E—14,)° 1 2
= { - - < +hc2> 4.65
gtt(r/ @)grr(r/ ®) grr(r; o) g¢¢(r, Q) ( )

and the deformed effective potential at the second-order in © is written as follows:

om QRN (12 0V 2mQ*r (77—13m>
)_<1_+r2>( +h>—<E—”) +0O

B r 2 16r4(Q2 + —2mr +12)?

192mQ*r — 48Q° — 3Q%r* (17 —3y/1— 2 4 Q ) —20%? <32 —5y/1— 2 4 9;)

16r4(Q? + —2mr + r2)?

64m3r3 — 224m>Q?r? — m?r* (49 —134/1 -2 + ?f) + 2mr® (13 —3y/1—2 4 QZ)

16r4(Q% + —2mr +r2)?

70> 8Q%(Q? — mr)? —r(Q? — mr)? (16m+r (17+\/12;"+%2>>
X <E—) -

16r0(Q? + —2mr +12)

+

cr

r(—m?r — 3Q%r +2m(Q* +r?)) <(—4Q2 + 8mr) + r? <5+ \1—22+ Q2)>

1676(Q2 + —2mr + 12)

P P 2mr2< 9+17,/1— 2 4 & )+Q4 (—11+30,/1 2m+Q2)
X <2+l’lC2) -y
¥ r 16r3\/Q? + —2mr + 12

2 <mr <29 - 37@) 4o (_3 +5m)>
16r3\/Q% + —2mr + 12

Q*r (m (39 - 75m) +r (—33 + ssm»
16r3/Q2 + —2mr + 17

+

+

+

(4.66)

Not that for the commutative case ©® = 0, we obtain the ordinary effective potential.

vgff(r,@20)2<1—+Q2>< +he > (E—”f)z (4.67)
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Figure 4.31: The behaviors of the effective potential for charged massive particle as a function of 7,
for different electric charges of the test particle g and fixed: E =0.998, m =1, = 4.2.

In Fig. 4.31, we show the behavior of the effective potential as a function of  for different
values of the electric charge q of a test particle, for a positive (left panel) and a negative
charge (right panel). It is clear that, for the positive electric charge g4 > 0, the pick of the
NC effective potential increases, and that means a repulsive electric interaction, while for
the negative electric ones g < 0, this pick decreases, and that means an attractive electric
interaction.

As we see before, for a classification of the circular orbits, our effective potential (4.66)
must satisfy the same conditions as (4.19) and (4.20), and their stability can be determined
by solving (4.21).

17
2.2 3.75:(b) _1"(0)
—~ ° 16
2 » 3.65 2 15
<218 g -
= = 355 g 14
K; 213
216 3.45 12
-03-02-01 0 0.1 02 03 -03-02-0.1 0 01 0.2 0.3 -03-02-01 0 01 02 03
q q q

Figure 4.32: The behaviors of the radius of circular orbits for a particle in the NC RN spacetime.
Unstable and multiple stable circular orbit as a function of q and for fixed I = 4.2,
E=0998, m=1,and Q = 05.

The behavior of the circular orbit radius in NC spacetime as a function of the electric
charge of a test particle q is shown in Fig. 4.32. As we see, for a negative value of ¢ < 0,
the new SCO (left panel) is greater than in the positive range and is decreasing when ¢
increases, and that means the range of SCO is greater for a particle with negative electric
charge, which corresponds to the attractive force exerted by the charged BH on this particle,
while for a particle with positive charge g > 0, this new SCO became smaller than for the
negative g < 0, and that means this particle can be orbiting in stable orbits closer to the
event horizon, and that is due to the presence of the repulsive force. Moreover, the same
behavior exists for the unstable circular orbits (middle panel), in which the range of the
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unstable orbits is greater for the attractive force than for the repulsive one. However, this
behavior is reversed for the external SCO (right panel), in which the radius of SCO for a
negative electric charge g < 0 of the test particle is smaller than the positive case, which
means that for the attractive interaction, this particle can orbit closer to this BH, while for
the repulsive one, this particle orbits in a large SCO.

The expressions of energy and angular momentum for a circular orbit of a charged
massive test particle can be obtained using the same conditions (4.19), (4.20) and (4.21)
with the above NC effective potential (4.66). With some algebra, we find

2
B2~1| 00 (1-2+ %)) 0 (1-2+ %) i)

= IRt - + —r ¢

G ! Va(re) 7 Wa(rc)
(-2 + )00 [ 200+ Gy 1-2+ &
- - fe Te 2 4 (4.

’ Va(re) T6r2(Q2 —2mr + PV rwa(r | © HO©), (4683)

o Va(re)

_|_

XZ(rc) + gZ(rc)\/ 1- 2}’7m + %2
G _ | 0>+ 0(0*).  (4.68b)
16r2(Q% — 2mrc +12)V(rc)? /1 — 27’;’ + %

where the explicit expressions for the functions Gi(r.), Ga(rc), Xi(re), Xa(re), Vi(re), and
Vs (r¢) are provided in Appendix B.2.

For the limit ® — 0, we recover the commutative case, and for the neutral particle g = 0,
we get the same above expression as (4.57a) and (4.57b).

Q=0.4, ©0=0.4

40 40

30 30

20!
Lo

20,

Figure 4.33: Radial dependence of the angular momentum I? of a charged test particle orbiting
around an NC RN black hole for different values of electric charge of test particle g
(left panel) and for different values of NC parameter © (right panel).

In Fig. 4.33, we show the behavior of the angular momentum 2 for a charged particle
around NC RN BH as a function of r., for different electric charge g and fixed ®@ (left
panel), and for different ® and fixed g. It is clear that, for the angular momentum of a



4.6 TIME-LIKE GEODESIC EQUATION OF CHARGED PARTICLE AROUND A RN BLACK HOLE

charged massive test particle, we get the same behavior as in the uncharged particle case
(see Figs. 4.27 and 4.28), where in the NC spacetime, we have positive values of the angular
momentum /2 > 0 near the event horizon, which explain the presence of the new SCO in
this region. As we see, the effect of the particle electric charge g is significant only for
the external region r. > 3 and is negligible in the region near the event horizon. While
the effect of the non-commutativity is significant in the region near the event horizon
and negligible for the external region, the increase in © shifted the angular momentum
behavior away from the event horizon, which led to a new condition on the SCO.

©0=0.4, Q=0.4

Figure 4.34: Radial dependence of the energy E? of a charged test particle orbiting around an NC
RN BH for different values of electric charge of test particle 4 and a fixed NC parameter
o.

The behavior of the energy E? of a charged test particle orbiting around an NC RN BH
as a function of 7. for different values of electric charge of the test particle g4 and fixed ©®
and Q. It is clear that the energy behavior is unphysical (E2<0) for the region r. < 3 for
the charged test particle, and that due to the many approximations made to calculate the
analytical expression, for an exact solution, we believe that a physical solution appears
near the event horizon as the behavior of angular momentum.

4.6.1 NC effect on the circular orbits of charged particles

In a similar way as we see in SubSec. 4.2.4, we can express the NC geodesic equation of a
charged g massive test particle i = m3 in the deformed RN spacetime, where we insert the
NC effective potential (4.66) and the metric component (4.54d) inside the radial equation
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(4.34). The geodesic equation at 3" order in u the NC correction term (where we use this
fact ©%u < 1), we obtain

u? + 2mu’

du\* _ (B2—mic®) o (mmic —EqQ\ o QX(mic® —q°)
dg 2 2 2

2
— Q%u* + % {(E* — mjc*)u® + (m(5mfc* — 4E*) — 2EqQ) v} (4.69)

The final geodesic equation for a charged massive test particle around NC RN BH can

be obtained by deriving the above equation with respect to ¢.

d?u m'
i +w"u = ot 3mu? — 2Q%u (4.70)

where the parameters w' and m are defined as

Q*(mic —q*) _ ©°

CL)//Z =1 -+ Z—2 - TZZ(EZ - m%cz), (4713)

m'" = mm3c* — EqQ, (4.71b)
@? (5mic®> —4E*  EqQ

o s & (087 _m0Y) -

By applying the same approximation method [224], the general solution to the above equa-
tion can be expressed as follows:

" " 2
u(g) = pos (1 +ecos <W”4’ ~ (1 - %) ¢>> ' 72

It is clear that, for the case of g = 0, this solution is reduced to the one obtained for the

uncharged test particle (4.61).
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Figure 4.35: Time-like geodesic for charged massive test particle around NC RN black hole Q = 0.2
with m = 3/14, E = 0.993, | = 3.7, and ©® = 0.4 for different particle electric charge
g=-0.2,0.0,02.

In Fig. 4.35, we show a comparison for a charged uncharged particle in the orbit around
the NC RN BH for a particular solution (4.72) with a given m = 3/14, E = 0.993,] = 3.7,
Q = 0.2, and © = 0.4. It is clear that, in the case of the opposite sign between the particle
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and BH electric charge, both gravitational and Coulomb forces are attractive and that this
explains the decreases in major semi-axes of the charged particle 4 # 0 orbit compared
to the neutral particle orbit g = 0 (see left panel Fig. 4.35). However, for the same sign of
the electric charge for both a particle and BH, the Coulomb force is repulsive while the
gravitational force is attractive as before; in this case, we observe inverse behavior as before,
where the Coulomb force dominates and the major semi-axis of the charged particle orbit
is greater than in the neutral case (see right panel Fig. 4.35 ).
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Figure 4.36: Periodic orbits of charged massive test particle around NC RN black hole for fixed
m =3/14, E = 0.993, © = 0.2, Q = 0.1 and varying other parameters / and g.

Some periodic orbits of a charged massive particle in the NC RN spacetime with a
given m = 3/14, E = 0.993, © = 0.2, Q = 0.1, and varying the parameters / and q are
shown in Fig. 4.36. Here, we compare the periodic orbits between the charged and an
uncharged massive test particle around NC RN BH. As we see, the electric charge g of
the massive test particle has a significant effect on its motion for both smaller and larger
values of [ (see Fig. 4.36), where this particle’s electric charge affects the major semi-axis
and the periastron advance of its orbit, and the Coulomb force dominates in both cases of
attractive and repulsive interaction.

47 CONSTRAINT ON THE NC PARAMETER ©® FROM SOME ASTROPHYSICAL SYSTEMS

In the astrophysics field, the geodesic equation has a huge application and importance in
the study and understanding of orbital motion around compact, massive objects. In which
we give an estimation of the NC parameter ® based on the four classical experimental
tests of general relativity.

4.7.1 Gravitational periastron advance in NC spacetime

As we see in the previous sections, we have studied the geodesic motion in different cases
in this geometry, in which we obtained periastron advanced analytical expressions for

different cases.

95



96

MOTION IN THE NON-COMMUTATIVE SPACE-TIME

4.7.1.1 NC periastron advance in different cases

In order to obtain the analytical expression of the NC orbital precession, we need to write
our geodesic equations for the previous cases. (4.38), (4.59), and (4.70) into the perturbation
form of the Keplerian trajectory equation [230],

dz—u—i-u
d¢?

_om g(u)
=5t SE (4.73)

where I = L, and & is defined for each geodesic equation (4.38), (4.59) and (4.70).

moc’ 12
According to Ref. [230], the deviation angle after one revolution is given by

T8
Ap = if . (4.74)
where g1 = dgd(lf‘) | u—1,and the distance b is given by b = a(1— e?), with e and a denoting

the eccentricity of the movement and the major semi-axis. In Schwarzschild spacetime, the

function g(u) is given by

2
gg‘) = 3mu? + % {(E2 — m3c®)u + 37m(5m362 - 4E2)u2} . (4.75)

Using this relation together with (4.74), we find the NC deviation angle.

6nGM oy [(Eé/c2 —m3c?)  6(mic® — E3/c?) 3m3c?

A¢:m+ﬁ ma—c?) T i) +20¢2(1—62)2} (4.76)

This result is quite close to the one obtained in Ref. [137], where the authors use only
the star product, while in our case we use the SW map together with the star product. By

using the relativistic relation of dispersion, we obtain

6tGM » [ m3v>c? 6m3v? 3m3c? } 477)

Ap = c2u(1 —e?) 2GMa(1—e2)  a2(1—e2)2 ' 242(1 —e2)2

It is clear that, for ® = 0, we recover the commutative expression of general relativity
predictions.
For a neutral particle in the NC RN spacetime, the function g(u) is given by

u Q?*m3c? ©?
ggz ) __ 120 u+ ﬁ(EZ — m3c®)u + 3m'u* — 2Q%u°. (4.78)
In a similar way, by using the above equation together with (4.74), we obtain the NC
precession of the neutral massive test particle.

Ap = 6tGM tk Q? _ 6nGkQ? N 7 c*@?
cZa(l—e?) Mc2a(l—e?) c*a2(1—e2)2 2GMa(l—e2)
3G M(5m3c* — 4E3/c?)
c2a(l—e?) } '

{(E§/c* — mje)

(4.79)
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Figure 4.37: Behaviors of the gravitational periastron advance of Mercury in the NC spacetime.

It is clear that, when ® = 0, we recover the commutative expression. It is worth noting
that the first two terms of this expression are coincident with the result [209, 231], while
in our case we find three terms in the commutative spacetime, where this third term
emerges from the term of the order u* in the geodesic equation (4.59). Another note: for the
uncharged BH (Q = 0), we recover the result obtained in the NC Schwarzschild spacetime
(4.76).
Therefore, the function g(u) for a charged massive test particle is given by
glu) _  Q(mic*—¢q*)  ©?

= - U+ ﬁ(Ez — m3c®)u + 3mu® — 2Q%u°. (4.80)

In the same way, the NC precession of the charged massive test particle is given by

Ad — 6tGM k Q? _ 6nGkQ? mQ? ¢
?= c2a(l—e?) Mc2a(l—e?) c*a2(1—e2)2  ma(l—e?)
nc? @2 s, 2 2o 3GM(5mic> —4E3/c*)  6Ey/ckqQ
e Ma(1 — e?) {(EO/C — M) + c2a(1 —e?) -~ 2a(1-¢?) } - (481)

For the uncharged test particle 4 = 0, we recover the result in (4.79).

4.71.2 Schwarzschild spacetime

As a first numerical application in Schwarzschild spacetime, we take the problem of Mer-
cury orbit and use Eq. (4.77). The NC perihelion shift for the Mercury planet is given by

| S |= (1.96689 x 1043) ©2Kg2.s2 (4.82)
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The experimental (observation) and theoretical (GR) predictions of the perihelion shift for
the Mercury planet are given in Ref. [184].

OPops = 271 (7.98734 + 0.00037) x 10 8rad/rev (4.83a)
Spcr = 271 (7.98743) x 10 8rad/rev (4.83b)

As a first estimation of ®, we compare the NC correction (4.82) to the observable data
(4.83a) (] dpnc |~ d¢ops) and we find

@ ~ 1.597 x 10" >°s.Kg™ !, (4.84)
or equivalently:
O™ = VhO ~ 4.104 x 10~ m. (4.85)

The lower bound for © is defined as follows:

| 0pnc | < | 8GR — 0Pops |~ 271(9 x 107 13)rad /rev. (4.86)

Thus, we get:
@ < 5.652 x 107 8s.kg 1, (4.87)

or equivalently:
O <2441 x 1073 m. (4.88)

As we see, our estimation of the NC parameter © is very small, as expected from this
theory, and it is remarkable that our result is very close to the one obtained in Ref. [136,
232], where the authors use the NC flat space as a framework in classical mechanics. It is
worth noting that our result is different from the one obtained in Ref. [232] with an order
of 107!, which occurs because we are using curved spacetime. Furthermore, in Ref. [136],
the authors include a new degree of freedom, -, in which, with the use of a specific value
of 7y, one can obtain the same result as ours. For other planets in our solar system, we use
the experimental data in Refs. [184-186], where the lower bound in the NC parameter is
obtained as follows:

As we see in Table 4.5, the lower bound of the physical NC parameter @™ is in the
same order for the planetary orbit of our solar system @™ ~ 1073!m. Moreover, our
results lead us to the same conclusion in Ref. [232]: that the solar system is very sensitive
to the NC parameter, and that means any small change in ® implies a sensible change at a
large scale. In this way, the NC parameter plays the role of a fundamental constant of our
solar system, which describes the microstructure of spacetime in this region.

Comparing our result with the Planck length, we find that @™ > Lp. The NC parameter
also has a lower bound, which is the Planck scale Lp:

OFY < (3.5808 x 10%)Lp. (4.89)



47 CONSTRAINT ON THE NC PARAMETER ® FROM SOME ASTROPHYSICAL SYSTEMS

Table 4.5: Some observable values for different planets of our solar system are: mass of the planet
(M), semi-major axis («), eccentricity (e), orbital period (T), and orbital precession in
columns 2-6, respectively. The prediction of the orbital precession in general relativity is
in column 7, and in the finale column we give the lower bound for the non-commutative
parameter @Y.

Planet Mass g e T Apops Apcr LD of OFhy
(0%Kg) (AW ) CEED Chg) 07w

Mercury 0,3301 039 0.206 415203 42.9800=+0.0020 429805 < 02.441
Venus 4,8675  0.72 0.007 162.574 8.6247 =0.0005  8.6283 < 01.805
Earth 5,9724 1.00 0.017 100 3.8387 £0.0004  3.8399 < 01.635
Mars 6.44171 152 0.093 53.175 1.3565=+0.0004 1.3514 < 10.348

Jupiter  1898.19 520 0.048  8.431 0.0700 £0.0040  0.0623 < 00.617
Saturn 568.34 954 0.056 3.396 0.0140 £0.0020  0.0137 < 00.844

In the natural units, the upper bound of the energy in the presence of non-commutativity
is given by

3.39 x 10" Gev < (4.90)

@rhy’
which also has an upper bound given by Planck energy Ep.
As a second example, we consider a strong gravitational system, where we take the
motion of a S2 star with a mass of 10 — 15 M, that orbits around a supermassive BH
Sagittarius A (SgrA*) with a mass of M = 4.260 x 10°M, and this star S2 completes one
orbit around SgrA* in 16.052 yer with major semi-axis « = 970 UA [233]. The experimental
observation of the perihelion shift for the S2 star is given in Refs. [210, 233] by,

Spops = 48.506 fsp(” /yer) (4.91)

where fsp is the observational fitting parameter for this system and is confined between
these two values: fsp iy = 0.9 and fsp mar = 1.2 [210]. The theoretical prediction from the
commutative term of Eq. (4.77)

Spcr = 271 (5.98378) x 10 *rad/rev (4.92)
and the NC perihelion shift is given by
| 6¢nc |= (3.58067 x 10°%) @*Kg*.s~2 (4.93)
The lower bound for ® can be computed using the fitting parameter fsp = 1:
VIO < 2.6166 x 10~%2m (4.94)

As we see, this result is smaller than the result obtained using the Mercury-Sun system
(4.88), and that is due to the use of a strong gravitational field created by supermassive
BH SgrA* in the center of galactic. Moreover, if one uses another experimental data as in
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Refs. [5, 210, 233, 234], we get new results that are confined between V71O « 10~3Ym and
VhO® o« 1073%%m, and that leads us to this conclusion: to get a better estimation of the NC

parameter O, it is very important to use an experimental measurement with good accuracy.

4.7.1.3 Uncharged massive test body case in RN spacetime

For the case of an uncharged massive test body, we must use (4.79) to find a lower bound
for the NC parameter ©.

Firstly, we take the same previous example of the Mercury plant around the sun. In the
RN spacetime, we take the possibility of the Sun’s having an electric charge Q., where its
electric charge has some constraint as in Ref. [234] (0.48 x 10'® < Qs < 1.5 x 108 C). For a
numerical application to the NC perihelion shift of the Mercury planet, we find

| 6pne | = (1.96689 x 104) @2Kgs~2 (4.95)

The experimental observation of the perihelion shift for Mercury orbits [184, 235] and the
commutative theoretical prediction from Eq. (4.79) with the sun’s electric charge (Qs =
1.5 x 108 C) [234] are given by

SPops = 277 (7.98734 + 0.00037) x 10 8rad /rev (4.96)
Sprn = 277 (7.98732) x 10 8rad /rev (4.97)

The lower bound of ® is defined as follows:

| dpnc | < | 6prN — S¢pops |~ 271(2 x 107 13)rad /rev (4.98)
So we get:
VhO < 1.63266 x 10~ 3'm (4.99)

As we see, this result is smaller but in the same order as the one obtained for uncharged
sun in Schwarzschild spacetime (4.88). This lower bound can be reduced to the order
VRO « 10-32 if we choose a particular value of the sun’s charge: Qo = 1.35 x 1018 C.

For the second example, we take the same system of S2 stars orbiting around a su-
permassive BH SgrA*, with the possibility that BH SgrA* is charged electrically (see
Ref. [234]), where the authors predicted that the electric charge of SgrA* is given by
Qsgrar < 3.6 X 10% C. The theoretical prediction of perihelion shift for this system can
be obtained using the commutative term of Eq. (4.79).

Sprn = 277 (5.98359) x 10 *rad /rev (4.100)
with Qggra+ o 102 C, so the lower bound of © for the case fsp = 1 is given by

VhO < 2575 x 10~ 32m (4.101)
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This result is shifted with a coefficient of 0.0416 from the case of an uncharged super-
massive black hole SgrA* with the same order (4.94), in which the effect of the electric
charge is so small and can be considered negligible. Also, if we vary the electric charge Q,
we obtain a lower bound on @ between v#0 « 10~3'm and vA® o 10-32m.

4714 Charged massive test body case in RN spacetime

In the possibility that the massive test object is charged electrically, we must use Eq(4.81).
As a numerical application, we take the same example system as before for our Mercury-
Sun system, and we take into account that the Mercury planet has an electric charge of
g, which is expected to be in the order of g < 3.89 x 10° C [235]. The effect of the electric
charge of the Mercury planet g is negligible in the commutative and in the NC term, and
the result is the same as in the case of the uncharged test body g = 0 (4.99), which means
the electric charge of the test particle does not affect the properties of spacetime.

4.7.2  Gravitational red-shift

The gravitational red-shift, also known as the Einstein effect, and its analytical expression
in the NC Schwarzschild spacetime can be obtained by following the same steps as in
Sec. 1.2, where we use the NC line element in the equatorial plane (4.1), and after some
calculation we find

goo(r2,©)
goo(r1,©)

When © = 0, we recover the commutative expression (1.37).
For an asymptotic observer r, — co, the measured red-shift for the NC Schwarzschild

N>
Il

‘ -1 (4.102)

black hole is given by Z:

2:Z[1_<Z+1)m(88m2+mr1 (-77+15/1-22) 82 (—2+ 1—%))@2 .

z 32r3(ry — 2m)?

where z is the commutative red-shift, which is given by (1.37) with r, — coc and m = G M.
In Fig. 4.38, we show the effect of non-commutativity on the gravitational red-shift. As
we see the non-commutativity affect the red-shift behavior near the event horizon, and
when we move away from this region, their effect becomes negligible.
In order to obtain an estimation of the NC parameter, we use the proposition proposed
in Ref. [236], which states that the NC correction should be smaller than the accuracy of
the experimental measurements, which is 7 x 1077, so we get

2

Z—z z+1 m(88m2+mr1 (—77+15\/—727T)—87% (—2+\/@>) ,
z |- < z > 3213 (r1 — 2m)? %,

<7x1077. (4.104)
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Figure 4.38: Behavior of the gravitational red-shift in NC spacetime.

The upper bound for ® can be written as follows:

7 x 1077 x ($%7) 32ri(r1 —2G M)?

G (G o (77419 58) -3 (21 )

As a numerical application, we follow the same step as in Ref. [237], where we use

@2

N

(4.105)

the data of a typical micro BH, with a radius and mass given by r; ~ 1.5 x 103 m and
G M ~ 5 x 10~* m, respectively. According to Ref. [238], for a space-space NC matrix, the
obtained result should be multiplied by the square of the scale factor at the end of inflation

a ~ 10~% to obtain a physical result, so we get
O = Va202 < 2.09 x 10730 m. (4.106)

Our estimation of this case shows better results compared to the one obtained from the
study of the perihelion shift of orbit, where this result is different from the previous one
by 107, and that is around the Planck scale. It is worth noting that the estimation of
©® depends on the accuracy of the experimental measurements. For example, if one uses
another experiment with different accuracy, such as 7 x 1075 [239], in this case the NC
parameter is given by

O = V202 < 2.09 x 1074 m. (4.107)

As we see, the accuracy of the experimental measurements is very important to test the ef-
fect of non-commutativity and get a good estimation for ®. In this case, the NC parameter
is close to the Planck scale and deviates by 1072 from the one obtained in (4.94).
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4.7.3  Gravitational deflection of light
In which follow we investigate the effect of non-commutativity on the deflection of light,

where we follow the same steps as in Sec. 1.2. For that, we use Eq. (4.5), together with the

conserved quantity (4.4b), to obtain the Eq of ¢ as a function of r. With some algebra, we

find
A‘P _ 2/ /gn r) 833
833 7’ g33

To compute this integral, we need to expand our expression on the first order in m/r

800 (b)
) [ 8oo(7)

- 1) dr — . (4.108)

and in m /b for the commutative term, and in the leading order in the NC correction, with
m = GM.

A<p~2/ \/7_1

mr__ <b4(7m —2r) + b3(7m — 2r)r
r)

[1 Tt b(b+ 16b3r3(b + )

br3(—5m + 2r) + b?r*(—=3m + 2r) — 5mr*\
+ 165°73(b 1 1) O+ .| dr — (4.109)
After integrating the above equation, we get:
Ap = 4GM  8GM —3bm + 6GM7T®2‘ (4.110)

b 48 b3
The above expression represents the NC gravitational deflection of light, and when ® = 0,

we recover the commutative expression (1.32).

0 05 1 15
b

Figure 4.39: Behavior of the gravitational deflection of light in NC spacetime

In Fig. 4.39, we show the behavior of the light deflection in the NC Schwarzschild space-
time. It is clear that the non-commutativity removes the divergence of the light deflection
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for a smaller impact parameter b, and for large values of b, the NC effect becomes negligi-
ble.

In order to give an estimation to the NC parameter for this phenomenon, we use the fact
that the NC correction should be smaller than the accuracy of the measurements, which is
291 x 107 [240].

'A<[3— A¢|  3bm—2m(4+3m)

v LGB 0% <291 x1077, (4.111)

So the upper bond of @ is:

194G M b?

2 <2, =7 .
R ey o g vee

4.112)

For numerical application, using the radius r; = b = 1.5 x 1073 m of the micro-BH, we get:

O™ = Va202 < 7.787 x 107 m. (4.113)

When we use the gravitational deflection of light, we find that the estimation of ® is in
the Planck scale, and it is different with an order of 107! form (4.106)-(4.107) using the
red shift and with a difference of order of 103 from the obtained one using the perihelion
shift (4.94).

4.7.4  Gravitational time delay (Shapiro effect)

For the NC gravitational time delay, we follow the same steps as in Sec. 1.2, where we use
Eq. (4.5), together with the first conserved quantity (4.4a), to obtain the Eq of coordinate
time t as a function of r. Supposing now that the same example of a radar signal travels
from the Earth r = rr to Venus r = ry (see Fig. 1.5), then the time delay is given by

A =2 [f(rE, b) + i(ry, b) — /b —rg — /b — rv} (4.114)

t(r,b) / gu(r _ 833(b) |goo(r )‘>1/2 dr’ (4.115)
|goo g33 7'/ gOO(b) ' .

As a first step, we expand the above expression in linear form and stop in the leading

with:

order in m/r and m/b.

2m mb 1 3m bm
1+7+

r r
N/b ,/rz_bZ[ r(r+b)+ @_16br(r+b)+l6r3(b+r)

Mm@ /
16r2(b+r)>® +} dr'. (4.116)
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The integral of the above equation is given by

S BT 1/2 1/2
f(r,b)Z\/rZ—bquZmln(Hl:Z_bz)—I—m(r_b) +< - (r—b>

r+b 16br \r+b

— 2
+b8b2m arctan < % — 1)) o2 (4.117)

We take into consideration that rg > b and ry > b, so we get:

F(re,b) — /12 — b2 ~ 2m In <2£E> +m+ @2 <16TZrE + bS_bzmarctan (?)) ,  (4.118)

Inserting the above equation in the relation (4.117), we get the total expression of the

gravitational time delay in the NC spacetime.
? 41’5 rv GM (b—GM YE rv
At =~ 4GM [ln ( 2 > + 1] + 52 <GM (arctan <?> + arctan <?>)

+b<r£+r‘/)) . (4.119)
ZI’ET’V
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Figure 4.40: Behavior of the gravitational time delay in the NC spacetime.

For the estimation of © for Shapiro time delay, we use the fact that the NC correction
should be smaller than the accuracy of the measurements, which is 2.91 x 1077 [240].

r b—CM (arctan (“£) + arctan (7)) + 2retrv)
=ar) (“c5t* (aretan () (D) oot w107 w10y
At 3262 [ln (%—{V) +1}
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So the upper bound expression of © is given by:

3207 [In (¥5/v) +1]

(bz;(i/IM (arctan (%) +arctan (%)) + M) ’

L8:1a%

02 <291 x1077 (4.121)

For the scale of the micro-BH, the ration 47527" is the same at the solar system scale, so the
numerical application gives us
OFY < 4.089 x 1073 m (4.122)

Another result shows that the NC parameter is closer to the Planck scale. For the different
experimental tests of GR, the non-commutativity affects the spacetime at the Planck scale.

4.7.5 Results and discussion
As we see in the previous subsections, the estimation of the NC parameter ® based on the
four classical tests of GR shows good results, in which this parameter is located around

the Planck scale. We summarize our results in the following Table 4.6:

Table 4.6: Upper bound on the NC parameter @™ for the classical tests of general relativity.

Experiment Physical bound on @™ (1)
Periastron advance O™ < (2.378 x 1073 — 2.6166 x 10732)
Red-shift Oy < 2.09 x (1073 —1073)
Deflection of light @Y £ 7.787 x 1073

Time delay @Y < 4.089 x 1073

As a first application, we chose the periastron advance of mercury and then generalized
it to our solar system, where the NC parameter acts as a fundamental constant for several
planets and is found in the order of ~ 103! m. The extend of this application to a strong
gravitational system as the star 52 around SgrA* shows a better estimation of the NC para-
meter, which is found in order of ~ 1073%m. It is worth noting that, when we generalized
the periastron advance to a RN spacetime, we found that, in the case of using the electric
charge, our results did not exceed the same order as those of an uncharged gravitational
source. We also found that the electric charge of a massive test body had a negligible effect
on the estimation of NC. Secondly, we use red-shift, light deflection, and time delay to
obtain an estimation of the NC parameter. We use a microscopic system, where we choose
the data of a microscopic BH at the early universe’. In the case of the red-shift, we find
that the NC parameter is in order between 10734 m and 10736 mz; this difference is due to
the accuracy of the measurement used, while in the case of light deflection and time de-
lay, we obtain an estimation of ® in order of 10735 and 10734, respectively. Moreover, the

For the experimental tests that use a radio wave or a light bound, we cannot use a macroscopic system because
the NC correction term is so small to be detected experimentally.
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most stringent constraint comes from the light deflection, which gives us @™ ~ 10~m.
However, we confirm that the non-commutativity of spacetime appears in the Planck scale.






THERMODYNAMICS PROPRIETIES OF THE
DEFORMED BLACK HOLE

In this present chapter, we investigate in detail the thermodynamic properties of the deformed
Schwarzschild BH in the presence of non-commutativity for a different choice of the NC matrix
(see Chap. 3). In this study, we are interested in two approaches to BH thermodynamics in the NC
geometry and for different scenarios. First, we use the classical approach [170, 172] to investigate
its thermal stability and phase transition in different cases. Then, we present a new treatment
of non-commutativity that allows us to establish a similarity between the RN BH and the NC
Schwarzschild BH [172]. Also, we present the discussion of thermal stability and phase transition
of the NC Schwarzschild BH inside a spherical isothermal cavity [171]. In the second approach,
we study Hawking radiation as a quantum tunneling process of massless particles from BH in
the context of NC gauge theory, in which we investigate two scenarios, thermal and non-thermal
radiation [173]. Finally, we examine some of the BH phenomenology quantities inspired by the NC.

This chapter is organized as follows: In Sect. 5.1, we present a detailed study of the in-
fluence of non-commutativity on the thermodynamic properties of the deformed Schwarz-
schild BH, using the classical approach of BH thermodynamics, then investigate their sta-
bility and phase transition, and also establish a connection between this geometry and the
electric charge of RN BH, where we deal with this geometry with different scenarios. In
Sect. 5.3, we study the thermal stability and phase transition of NC Schwarzschild BH
inside a spherical isothermal cavity. In Sect. 5.4, we present a detailed analysis of the quan-
tum tunneling process of massless particles from the NC Schwarzschild BH, and we also
show the effect of this geometry on the number of particles that are emitted in two sce-
narios of pure thermal and non-thermal radiation. In Sects. 5.5, we show the NC effect on
the evaporation process of the Schwarzschild BH, where we study their luminosity, energy
emission rate, and BH lifetime.
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51 CLASSICAL BLACK HOLE THERMODYNAMICS IN NC SPACETIME

In this section, we investigate the thermodynamic properties of the deformed Schwarz-
schild BH (see Sec. 3.2) in the context of the NC gauge theory. This study allows us to
understand the non-commutativity of spacetime, which leads to a better understanding of
the quantum effect of gravity on BH physics. In this investigation, we use the classical ap-
proach of BH thermodynamics, which is based on the geometry and laws of BH mechanics
(see Sec. 1.3). In this context, the NC first law of BH thermodynamics for Schwarzschild
case has become

din = TdS. (5.1)

where 7, T, and § are the mass, temperature, and entropy of the NC Schwarzschild BH,
respectively. In which follow, we use the deformed metric of Schwarzschild spacetime

given in Sec. 3.2.

5.1.1 Mass, temperature, and entropy of the NC Schwarzschild black hole

As a first step, we compute the BH ADM mass for the NC Schwarzschild one, and that
can be obtained as a function of the NC parameter M = rhNC/ 2 [165, 166], which is easy
to prove by solving the equation 1/¢11(rN¢) = 0 for m. In the case of 4 = 0 and b = O,
the expression of this mass is a function of the event horizon rj,, ®, and the observational
angle 6, which is given by

=m+ MNC(0,0), (5.2)

where m = r;,/2 is the commutative Schwarzschild mass and MN¢ (9, ©) is the NC correc-
tion term that depends on the angle 6, which means this mass describes the partial mass
contributed by the NC correction to this BH. Thus, the total mass of the NC BH can be
computed as follows:

W =

1 2w e _ _

I Vo idig b M YEETER D 3)
Then, using the deformed components of the metric given by (3.9d) and (3.9¢) in the same
above condition, we obtain the expression of the NC BH mass up to second order in the
NC parameter ©.

. ©?

i =m+ 87, (5.4)
It is clear that in the commutative limit ® = 0, we obtain the Schwarzschild BH mass.

The behavior of the NC Schwarzschild BH mass as a function of the event horizon for

various values of the NC parameter © is shown in Fig. 5.1. As we see, the effect of the non-

commutativity shows a new behavior of the BH mass, contrary to the commutative one,
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Figure 5.1: Behavior of BH mass as a function of 7y,.

in which the behavior of the mass is in the linear depend with the event horizon radius
m = ry,/2 and vanishes at the origin, while in the NC case this geometry prevents the
mass from vanishing at the origin and presents a minimal value 11y = 0.5 ® away from the
origin at r;, = rg = 0.5 @ (in this case the NC parameter © plays the role of the mass, as was
found in our previous chapters (see Chap. 3 and 4)). This new minimum increases with
the increase in the NC parameter ®, and that means the non-commutativity prevents the
mass from vanishing by creating a new minimum mass at the origin of the BH. It is clear
that if r, — 0 then 1 — oo, and this corresponds to the singularity of the BH at the origin
of the commutative case and became an unphysical region because, as we see in Chap. 3,
the noncommutativity shifted the singularity of the origin to a finite radius r = 2m. It is
worth noting that the result of the effect of non-commutativity is a clear confirmation that
the theory of GR links the geometry of spacetime and mass (gravity) together.

5.1.1.1 Hawking temperature

In the presence of non-commutativity, the geometry of the Schwarzschild BH is deformed,
and this deformation leads to a modification in the geometrical quantities. In this context,
the NC surface gravity & of the deformed Schwarzschild BH is given by

L 1 900
kK== ~ ~ s
2/=800(r,©)g11(r,®) 0 |,_yxe

(5.5)

As we know, in the semi-classical framework, the Hawking temperature is related to the
surface gravity by the relation (1.46); also, in the NC framework, the deformed Hawking
temperature is related to the above deformed surface gravity by Ty = % By using the
deformed Schwarzschild metric given in Sec. 3.2 with a, b # 0 (see the schematic picture in
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Fig. 3.2 for more detail on this geometry), we expanded our expression up to (1/7*), and
we stopped at the second order in ®. The NC Hawking temperature is given by

. 1 3
Toy= —— —
B 4, 87rs

(a* + b*sin’0). (5.6)

It is clear that the above expression depends on the observation angle 6 and that due to
the presence of non-commutativity, which deformed the symmetry of the BH and trans-
formed into a spherical asymmetric. Moreover, this expression describes the four scenarios
of BH in this geometry for different possibilities on 2 and b (see Fig. 3.2) for our choice of
the NC matrix. It is worth noting that the NC Hawking temperature is the same as that
in ordinary spacetime when 6 = 0, 7t for the choice of 4 = 0,b = ©®, which is actually a
direct consequence of the NC parameter choice being perpendicular to the plane of rota-
tion created by the non-commutativity of coordinates. Furthermore, the depends of NC
temperature on the observational angle 6 mean that the radiation of BH is not the same
in all directions of observation in this geometry for b # 0, while in the case of b = 0 and
a = O this particular result vanishes, and the BH has the same radiation in all directions as

in the commutative case 2 = b = 0, where the commutative expression is recover (1.46).

6=11/2, a=b=0 a=b=0, ©=0.2

0.2

0.05

Figure 5.2: Behavior of NC Hawking temperature as a function of the event horizon r;,, with differ-
ent O (left panel) and for different 6 (right panel) for the case a = b = ©.

The behavior of Hawking temperature in the NC spacetime as a function of the event
horizon ry, for the case 2 = b = © is shown in Fig. 5.2, for a different NC parameter © in the
left panel and for a different observational angle ® in the right panel. It is clear that from
the left panel, the non-commutativity removes the divergence behavior that appears in the
commutative spacetime, and this geometry cool-down the BH radiation. Moreover, in the
right panel, we show the impact of our choice of non-commutativity, in which the radiation
of the BH is note the same in all directions of observation, where the radiation at the poles
of the NC Schwarzschild BH (6 = 0, 77) is more active compared to the equatorial plane,
and that means the poles are more hot (high temperature) compared to the temperature
emitting from the equatorial plan. This difference in temperatures between poles-equator
increases during the BH evaporation. Also, we can see that, during the evaporation, the

NC Hawking temperature of this deformed BH increases until it reaches a maximum value
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Tmax — @\;% at the critical horizon radius rj, = 2.12136 @1 + sin? 6, then quickly
falls to zero at a new minimum of BH size r};ﬁ“ = 1.2260+/1 + sin? 0, from this result and

from the right panel, we can conclude that the BH stops radiation in the equator before

the pols, and that led to a new scenario of evaporation.

6=71/2 ,a=0, b=0O a=0, b=0, ©=0.2
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Figure 5.3: Behavior of NC Hawking temperature as a function of the event horizon r;,, with differ-
ent O (left panel) and for different 6 (right panel) for the case a =0, b = ©.

In Fig. 5.3, we present the NC Hawking temperature for the cases 2 = 0 and b = ©, with
different © in the left panel and for different 6 in the right panel. As we see, the global
behavior of these two scenarios is the same, except at the two poles (6 = 0, 7r), where the
NC effect vanishes. Another difference is in the maximum temperature and the minimum
size of the BH, which are given by Tg‘ax = Ogii?%g, the critical size r, = 2.121320sin 6,
and the minimum size r,lqmn = 1.22470sin 0, and also in this scenario the BH stop radiation
in the equator before their poles and the above one. Furthermore, for the cases a = ©

and b = 0, the deformed BH emit the same radiation in all directions, and the BH stop

evaporation in all directions at the same time. At this point, we see all the possibilities of
the radiation from the different scenarios of NC BHs present in Fig. 3.2.

It is worth noting that there are some models and observations that predicted the dif-
ference in temperature between the poles and the equator of the sun in the literature, e.g.,
[241-244]. This difference in temperature between poles-equator appears only in the NC
spacetime, and it increases with ® for small BHs as well (see Fig. 5.4).

In order to find an estimation of the NC parameter ®, we use the temperature emitted
from the total surface horizon of BH, and we take the choice of 4 = 0 and b = ©. This

temperature can be computed as follows:

2m T
T(Th) = 5 / / T(rh,()) \/§22§33d9d(p
2833d0d¢ /0 /0
2

1
Jo" Jo V3
10

_ _ ) 5.7
4r7try, 47rri 5.7)

In the commutative limit ® = 0, we recover the Hawking temperature of the Schwarz-
schild BH (1.46).
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Figure 5.4: Behavior of NC temperature distribution as a function of the observation angle 6 and
NC parameter ©, for the two cases, a = b = © (left panel) and a = 0, b = O (right
panel), with r, = 0.8.
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Figure 5.5: Behavior of NC temperature emitted from the surface horizon of the BH as a function
of ry, for the case a = 0, b = ©.

The behavior of the NC Hawking temperature emitted from the surface horizon of the
NC Schwarzschild BH as a function of the event horizon ry, is shown in Fig. 5.5. As we see,
we have the same behavior as the above scenarios, where the temperature emitted from
the surface horizon increases to reach a maximum value 7™ = 0.031/@ at the critical
horizon radius rj, = 1.7320, then quickly falls to zero at the minimum horizon radius
r}fin = O, in which this BH cannot radiate anymore with this minimum, and that means
there are no more processes of particle creation near the event horizon with r, = r™", and
that corresponds to the minimal mass 1y = rZ”” /2 = 0.50, which is called the remnant
BH. The effect of this geometry is now clear, in which the non-commutativity removes the
divergence behavior of the BH radiation that appears in the final stage of evaporation in a

similar way to the electric charge of RN BH [245].
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To get an estimation of the NC parameter ©, we use the back-reaction point of the BH
temperature. At this point, the thermal energy and the temperature are equivalent and are

given by! Eh = Tma< and at this point the mass of the BH i1 = $7¢ = 0.866OM3,_ .

The thermal energy and mass of the BH should be of the same order of magnitude at the

critical point r{- for a significant result, and the NC parameter can be estimated as

O ~ 1.523 x 10~m ~ Ipjanek - (5.8)

The above value of the NC parameter O is close to the ones obtained in our previous Chap.

4. Moreover, this result is good according to the one obtained using the gravitational wave
experimental data [246], which is on the Planck scale. It is clear that our results obtained
using the gauge theory do not exceed the Planck scale. However, there exist few papers that
study the BH thermodynamics in NC spaces where present a bound on the NC parameter
of the order ® ~ 10~ ppanek, as in [145, 247-249], and that confirms the NC property of

spacetime appears close to the Planck scale.

5.1.1.2 Entropy

In which follow, we use the choice’ of 2 = 0 and b = ®. As we have observed so far, the
non-commutativity modified the geometry structure of the Schwarzschild BH. Let’s now
turn to a second geometrical quantity, which is the NC BH area, and is defined by

2n prT
ANC — /O /0 o * G d0dg. (5.9)

The above integral can be computed by using the deformed metric components (3.9d) and
(3.9e), and we take the result up to second order in ®, then we obtain the NC area of the
deformed Schwarzschild BH.

7T
ANC :Zn/ [rhNC +
0

=472 4 57”@2 +0(0%). (5.10)

31’th —m+ (m+ rhNC) cos(26)
16 rNC

sin 6 dé,

In order to obtain the expression of the NC entropy, we use the relation that relates the
entropy with the area of the BH given in (1.47). In this case, we use the NC area 5 = ANC /4

given by the above expression. Thus, we get
S =i+ =-0%. (5.11)

It is clear that, in the commutative spacetime ® = 0, the usual entropy of the Schwarzschild
BH is recovered (1.47).

1 In natural units system (7 = kg = ¢ = 1).
2 The same calculations can be made for the others choice of 2 and b, and the only difference is in the correction
factor, and the physics of the quantity is conserved for any choice of the NC matrix.
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Figure 5.6: Behavior of NC entropy as a function of r;,.

The entropy behavior of the NC Schwarzschild BH as a function of the event horizon
1y, is shown in Fig. 5.6. It is clear that we observe a significant difference between the
commutative and NC entropy for smaller BH, and it becomes negligible for larger ones.
Another important observation in this deformed entropy is the non-zero entropy (5.12) that
appears in the final stage of evaporation, which is a consequence of the quantum structure

of spacetime.

A 571
: _¢O 2
rlhlirbs =S5 ~ 3 o (5.12)

The above expression emerges from the pure quantum structure of spacetime, which origi-
nates from non-commutativity. This remnant of entropy is a consequence of an existing BH
that evaporated before, since the entropy is related to the area of the BH via S = A9 /4,
which implies that, after the evaporation process, the NC BH still has a quantum area
corresponding to quantum entropy”. This strange quantum object has a quantum area AY
with a minimal mass ;g = 0.5 lp and a minimum size r;l”i” = Ip, which can be considered

a microscopic remnant BH.

5.1.2 Heat capacity and phase transition

In order to investigate the thermal stability of the NC Schwarzschild BH, we must check
the behavior and signature of its heat capacity in this geometry. As a first step, we investi-
gate the partial heat capacity; for that, we use the partial deformed Hawking temperature

This note is valid only if the area law of BH is correct in the NC gauge theory, and we present the correct
correction to the entropy in the following section
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given by Eq. (5.6) to see the stability of each region from the equator to the poles and
examine their phase transition. In this case, the heat capacity is given by

~ o~ [0S . (3S)\ /9Ty
H <8TH> " (arh> < arh )
, (2r} — 3@%sin?0)

= —27r , 5.13
" (212 — 902 sin? ) (.13)

-1

where we use the NC entropy (5.11) and the NC Hawking temperature (5.6). In Fig. 5.7,

O6=r1/2 ©=0.4

Figure 5.7: Behavior of Schwarzschild BH heat capacity as a function of the event horizon ry, for
different values of © (left panel) and for different values of 6 (right panel).

we show the behavior of the NC heat capacity of the deformed Schwarzschild BH in NC
spacetime. It is clear that in the commutative limit ® = 0, we recover the standard behavior
of heat capacity, in which the phase transition of the Schwarzschild BH does not exist
because their behavior is always negative. From the left panel of this figure, we see clearly
that the heat capacity is equal to zero at r, = r™", which corresponds to the minimum
size when the BH stop radiation (see Fig. 5.3), and that means this BH has one physical
limitation point [250] and has a divergence at r;, = rﬁrit, where this corresponds to the back-
reaction point of the BH radiation (in Fig. 5.3 corresponds to the maximum temperature),
which implies one phase transition point. According to the right panel, we see that the
physical limitation point "™ and the back reaction point 7§t are different from direction
to the other, and that is due to the presence of the observational angle 6 in our expression of
the partial heat capacity (5.13). This indicates that the deformed BH with the choice 2 = 0
and b = O (even for a = b = ®) has a new scenario of evaporation, in which the phase

min

et occurs in the equator before the two poles. Also, this BH stops radiation 7

transition 7},
from the equator region before the other direction, and that means the evaporation of the
deformed Schwarzschild BH in this geometry begins the evaporation from the equator and
goes up to the two poles. It is worth noting that all limitation points /" for different NC
parameter ® or different observational angle f and also for the divergence points " are
consistent with the profiles of Ty — , in Fig. 5.3 for the left and right panels, respectively.
For the investigation of stability, we leave it for the global analysis of the heat capacity.
Now we check the global heat capacity of this deformed BH for more information about

the phase transition and its thermal stability. For that, we use the same above definition
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with the global temperature emitted from the surface horizon of the NC Schwarzschild
BH

2 (”i - ©?)

e —opp =)
2 Z3e2)

(5.14)

In this case, we are using the Hawking temperature given by Eq. (5.7) and the entropy (Eq.
(5.11)). The behavior of the global heat capacity emitted from the surface horizon of the NC
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Figure 5.8: Behavior of the global heat capacity as a function of r;, in the case of 2 = 0 end b = @.

Schwarzschild BH as a function of the event horizon ry, for different ® is shown in Fig. 5.8.
It is clear that the behavior of the global heat capacity is similar to the partial distribution of
the radiation obtained above; the only differences are the points of physical limitation and
the phase transition. In this case, the physical limitation point r;, = r™" and the divergence
at r,, = r{i* are consistent with the point when the BH stop radiation and the point of the
back-reaction in the profile T — r;, in Fig. 5.5. In this geometry, a non-equilibrium (unstable)
system has a negative heat capacity for r, > r{, which corresponds to a large massive
BH, while for a system in equilibrium (a stable one), it has a positive heat capacity for
rhmi“ <r < rzr“, which corresponds to the smaller BH. As we see above, the divergence
point #{"" of heat capacity describes a phase transition of the NC Schwarzschild BH in
this geometry, and this point is increasing with the growth of ®. Also, the stable stage
rMN < 7y, < 1 which has a positive heat capacity, increases with ©, and that means the
NC Schwarzschild BH takes longer to stop radiating and evaporating for the large values

of ©.
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5.1.3 Helmholtz free energy and black hole stability

For more details on the phase transition and thermal stability, we need to analyze the
Helmholtz free energy, which is given as the Legendre transform of the ADM mass.

E=m—TS. (5.15)

where we use the global temperature that is emitted by the surface horizon of the BH given
by Eq. (5.7).
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Figure 5.9: Behavior of Helmholtz free energy F as a function of r;, in NC spacetime.

In Fig. 5.9, we plot the behavior of Helmholtz free energy of the NC Schwarzschild BH

as a function of the event horizon r;,. As we see, in the NC spacetime, the Helmholtz free
energy behavior has a minimum, which is given by

of
— =0, 5.16
o (5.16)
and the location of this minimum increases with the increase of the NC parameter ©,
which corresponds to a stable region. This result is consistent with the profile C — r;, ob-
tained in Fig. 5.8, which means that a smaller BH is more stable compared to a larger
one.

The effect of temperature on the NC Helmholtz free energy is shown in Fig. 5.10, where
we plot the following expression for different Hawking temperatures T

X N 1 N
F:%—mﬁ%t@z <—57TT>.

17
81’h 8 (5 )
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©=0.3

Figure 5.10: Behavior of Helmholtz free energy F as a function of 7, in NC spacetime for different
Hawking temperatures 7.

In Fig. 5.10, we plot the behavior of the NC Helmholtz free energy for different values of
Hawking temperature. It is clear that when taking into account the Hawking temperature,
a new extremum appears in the behavior of the Helmholtz free energy, which results in
two extrema (stable and unstable), where we can obtain their location by solving Eq. (5.16).
From this behavior, we conclude that a maximum Helmholtz free energy corresponds
to a large BH, which is unstable thermodynamically, while a minimum Helmholtz free
energy corresponds to a smaller one, which is stable thermodynamically, contrary to the
commutative Schwarzschild BH, which is always unstable.

The behavior of the NC Helmholtz free energy F as a function of the NC Hawking tem-
perature T for different values of © is shown in Fig. 5.11. As we see in this geometry, the
Helmholtz free energy decreases rapidly with increases in Hawking temperatures (from
infinity at T ~ 0) until it reaches the maximum temperature T™**. Moreover, when the
temperature bounces back from a maximum 7™, the free energy starts to increase at a
slow rate, and this rate becomes more rapidly when we increase ®, while in the commu-
tative case @ = 0, the Helmholtz free energy does not change its behavior during the
BH evaporation. It is worth noting that this behavior is similar to the one obtained with
a modified first law of BH thermodynamics, where we take into account the surface ten-
sion as in Refs. [67-69]. However, in our results, this behavior emerges from the quantum
properties of spacetime in the NC Schwarzschild spacetime. According to these works,

non-commutativity can be seen as a spacetime tension on the quantum scale.
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Figure 5.11: Behavior of the Helmholtz free energy F as a function of the NC Hawking temperature
T.

5.1.4 The black hole pressure and Hawking-Page-like phase transition

The authors of the following recent papers [251-253], show that if one uses quantum grav-
itational corrections to the BH thermodynamics for the Schwarzschild case, these correc-
tions lead to a pressure in this BH. In this context, our next step is motivated by the above
papers, where in our case we consider the origin of the quantum correction for Schwarz-
schild BH to be the non-commutativity of spacetime. For that, we add the pressure of the
BH by ad-hoc PdV term to the first law of thermodynamics, (5.1), which can be written as

follows:

A

din = TdS — PdV, (5.18)

where V denotes the NC volume of deformed Schwarzschild BH, which is computed using

the same step in (5.3) (we stop at the second order in ®).

% 47-[ 1 27T 7T 3
T L[ () Van+gadedg
3 fozn fon\/MdBdgb 0o Jo ( )
_4n
3

1+ @ 4+ 0(e), (5.19)
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and its conjugate, the pressure P
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where %”r?z and P = —1/(87r2) are the commutative volume and pressure, respectively.
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Figure 5.12: Behavior of pressure P as a function of r;,.

The behavior of the NC Schwarzschild BH pressure as a function of the event horizon
ry, with different values of the NC parameter ©, is shown in Fig. 5.12. As we see, the
non-commutativity shows a new behavior, where this geometry removes the divergence
behavior of pressure, and during the evaporation process, the pressure behavior decreases
rapidly until it reaches a new minimum value at the point (—0.02/©?2, @), then starts to
increase until it reaches a zero at r, = 0.710. Moreover, that means the NC coordinates
create a new minimum behavior for the pressure, which corresponds to a transition point
associated with the interaction of this BH with NC spacetime. After this point, the effect
of the NC spacetime pressure on the BH increases with decreasing of the event horizon 7/,
until reach the equilibrium point at 7, = 0.710. Note that, for a region where the pressure
is negative and decreasing until it reaches its minimum at r, = ©, it can be interpreted
as the pressure exerted by the BH on spacetime. This pressure is induced by the radiation
of the BH. While for the negative region between minimum r;, = 6 and equilibrium point
ry, = 0.710, the pressure is increasing, which can be interpreted as the pressure exerted by
the spacetime on BH.

51.4.1 Gibbs free energy

In order to analyze the phase transition in the presence of pressure in the NC spacetime,
we investigate the profile of Gibbs free energy. In this context, use the NC Helmholtz free
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energy F (see Eq. (5.15)) to compute the NC Gibbs free energy G = £+ PV. Thus, we can
write the NC Gibbs free energy as follows:

G=m—-TS+VP. (5.21)

The influence of pressure on Gibbs free energy is shown in Fig. 5.13, where we plot the
following expression for different P and T

S Y ppey ( R

G= > + 3 ryP—mr, T+0O <8rh + Tty P 3 T). (5.22)
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Figure 5.13: Behavior of Gibbs free energy G as a function of 7, in NC spacetime, for different
values of pressure P (left panel) and different Hawking temperature T (right panel).

In this study, we are only interested in the negative pressure for the Schwarzschild BH
(see Fig. 5.12). In Fig. 5.13, we show the behavior of the NC Gibbs free energy as a function
of the event horizon ry, for different values of pressure (left panel) and for different values
of temperature (right panel). As we see, the Gibbs free energy exhibits the same behavior
as the one obtained with the Helmholtz free energy shown in Fig. 5.10, i.e., there are only
two extrema for G (see left panel in Fig. 5.13) for T = T™> and —0.10 < P < 0 in NC
geometry, and as we see above, the minimum of free energy corresponds to the stable BH
(smaller Schwarzschild BH) and the maximum one corresponds to the unstable one (larger
Schwarzschild BH), and these extremum can be obtained by solving Eq. (5.16). It is worth
noting that the two extrema of Gibbs free energy disappear when the pressure gets a value
less than (P < —0.1). Furthermore, when we fix pressure at (P = —0.10) and we change
the temperature in the range 0.010 < T < 0.102 < T™2X we observe the same Gibbs free
energy behavior (see right panel in Fig. 5.13), i.e., two extrema. In this case, the depth of
the minimum and the maximum of the NC Gibbs free energy decreases with the increase
in temperature. As a consequence, a larger BH, which is an unstable one, evaporates to a
smaller and more stable one, and this agrees with the analysis of the heat capacity profile
C —ry (see Fig. 5.7), which indicates a phase transition of Schwarzschild BH in the NC
spacetime.
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Figure 5.14: Behavior of Gibbs free energy éAas a function of the NC Hawking temperature T, for
different values of NC pressure P.

In Fig. 5.14, we show the behavior of Gibbs free energy as a function of the NC tempera-
ture for different values of pressure (left and right panels). As shown in the left panel, for
P > 0, the Gibbs free energy is consistent with the profile "F—T"in Fig. 5.11. For negative
pressure, P < 0, we observe new behavior in which the Gibbs free energy increases rapidly
as the temperature increases, until it reaches a maximum free energy, then it starts to de-
crease until the temperature rises to a maximum 7", When the temperature bounces
back, the Gibbs free energy increases at a slow rate, which coincides with the previous
cases of positive pressure. P > 0. It is worth noting that, when we decrease in the pressure,
i.e.,, P. < P < 0, we observe a similar behavior to the swallowtail structure as in the litera-
ture; for example, see Refs. [254-256], which can be seen as a quasi-swallowtail, where in
our case we have smoother curves, and that is due to the presence of non-commutativity.
Unfortunately, the quasi-swallowtail cannot be interpreted as tow-phase coexistence, and
that is due to the absence of the intermediate BH during the evaporation process (see Fig.
5.13). However, at the critical point of pressure P. = —0.035, the quasi-swallowtail struc-
ture disappears and an inflection point occurs, and that corresponds to a second-order
phase transition. At this point, the Hawking-Page-like phase transition occurs during the
evaporation processes of the NC Schwarzschild BH, where that corresponds to the tran-
sition of the unstable BH (larger one) to a stable one (smaller BH), and that is consistent
with the profiles "G — r;," in Fig. 5.13 and "C — ;" in Fig. 5.8. For values below the critical
point of pressure P < P, the inflection point vanishes, which means there is no more
phase transition in this case, and that means there is only one phase transition that occurs

at the critical point P = P. during the evaporation of the NC Schwarzschild BH. It is worth
noting that, in the literature, we find some papers that study the effect of some QG models
on the phase transition of BHs inside an isothermal spherical cavity with a constant of
radius R, as in Refs. [102, 103, 121, 257, 258], and these results show the exact swallowtail
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structure’. However, in this study, we show a quasi-swallowtail behavior with smoother
curves (P. < P < 0) without using a boundary condition as the spherical cavity in the
above examples, but we find a Hawking-Page-like phase transition (P = P.). This behavior
emerges when we study the presence of the BH pressure in the NC spacetime.
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Figure 5.15: Behavior of Gibbs free energy G as a function of NC Hawking temperature T, for
different values of ©.

In Fig. 5.15, we plot the Gibbs free energy as a function of Hawking temperature T in
the NC spacetime for constant pressure P and different values of the NC parameter @. As
we see, for the values of the NC parameter below the critical value ® < ©., we obtain the
quasi-swallowtail structure with smoother curves. At a critical point, ®. = 0.30, we can
see that the vanish of the quasi-swallowtail structure and its replacement by an inflection
point occur, which is a behavior similar to the Hawking-Page phase transition, and that
indicates a phase transition of a larger BH (unstable) to a smaller one (stable). Then, for
® > O, this inflection point disappears. This behavior is similar to the above one, which
is presented in Fig. 5.14 (right panel), but with a difference in the order of the curves. We
observe that the NC parameter ® plays a role similar to a thermodynamic variable of a
BH.

4 Also, when we take into account the scenario of NC Schwarzschild BH inside an isothermal spherical cavity
with radius R, we obtain an exact swallowtail behavior by just using the relation between free energy and
mass, with no need of the ad-hoc term of pressure. We investigate this scenario in detail in the next Sec.
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5.1.5 Modified first law of the BH thermodynamics

In what follows, we study the validity of the first law of BH thermodynamics in the NC
gauge theory of gravity, where we are motivated by some issues that we found above, for
example, the validity of the area law for the entropy and the equivalence of the deformed
Hawking temperature resulting from the surface horizon with the one obtained from the
first law (5.1). As in the commutative case, the NC BH also obeys the first law of thermody-
namics because it is a thermodynamic system. The temperature T resulting from the first

N\ -1
A o dS
- (5) (a)
_ 1 e
4y, 16773

law of thermodynamics reads

(5.23)

It is clear that T in Eq. (5.23) calculated by the first law is not the same as T in Eq. (5.7)
calculated using surface gravity, and this difference is also observed in Ref. [166]. The
possibility for solving this problem in this geometry is to use an ad-hoc term, in which the
classical form of the first law is modified by an extra factor [170].

¢ (r,,®) din = TdS, (5.24)
where c (1, @) is
302
,0)=1——. 5.25
¢ (T’h ) 41’% ( )

If we substitute this value in Eq. (5.25) for ¢ (r;, ©®), we recover the area law. The correct
NC correction to the entropy will be present in the next section, and for the next step, we
keep working on the NC entropy resulting from the area law (5.11) in order to modify the
first law of BH thermodynamic. In this context, we use the following decomposition of
thermodynamic properties:

o =m+ 0*m?, (5.26a)
T =Ty +0°T7T?, (5.26b)
$=5+0%2. (5.26¢)

where m(z), T(Z), and S@ are the NC correction terms and can be obtained by comparison
with the Egs. (5.4), (5.7), and (5.11), respectively.

As we see above, in the NC gauge theory, the first law of BH thermodynamics is not
respected, and that also means the Samarr formula of the ADM mass is not respected in

this geometry. Starting from the classical form

i = Ty, (5.27)

N| =



5.2 NC BH IN THE GRAND CANONICAL ENSEMBLE

By using the relations (5.26b) and (5.26c), we can separate the right hand of the above
relation for the commutative terms and the NC terms, and then we find

%m - (TH + ®2T<2)) (s + ®Zs<2>)
= TS + ©? <THS(2) + T(2>S) + 004

= TyS+OA (5.28)

where A is a physical quantity conjugate to the NC parameter ®, and in this case represent
the NC corrections for the first law of thermodynamics. From the above relation (5.28), we
can compute this physical quantity as follows:

OA = @2 (TH5<2> + T<2>s)

70?2
= —— 5.29
321’h ( )
and we have
Ty
TyS = —
HS 1
1., Ty @2
Em =7 7161’;1 (5.30)

It is clear that, from Egs. (5.29) and (5.30), the terms of NC correction in both sides of Eq.

(5.28) are note equal, and that means in the NC gauge theory, the Samarr formula is note
respected.

5.2 NC BH IN THE GRAND CANONICAL ENSEMBLE

As we saw earlier, in the NC gauge theory, the Samarr formula and the area law of entropy
are not valid. In the next step, we present a modified Samarr formula in the NC gauge
theory where we considered the non-commutativity as a thermodynamical variable in the
first law of thermodynamics, which is motivated by the previous section, where we find
that in the presence of the BH pressure, the NC parameter ® plays the same role as a
thermodynamical variable and the similarity between the non-commutativity effect on the
temperature and the electric charge of RN BH”, also by the Refs. [245, 259].

We start now with the first law of the BH thermodynamics (5.1), which can be written by
differentiating the ADM mass (5.4), and we considered the NC parameter as geometrical
charge, in a similar form of the electric charge of RN BH, [245, 259]

dit = TdS + Ad®, (5.31)

5 We investigate this similarity in detail in this section.
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where © is the NC parameter and .4 his conjugate (which can be seen as a NC physical

o

Using the expression of the ADM mass (5.4), we get

potential), which is defined as:

Q)

= (5.33)

As we see, the NC physical potential A(r) conjugate to the NC parameter © is similar to
the Coulomb potential ¢(r) conjugate to the electric charge Q in the RN BH.

The Samarr formula of the modified first law, (5.31), can be represented in a similar form
as in the case of the RN BH [245, 259].

1 =2TyS + a A0, (5.34)
where a is a factor, using the thermodynamic quantities in the previous section, we find

oo (79N, (&
- T\4 321, 4r, )’

ot 744
= 2+ 16r, o, (5.35)

By comparing the above equation with the NC ADM mass (5.4), we find that & = , so the

modified Samarr formula in the NC gauge theory of gravity is written as follows:
i =2TuS + A0, (5.36)

where A = 3.4, in this case the Samarr formula is respected in the NC spacetime.

According to the modified first law of thermodynamics (5.31), in the same way as the
electric charge [260], the new modified Gibbs free energy in the grand canonical ensemble
(in the presence of the NC physical potential A(ry,)) is written as follows:

G=m—-TS-0A. (5.37)

The behavior of modified Gibbs G free energy in the grand canonical ensemble as a
function of the deformed Hawking temperature is shown in Fig. 5.16 for different values
of the NC parameter. It is clear that we obtain a similar behavior to the Helmholtz free
energy given in the profile E—T (see Fig. 5.11), where the only difference is that the
free energy is lower than obtained in Fig. 5.11 in the final stage of evaporation, which
means that, when we take into account the presence of the NC physical potential A, the
BH is more stable thermodynamically compared to the one analyzed without A (see Fig.
5.11), and this potential has a significant effect of the free energy only in the final stage
of evaporation. Moreover, in the grand canonical ensemble, the NC Schwarzschild BH is
more stable thermodynamically in its final stage.
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Figure 5.16: The behaviors of the modified Gibbs G free energy in the grand canonical ensemble as
a function of the NC Hawking temperature 1.

5.2.0.1 Black hole pressure

Now, we will take into account the presence of pressure and investigate the thermal sta-
bility in the presence of A(r). Let’s now consider the presence of A(r) together with the
pressure term in the relation (5.18), so we get

AMapy = TydS + AdO© — PdvV. (5.38)

According to the above modified first law of thermodynamics in the presence of pressure
(5.38), we can define the new Gibbs free energy in the grand canonical ensemble by:

Gp = Mupy — TS — @A+ PV. (5.39)

In Fig. 5.17, we show the behavior of the modified Gibbs free energy in the grand canon-
ical ensemble as a function of the NC Hawking temperature in the presence of pressure.
As we see, a similar behavior is obtained with G — r;, (see Fig. 5.14) in the absence of NC
physical potential A = 0, while in the presence of A the modified Gibbs free energy has a
lower energy compared to their absence, and that means this BH is more stable thermody-
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Figure 5.17: The behaviors of the modified Gibbs free energy in the grand canonical ensemble as a
function of the NC Hawking temperature T in the presence of pressure.
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namically in the presence of the NC physical potential A compared to its absence. Also, we
observe the quasi-swallowtail structure with smother curves as before (for the case A = 0).
It is worth noting that the presence of the NC physical potential shifts the inflection point
to a new critical point, P. = —0.06, at which the quasi-swallowtail structure disappears,
and that means a second-order phase transition. In other words, the NC physical potential
A is important for the thermal stability of the NC BH during his evaporation process.

5.2.1 Similarity between non-commutativity and the electric charge of a black hole

As we know, some of the quantum potential used as a correction to the BH geometry
affects the quantum process of Hawking radiation [100, 108-110],...etc., as well as the elec-
tric potential in the RN BH [245, 259]. In a similar way, the NC geometry also affects
this process [165, 166, 203, 247], in which this geometry plays a similar role as a thermo-
dynamical potential, and that leads to a modification in the BH thermodynamics, as we
saw above. In our previous subsection, in the grand canonical ensemble, we found an
important observation that brought our attention to the similarity in the thermodynamic
corrections between the effect of non-commutativity and the electric charge one of RN BH.
We summarized them in the following table.
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Table 5.1: Comparison of some thermodynamic properties between RN BH and NC Schwarzschild
BH in the grand canonical ensemble.

Thermodynamic properties RN BH [245] NC Schwarzschild BH
ADM mass M:%.{.% m:%«+%
. y Py z
Hawking temperature Ty = 47'[1r+ — 4%1 T = 471”1 — 4%%
Potential p=21, A= ©

The similarity between the RN BH and the NC Schwarzschild BH in the grand canonical
ensemble for some expressions of BH thermodynamic properties is shown in Table. 5.1. It
is clear that, for the Hawking temperature, we see that both expressions are identically the
same. Also, for the BH mass, we observe a similarity between the electric charge Q and
the NC parameter ©, where the non-commutativity term is shifted by a factor of %, and
the same is true for the NC physical potential .A and the electric one ¢. Moreover, these
results motivate us to treat the non-commutativity as a quantum potential in a similar way
as the electric charge Q for the RN BH.

5.2.2 State equation

In which follow we present a new procedure in which we treat the NC BH as AdS RN BH
to show the similarity between the NC parameter and the electric charge. As a first step,

we define a new temperature and pressure as follows: f = 1 and § = £, respectively, so
the Egs. (5.7) and (5.20) become

1 e
87try, 8mf]5;'
1 ©?
— 5+ g
167‘[7’h 327rrh

=
Il

(5.40a)

p (5.40b)

We multiply Eq. (5.40b) by 2rj, and subtract from Eq. (5.40a) to obtain two new coupled
equations for temperature and pressure in the following table, which we compare with the
AdS and RN expressions [245].

Table 5.2: Comparison of state equation between AdS RN BH and the NC Schwarzschild BH.

Thermodynamic properties RN BH [245, 256] NC Schwarzschild BH
2 - ~ 2
Temperature T = ﬁ + 2r, P — 427, f= ﬁ +2rp — 13()273’
_ 1 T & 5 1 F o, 302
Pressure P= 87 + 21y, + 8mr’ p= 8mr? + 21y + 32t

In Table. 5.2, we show a comparison between the NC Schwarzschild BH and the AdS
RN BH for both state equations of temperature and pressure. It is clear that our result

shows a good similarity between the expressions for both cases, and the only difference
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was observed in the third term, which allows us to make a comparison between the NC
parameter © and the electric charge Q.

0% = %Qz. (5.41)

It is worth noting that our result is different from the one obtained in Ref. [163], and that
due to the different approach used, where we use the NC gauge theory of gravity, we agree
with Ref. [163] for the possibility that the electric charge Q is related to the NC parameter
o.
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Figure 5.18: Hawking temperature for AdS RN BH compared to NC Schwarzschild BH as a func-
tion of the event horizon.

The comparison of the Hawking temperature behavior between the AdS RN BH and
the NC Schwarzschild one is shown in Fig. 5.18, which is plotted as a function of r;, with
a constant pressure. As we see, for a larger BH, the Hawking temperature is identical
in both cases, while for a smaller one, we observe a significant difference in the final
stage of BH evaporation, where the NC Schwarzschild BH is hotter compared to the AdS
RN (" > T™a*)  We observe also that the AdS RN BH evaporate and stop radiation
before the NC Schwarzschild one, and that means the remnant NC Schwarzschild BH

is smaller than the remnant AdS RN one (r(l)\]C_SBH < rédS_RNBH)

. Another important
observation is that in this scenario, the NC Hawking temperature of Schwarzschild BH
has a new minimum, which is not allowed in the previous profile T — r;, presented in Fig.
5.5, in which here the non-commutativity plays a similar role as a boundary condition,
because we treated this effect of the NC pressure as external pressure applied by the
NC spacetime on the deformed Schwarzschild BH, in a similar way to the cosmological
constant in AdS RN BH. Also, during the evaporation process of the NC Schwarzschild
BH, their temperature decreases until they reach the minimum f;’;?;l, and this minimum
decreases with the increase in @. This behavior starts to increase during the evaporation
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to reach the maximum %%, then quickly falls to zero at ry, where the BH stop radiation at
this point, and that means a remnant BH. It is worth noting that the change in temperature
behavior starts from decreasing to reach a minimum, then increases from this minimum
to reach a maximum and decreasing again, which indicates a two-phase transition of the

NC Schwarzschild BH at the minimum and maximum points.

Q=0.6

0.12-

= 0.08F

0.04-

Figure 5.19: Hawking temperature for AdS RN BH (left panel) and NC Schwarzschild one (right
panel) as a function of the event horizon r;,, with different values of pressure.

In Fig. 5.19, we show the influence of pressure on the Hawking temperature for the AdS
RN BH (left panel) and the NC Schwarzschild one (right panel) as a function of the event
horizon ry,. It is clear that we observe the same behavior in both cases, and that shows an
important similarity between these two BHs, and the only difference was in the critical

points of the thermodynamical proprieties, which we derived latterly.

Q=0.6 - 0=0.6
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Figure 5.20: Black hole pressure for AdS RN (left panel) and NC Schwarzschild (right panel) as a
function of the event horizon, with different values of temperature.

The behavior of the BH pressure for both cases of the AdS RN BH (left panel) and the
NC Schwarzschild one (right panel) as a function of the event horizon and for different
values of temperature are shown in Fig. 5.20. It is clear that, also for the pressure profile,
we observe a similarity between the NC Schwarzschild BH and the AdS RN one, and
the only difference is in the values of the critical points in each case, where an inflection
point appears for f < f. and disappears for f > f.. As we mentioned in our previous
SubSec. 5.1.4, we interpreted the negative pressure as the pressure applying by the BH on
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his environment (spacetime for example), while the positive one represents the pressure
applying by the environment (spacetime for example) on the BH. In the AdS RN BH the
positive and negative pressure due to the positive and negative sign of the cosmological
constant [261] (Fig. 5.20 left panel), in which the cosmological constant is identified as the
pressure, see Refs. [245, 256, 261, 262]. However, in this study, we identify the deformed
geometry induced by the presence of non-commutativity as external pressure applied to
the NC Schwarzschild BH. According to discussion in SubSec. 5.1.4, we can see that, for
p < pe (Fig. 5.19 right panel) and f < . (Fig. 5.20 right panel), we can analyze the pressure
behavior by comparing to the radiation activity of BH (see Fig. 5.19 right panel), where
for large BH, their pressure is always positive and close to zero pressure, and this one is
responsible for the increasing in temperature for a LBH which act as a boundary condition,
at this moment the spacetime pressure applying on this BH. Then this pressure starts
increasing until it reaches a maximum during the BH evaporation, and that is due to
the decrease in the BH radiation, which corresponds to the minimum temperature (see
temperature profile in Fig. 5.19 right panel), and that means the pressure applied by the
non-commutativity of spacetime on the BH is greater than the pressure applied by the NC
BH on the spacetime. This maximum doesn’t take a long time to start decreasing until it
reaches a minimum, and that is due to the increase in the BH radiation, which corresponds
to the maximum temperature (see Fig. 5.19 right panel), where that means the pressure
applying by BH on the spacetime is significant, but the dominant pressure in this case
is the one applied by the spacetime on this BH. It is worth noting that, for some range
of BH radius, the pressure became negative, and that means the BH pressure applying
on the spacetime is completely dominated by the one applying by the spacetime on this
BH. Moreover, when the BH stop radiation, this effect is reversed, in which the pressure
increases rapidly to infinity. At this region, a remnant BH appears (see Fig. 5.19 right
panel). As a conclusion, the profile shown in Fig. 5.20 (right panel) is the pressure applied
between BH and spacetime in the NC geometry, and the study of the non-commutativity
effect as an external pressure shows a new behavior of thermodynamic properties for the
Schwarzschild BH and shows an important similarity with the AdS RN BH.

As in the commutative case, the critical point in the NC spacetime can also be obtained
by solving the following system of equations for ® # 0:

of 0*F
— =0, — =0, 5.42
arh ai’% ( )
op 0%
4 =0, — =0. 5.43
ory, ors (543)

We summarized in the following table the solution to the above equations.
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Table 5.3: Critical parameter of AdS RN BH and NC Schwarzschild one.

Black holes type size volume temperature pressure
AdS RN BH [245, 256] 7. = v/6Q V, = 8v/67wQ3 T. = 5 = el
NC Schwarzschild BH r, = 3\2—5(9 V. =921®3 f, = % Pe = ﬁ

5.2.3  Phase transition and free energy

In order to investigate the phase transition of the NC Schwarzschild BH in this scenario,
we must check the signature of the heat capacity in this case. By using the new deformed

Hawking temperature given in Table. 5.2, the new heat capacity can be written as follows:

5 2\ —1
¢ =1 :f(“)(a’v ,
arh ry

 2r7m(4r) + 32, pt — 307)
C —4r? 4+ 321} 4902

‘Ch)

QU
1

(5.44)
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Figure 5.21: The heat capacity behavior of the NC Schwarzschild BH as a function of the event
horizon ry, for different © (left panel) and for different 7 (right panel).

The behavior of the BH heat capacity for the NC Schwarzschild one as a function of
the event horizon r,, with different values of the NC parameter © (left panel) and for
different values of the pressure f, is shown in Fig. 5.21. As we see in the left panel, for
the case p < ., with the presence of non-commutativity, we observe three branches in the
heat capacity behavior, in which two of them are stable and separated by a new unstable
intermediate (IBH) region, where its caused by the external pressure due to the effect of
the NC geometry, and that means the NC Schwarzschild BH has two phase transitions,
and that is consistent with the profile f — r;, (see right panel in Fig. 5.19), and this new
region decreases with the increasing in the NC parameter ©. It is worth noting that our
result is similar to the ones obtained using some models of QG that study deformed BH
inside an isothermal and spherical cavity [73, 102, 103, 121, 257]. However, in our case, we
study the pressure as an external effect of the non-commutativity on the deformed BH,
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where in our previous SubSec. 5.1.4, the pressure is considered a BH pressure emerged
from the non-commutativity, but in this scenario, the pressure is treated as an external
potential of the non-commutativity, in the same way as the cosmological constant in the
AdS RN BH [245]. For the other cases of § shown in the right panel, where for the case
P = p. (right panel panel), we observe that the unstable IBH disappear and the two stable
regions (LBH and SBH) coexist at one inflexion point r3, while for j > . there are no
more phase transitions at this point, with one single thermally stable region (C > 0).

It is clear that, for the cases of f < p, the NC Schwarzschild BH has only one physical
limitation point [250] as we see in the previous scenario in SubSec. 5.1.2, in which C is
equal to zero at rg (this point is in depend with the value of ® and f), where the other
important points correspond to the divergence behavior of C at r, = r; and r, (which
correspond to the maximum and the minimum temperature presented in the right panel
of Fig. 5.19), and that implies two phase transition at these points.

Table 5.4: Region, heat capacity, state, and stability of the NC Schwarzschild BH for different

branches.
Pressure Branches Region Heat capacity State  Stability
P < pe 1 Ty > 12 C>0 LBH stable
2 rn<r,<r C<o0 IBH unstable
3 ro <1y <1 C>0 SBH  stable
P = Pec 1 T, > 13 C>0 LBH stable
2 rp < 13 C>0 SBH  stable
P> pe 1 Ty > 10 C>0 - stable

In Table. 5.4, we summarize the results of Fig. 5.21. As we see before, in this geometry
for p < fi., we get three branches in C, in which the LBH and SBH have a positive heat
capacity for r, > r, and ro < r, < ry, respectively, and that indicates this BH is in the
equilibrium (stable) state, and these two regions are separated by a negative heat capacity
region, which corresponds to IBH located in 71 < r, < r,. Secondly, the phase transition of
NC Schwarzschild BH in this geometry is described by the divergence of heat capacity at
the critical points 7, = r, and r1, which correspond to two phase transitions, and these two
points getting closer to each other when we increase in ®. Also, the stable stage located
in ryp < r, < ry increases when @ is increased, and that means the SBH takes longer to
stop the evaporation process. However, for the case j = f, the heat capacity has only two
branches, in which the stables LBH and SBH take longer to decay one to the other and
inversely with one phase transition, and that is due to the equilibrium stability of these
BHs, while for the last case i > f, there is no more phase transition and the heat capacity

is always positive, which means that there is only one single thermally stable region.
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52.3.1 Free energy

For in-depth details in the analysis of thermodynamic stability, we must investigate the
Helmholtz free energy in this scenario. Firstly, we need to compute the new BH mass of
this system; for that, we use the first law of thermodynamics [122, 260].

m= /EdSA ,
ry 4 53 5
=~ + s p+ —0°. 4
> 13 P 8rh® (5.45)
The Helmholtz free energy can be expressed as follows:

F=m—1S, (5.46)

where we use the above expression of the new mass (5.45), together with the entropy
(5.11) and the new temperature given in Table. 5.2. The new Helmholtz free energy in this
scenario can be expressed as follows:

- 4 -~ 1 -
el danp iy @2 < _ 57%) . (5.47)
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Figure 5.22: Behaviors of the new Helmholtz free energy [ as a function of r;, in NC spacetime, for
different new deformed Hawking temperatures f.

The behavior of the new Helmholtz free energy as a function of the event horizon 7y,
and for different values of the new temperature f is shown in Fig. 5.22. It is clear that, in
the NC geometry, the new Helmholtz free energy has three extrema, where two minimum
correspond to the stable BHs (LBH and SBH) and the maximum one corresponds to the

unstable ones (IBH), and these three extrema are observed for #,,;, < ¥ < 0 and § < e,
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with @ = 0.4. The sizes of small, intermediate, and large BHs can be computed by solving
Eq. (5.16) for r;. Another important observation is that the behavior of the new Helmholtz
free energy for NC Schwarzschild BH is similar to the one obtained for the AdS RN one in
the commutative spacetime, see Ref. [245]. At this point, we confirm that the NC parameter
O plays a similar role to the electric charge Q of RN BH. Furthermore, for a constant
pressure (f < p.) and varying in temperature values 0 < f < ", the new Helmholtz
free energy changes its behavior from its extremum to a minimum for f < ,,;,, where the
depth of the minimum and the maximum of this free energy decreases with the increases
in temperature . As a consequence, the unstable IBH evaporates quickly to the stable ones
(SBH or LBH), and that is consistent with the analysis of the profiles of f — r, (Fig. 5.19)
and C —ry, (Fig. 5.21).
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Figure 5.23: Behaviors of the new Helmholtz free energy F as a function of the new Hawking
temperature f in NC spacetime, for different pressure f, where fi. =

1
72702

The behavior of the new Helmholtz free energy of the NC Schwarzschild BH as a func-
tion of the new Hawking temperature f for different values of pressure j is shown in Fig.
5.23. It is clear that, in this scenario, the phase structure of NC Schwarzschild BH shows
an exact swallowtail structure for a pressure below the critical value f < p., which in-
dicates a two-phase coexistence state and that describes a first-order phase transition (in
this scenario, we solve the problem of the quasi-swallowtail structure that was obtained
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above in SubSec. 5.1.4), while for p = p, this structure disappears and an inflection point
appears, where this point indicates a second-order phase transition. For p > ., this point
disappears and indicates a non-phase transition, which is consistent with the profiles of
f —ry, (Fig. 5.19) and C — ry, (Fig. 5.21).

5.2.3.2 Phase diagram

In order to obtain the coexistence curve, we plot the news expressions of NC pressure and
the NC Hawking temperature in the p — f plane. For that, we need to express the new
temperature expression given in Table. 5.2 as a function of the new pressure p. In the case
P < pPc, we can obtain the minimal and maximum temperature of BH. Using the condition
given by the first derivative in Eq. (5.42), together with the equation in Table 5.2, we find

) N (—24;5n®2 +/I- 72;771@2)

min/max — : (5.48)

T (1= i)

The p — f diagram can be obtained by drawing the above equation.
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Figure 5.24: p — f phase diagram of the NC Schwarzschild BH. The cyan solid line and green dashed
line are the plots of f,,;,, and .y, respectively, as a function of the pressure .

The behavior of the new pressure j as a function of the new temperature f in the p —
phase diagram is shown in Fig. 5.24. It is clear that the curves separate the p — f plane
into a three-phase region that is consistent with the profile C —ry, (see Fig. 5.21), where the
SBH is located above the solid curve as while the LBH one is below the dashed one, they
are stable thermodynamically, and in the middle region between the solid and the dashed
line, there are three solutions, which are SBH, LBH and IBH. It is worth noting that this
behavior is similar to the one obtained in the commutative spacetime for the AdS RN BH,
and that shows the similarity. At this point, the NC parameter ©® plays a similar role as
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the electric charge Q, and the non-commutativity effect can be seen in this scenario as the
effect of the cosmological constant.

5.3 BLACK HOLE PHASE TRANSITION AND ISOTHERMAL CAVITY

In this section, we aim to investigate the thermodynamic properties of the NC Schwarz-
schild BH and their stability inside a spherical isothermal cavity, in which this cavity plays
the role of the boundary condition [70-72], which fixes the temperature at its surface and
that maintains the thermal stability of this BH. For that, we consider the NC Schwarzschild
BH inside a spherical cavity with radius R.

As we see in the previous Sec. 5.1, the area law of BH is not respected. In order to fix
this issue, we derive the NC entropy of this BH using the first law of BH thermodynamics.

2log(m’%). (5.49)

A dm 31O
SBH = /? = 7'[7’% +

where we use the deformed mass (5.4) and the global temperature that is emitted by the
surface horizon (5.7). It is clear that the above equation shows a logarithmic correction to

the NC entropy in this geometry, and the area law recovers when we set ® = 0.

Figure 5.25: The behavior of BH entropy with logarithmic correction as a function of the event
horizon ry,.

In Fig. 5.25, we show the behavior of the entropy with logarithmic correction as a func-
tion of the event horizon 7, for different values of the NC parameter ©. It is clear that
the comportment obtained from NC correction to the entropy is different from the com-
portment of the entropy resulting from the deformed area law in Sec. 5.1.1. Also, the
non-commutativity increases the entropy of this BH for a larger one, while for a smaller
one, the NC entropy is smaller than the commutative one and becomes zero for a specific
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radius of BH 7y, and that means, when the BH stop radiation, there is no entropy for the
remnant BH.

5.3.1 Local temperature and energy

In which follow we use the global temperature that emitted from the surface horizon of
the NC Schwarzschild BH, which is defined for open systems. However, in the case of a
closed system, that means a BH inside the cavity, and the temperature emitted by this BH
is limited by the surface of the cavity, so we need to define a new temperature for a closed
system. For that, we use the boundary condition to obtain the NC local temperature of NC
Schwarzschild BH at a finite distance R (R > r{l\] ), which is given by [70]:

Ty
VEw0(R,©)

By using the deformed component (3.9a) at the leading order in m and in ©®, the local

Tlocul = (5.50)

temperature is written as follows:

) . (—12872R3 +256r,RY) + rf (77 —15,/1- % ) R
Tiocal = +

47’1”\/@ 512r3R3(R — 1,)24 /1 — %
167’2 (_2 + M) R2 — 4:47’2 — 128R5 ’
@~
512r3 TR3(R — rh)zm

It is clear that, when R — oo, the local temperature (5.51) reduces to the NC Hawking

_|_

(5.51)

temperature (5.7), and the commutative expression [71] recovers when we set @ = 0.
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Figure 5.26: The behavior of local temperature as a function of r, inside a cavity with radius R = 10.

The behavior of the NC local temperature as a function of the event horizon r;, with a
fixed cavity radius R = 10 is shown in Fig. 5.26. It is clear that the NC local temperature has

two extrema, one minimum? (T[gci:l,rz) and a maximum (T[gf{fl ~ 0‘0%117,1’1 ~ 1.737190)

(see Fig. 5.26 (b)), where this geometry removes the divergence of the commutative case as

The coordinates of the minimum local temperature (Tl’gégl' rp) are obtained only with the numerical solution
1 aTum —
to this Eq. =5z = 0.
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in the case of open system that we studied before in previous Sec. 5.1, also in this scenario
this BH stop radiation at the same point as before ry = 1" = ©, and for the case R — oo
the deformed Hawking temperature are analyzed in detail in SubSec. 5.1.1. As we see in
Fig. 5.26 (b), at the surface of cavity r3 = R the local temperature divergent as in the com-
mutative spacetime, and that du to the boundary condition of the isothermal cavity which
prevent the radiation to emerge outside the cavity, and during the evaporation process,
this temperature decreases until reach the minimum TZ’ZEZZ at r, = rp, and this minimum
decrease with the increasing in ©, then this behavior starts to increase during the evapo-
ration to reach the maximum /"% at r4, then quickly fall to zero at ry, which corresponds
to a remnant BH. As we motioned above, the change in temperature from minimum to
maximum indicates that the NC Schwarzschild BH inside a cavity also has two phase tran-
sitions, which hold at r; and rq, in a similar way to the study of the non-commutativity
effect as an external pressure that is applied by the spacetime on this deformed BH, and
that shows the role of non-commutativity, which acts as a boundary condition.

Furthermore, we can obtain an estimation of the NC parameter © in this scenario, where
we follow the same step in SubSec. 5.1.1 and find that ©® ~ 1.521 x 10~%m ~ Ipjaner, and
this is consistent with the one obtained in Eq. (5.8).

Our next step is the local energy of the NC Schwarzschild BH, which can be obtained

by using the first law of thermodynamics (5.1) and is written as follows [122]

A N A
Ejocal = TiocaldSBH, (5.52)

1o

where 1y = mg = ©/2 is the minimum mass of this BH (see SubSec. 5.1.1). By using
the deformed local temperature (5.51) and the entropy (5.11), the above expression can be
computed at the second order in © as fellow

local / I'( n

427, /1 — % (ry — R)R?*log(1 — %) + 4575, /1 — 4R — 42r7, /1 — % R?

7681’h 1-— %RS(R — T’h)

+

N 887} + 112r,R> + 96R* — 3602 R?
768r1/1 — 2R3 (R — ry,)

and the commutative expression [118] of the local energy can recover when we set © = 0.

— (T’h — 7’0). (553)

5.3.2  Local heat capacity and phase transition

In order to investigate in detail the phase transition and the thermal stability of the NC
Schwarzschild BH inside a cavity, it is necessary to analyze the behavior of its heat capacity.
In this scenario, we study the thermal stability of this BH inside a spherical cavity. In this
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context, we use the NC local quantities in the first law of thermodynamics, (5.1). The NC
local heat capacity can be written as follows [70]

A aEAlocul 2 ag

C - ~ - T P — 554
local aTlocal local aTlocul ( )

where we use the expressions of the deformed entropy (5.49) and the deformed local
temperature (5.51),

Figure 5.27: The behavior of local heat capacity as a function of r, inside a cavity with radius
R =10.

The behavior of the local heat capacity as a function of the event horizon for the NC
Schwarzschild BH inside an spherical isothermal cavity with constant radius R is shown
in 5.27. As we see, for @ = 0, we recover the commutative local heat capacity of Schwarz-
schild BH inside a cavity, where this system has only two branches, and that means one
phase transition. However, in the NC case ©® # 0, the deformed local heat capacity has
three branches, and that means the NC Schwarzschild BH inside a cavity has a two-phase
transition as we motioned in SubSec. 5.4.1. Note that our result is consistent with some
models of QG; for example, see Refs. [73, 102, 103, 121, 257].

It is clear that the NC Schwarzschild BH inside a cavity has two physical limitation
points [250] at rj, = rp (related to the non-commutativity effect ry = @) and r, = r3 (related
to the boundary condition r3 = R), in which the local heat capacity is equal to zero at these
two points, which is not allowed in the previous situation. Another important observation
is the divergence of the deformed local heat capacity, which holds at r, = 1 and r,, where
these two points correspond to the maximum and minimum temperature (see Fig. 5.26).
This implies a two-phase transition for the NC Schwarzschild BH inside a cavity at these
two points, and that is consistent with the profile Tiocal — 3 in Fig. 5.26.

In this geometry, Clocas has three branches, which is not allowed in the commutative case,
where the equilibrium (stable) system has a positive heat capacity, and that corresponds
to the LBH and SBH, that are located in the regions for r, < r, < r3 and rp < r;, <
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r1, respectively, and these two regions are separated by a new unstable IBH region with
negative heat capacity r; < r;, < ry (see Table. 5.5). It is worth noting that the two critical
points r;, = r, and r1, which correspond to the divergence of deformed local heat capacity
getting closer to each other when we increase in @ in a similar way to the profile C = 7y,
in Fig. 5.21, also the stable stage ry < r, < r; with positive Clocal increases with increases
in ©, which means that the SBH takes longer to stop radiating and evaporating with a

significant value of ©.

Table 5.5: Region, heat capacity, state, and stability of the Schwarzschild BH surrounded by a cavity
in NC/Commutative geometry for different branches.

Geometry Branches Region Heat capacity State Stability

®=0 1 > C>0 LBH  stable
2 rp < 1} C<o0 SBH unstable

®+#0 1 ry < 1p <13 C>0 LBH stable
2 r<r,<r C<0 IBH unstable

3 ro <1y <1 C>0 SBH  stable

The stability and the states of each region for the NC Schwarzschild BH inside a cavity
are shown in Table. 5.5. It is clear that, in the commutative case ® = 0, the Cj,cn has only
two branches and one physical limitation point r3 (corresponding to the boundary condi-
tion). Moreover, these two branches have different states and stability, and that means one
phase transition point r, separates these two states, where the LBH is thermodynamically
stable, which means this BH takes longer to evaporate, while the SBH is unstable and evap-
orates quickly. However, in this geometry ® # 0, the two stable states are now separated
by a new unstable one that corresponds to IBH, and that means the two stable states SBH
and LBH take longer to evaporate compared to the IBH, which decay quickly to LBH or
SBH.

In order to investigate a detailed analysis of the stability and phase transition of the NC
Schwarzschild BH inside a cavity, it is necessary to study the deformed Helmholtz free
energy of this system. In this case, the on-shell free energy is given by the local temperature
and local energy [122].

Fon = Eiocat — TiocarS. (5.55)

By using the Egs. (5.49), together with (5.53) and (5.51), we can illustrate the free energy
behavior of the NC Schwarzschild BH inside a cavity with a fixed radius R.

The behavior of the local Helmholtz free energy £, as a function of the local temperature
Tiocar for the NC Schwarzschild BH inside a cavity for different values of ® is shown in
Fig. 5.28. It is clear that, in this geometry, the phase structure shows an exact swallowtail
structure for @ < @, without including the pressure as in SubSec. 5.2.3, and that indicates
a two-phase coexistence state, while for ® > ©,, this structure despairs; see Fig. 5.28 (a).
It is worth noting that, due to the perturbative nature of this theory, the NC parameter in
natural systems is considered a small parameter ® < 1, and that suggests one and only
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Figure 5.28: The behavior of Helmholtz free energy as a function of Tiocar inside a cavity with radius
R = 10.

possibility, which is ® < ©,, and that means in the NC spacetime this BH has only a
two-phase coexistence state as a phase transition, and that is consistent with the profiles
of Tiocal — 11 (Fig. 5.26) and Clocal — n (Fig. 5.27). Furthermore, in commutative spacetime,
the phase structure of Schwarzschild BH inside a cavity shows a Hawking-Page phase
transition (see Fig. 5.28 (b) for ® = 0), which occurs at Ty_p. For more detail on the
Hawking-Page phase transition, see Refs. [citation]. The stability of the BH can be checked
by its free energy, in which this BH is stable if it has less free energy and unstable if it
has high free energy. However, in the NC case ® # 0, this BH has a swallow-tail phase
structure, with two inflection points located at Tl’m‘l and TZ’Z}CZZZ (see Fig. 5.28 (b)), and two
Hawking-Page phase transition points located at the root of the free energy F,, = 0, at
(Tﬁ’f;l, Tﬁf;z), and that correspond to a two-phase coexistence state. As we observe in Fig.
5.28 (b), the location of the SBH and the LBH are respectively (0, Tminy and (Tjpear > Tl’gfg‘l),

local
while the three states of this BH are located in (T, T%%), which is similar to the one

local” ~local
obtained using GUP [257]. From the Fig. 5.28 (b), we find only one Hawking-Page critical
point in commutative spacetime (® = 0) at Ty_p, while for the NC geometry we find
two Hawking-Page critical points at Tgf;l and TII}[SIZZ, and this result is consistent with
the one obtained by RG in extended phase space [121], whereas one and three Hawking-
Page critical points were observed in other models of QG such as the Refs. [75, 102, 103].
In the case of temperature located at 0 < T}y;!, the free energy F,, of the LBH and
the IBH are grater than the SBH (F], > FL > F5) and that mean the stable LBH and
unstable IBH decay into a stable SBH, while for the case of temperature located between
the two Hawking-Page critical points (Tgf;l < Tiocar < TIZ}IEIZZ), the stable SBH and the
unstable IBH decay into a stable LBH, because its free energy is lower than the one of
SBH and IBH (F!, > E5, > EL), and its the same case for the temperature located at
Tgf;z < Tiocal < T[gf;l As we observe from Fig. 5.27 and 5.28, the unstable IBH decay

quickly to the stable ones (SBH or LBH), and that means this state of BH cannot survive
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for a long time in this geometry. It is worth noting that the NC gauge theory of gravity
shows a good agreement with some models of QG as [73, 75, 102, 103, 118, 121, 257], and
that indicates the impact of this geometry to describe the quantum effect of gravity, with
a good prediction of a minimal length at Planck scale ©.

54 QUANTUM TUNNELING IN NC SPACETIME

In order to investigate the tunneling process, the authors in Refs. [76, 82, 83] suggest
that it is important to use stationary coordinates. These stationary coordinates exhibit no
singularity at the event horizon, which is unlike the Schwarzschild coordinates, where that
ensures the conservation of energy in the radiation spectrum derivative. To facilitate this,
we rewrite the NC Schwarzschild BH” in the Painlevé-Gullstrand form [76, 82, 83, 98]. The
NC line element (3.8) for a radial motion becomes

ds*> = —goo(r, ©)dt?> 4 2h(r, ®)dtdr + dr* + §2(r,©)d6? + §33(r, ©)d¢?, (5.56)

where

h(r,©) = \/g0o(r, ©)(gn1 (r,©)~1 — 1) (5.57)

In the semi-classical tunneling of particles, the tunneling rat [ is related to the imaginary
part of the action [76, 82, 83], and is given by

T~ e ImS (5.58)

where § is the tunneling action of particles in the NC curved spacetime and is given by
$= / pudt, (5.59)

where p, = ¢, is the conjugate momentum and 7 is the affine parameter. Our interest
is the tunneling of massless particles with radial motion (the angular momentum in this
case is zero) and in the equatorial plan § = 77/2. The imaginary part of this action S is
reduced to

1 = I [ (pdt + pedr) = 1m [ pa,

1

rf py ,
= Im/ / dp,dr. (5.60)
¥i 0

As we see, the first term of integration does not contribute to the calculation of the imag-
inary part of the action because it is real. Let’s turn now to the Hamiltonian equation,

where the system’s Hamiltonian is represented as H = m — «’. This allows us to write

_dH  d(m—uw')

r_dT’r_ dpr

, (5.61)

7 In this section we use the deformed metric given in Sec. 3.2, with 2 = ® and b = 0, to insure the diagonal

form.
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where 7 = %. Incorporating all these considerations into Eq. (5.60) and that allows us to

remove the momentum from this expression, then we find
n m—w rry 4 —
Im$ = Im / / dim=w) ;. (5.62)
m ¥ r

Let’s assume that the particle tunneling across the event horizon follows a radial motion
within the equatorial plane. Therefore, the radial null geodesic can be obtained by using
the following expression ¢, U"U" = 0

dr . N N
7f = 80+ /&6 + goo. (5.63)

By sitting the above equation into Eq. (5.62), we obtain

R m—w pr _
Im$ = Im / / r_dm—w) g, (5.64)
" =o /&6 + &oo
where §o; = i and dH = d(m — w) = —dw. After rearranging our expression, we obtain
N w r
Im$ = Im / (—dew) / ! dr . (5.65)
0 r

Vg 1=\ 1- &

The above expression exhibits one singular pole at the NC event horizon r = rNC. To
compute this integral, we use the contour deformation technique around the pole by using
the residue theorem. To ensure the conservation of the Boltzmann factor® T' ~ =25 ~

e Pv we follow the same steps to evaluate the above integral over w as in Refs. [96, 97]

R w 2 2
Im§ = 7r/ <4m + 3®> dw = 7w <4m + 3@> . (5.66)
0 2m 2m
The NC tunneling rate from the NC Schwarzschild BH is given by

2
[~ exp [—27w1 <4m + 3®>] ) (5.67)

2m
It is clear that, when we set ©® = 0, we recover the commutative expression [76, 83].

The impact of the non-commutativity on the tunneling rate of particles from the NC
Schwarzschild BH is shown in Fig. 5.29. As we see, the non-commutativity has a minor
influence on the tunneling rate T' for emitting particles with frequency w in the range
w € [0.04,0.15]. In this range, the tunneling rate [' decreases with the increase in the NC
parameter ®. For other values of w or for smaller ®, the non-commutativity effect on I
became negligible.

In Fig. 5.30, we plot the behavior of the tunneling rate [ of particles from NC Schwarz-
schild BH as a function of BH mass m for different values of the NC parameter © (right

panel) and for different values of energy w (left panel). As we see in the left panel, for a

In the approximation of lower frequency w < m.
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Figure 5.29: The behavior of tunneling rate BH as a function of the emitting particle energy w, with
m=1.
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Figure 5.30: The behavior of tunneling rate as a function of BH mass m, for different values of
energy w (right panel), and for different values of the NC parameter © (left panel).

massive BH the tunneling rate of particles is small in both cases for commutative and NC
one, and that due to the strength of gravity, this rate starts to increase during the evapora-
tion process, which means the gravity of SBH is not as strong as before (as in the massive
case). It is clear that, in the NC geometry, we observe new behavior, in which the tunneling
rate of particles for the case of zero mass m = 0 is also zero I' = 0, and this behavior is not
allowed in the commutative case ® = 0, and that means there are no tunneling particles
with constant energy w from an BH with zero mass, and that is more logical, and that is
due to the presence of non-commutativity. Furthermore, in this geometry, the tunneling
rate of particles increases during the evaporation process until it reaches a new maximum
[max at the critical mass m't, then starts to decrease until it reaches zero at m = 0, and
this maximum tunneling rate decreases with the increase of ®, which indicates that the
non-commutativity enhances the gravitational field. Also in the right panel, we see the
same observation: when we increase the values of the energy frequencies w of the particle
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tunneling in the NC spacetime, the tunneling rate of these particles decreases, and that
means the energy of the particle is bigger, which implies a smaller tunneling rate. For

more detail on the influence of these parameters m, w, and © on the tunneling rate I', see
Fig. 5.31.

Figure 5.31: Behaviors of the tunneling rate distribution as a function of the parameters m, w, and
©. (rawl) as a function of w and @ at different masses m = 0.2,0.5,1.0. (raw2) as a
function of m and w at different NC parameters © = 0.0,0.2,0.04. (raw3) as a function
of m and O at different frequencies w = 0.05,0.10,0.15.

5.4.1 NC correction to the Hawking temperature
It is worth noting that, according to Planck’s law, particles with frequency w should be

emitted at a rate described by I' ~ exp [—w/T]. Consequently, the deformed temperature
of this BH, as indicated by Eq. (5.67), and at leading order in ®, can be written as follows:

. 1 2
Ty = —~ Ty (1 - 2) : (5.68)
27r (4m + 32 21,

Note that, when © = 0, the commutative Hawking temperature recovers (1.46). It is impor-

tant to highlight that the above expression is obviously the same expression obtained using
the surface gravity in Eq. (5.6) with a particular case 2 = ©® and b = 0, and that means the
equivalence between the quantum tunneling process and the thermodynamic approach is

preserved during the BH evaporation, despite the non-commutativity of spacetime.
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Figure 5.32: The behavior of NC Hawking temperature as a function of r;, (in the case 4 = ©® and
b =0).

The behavior of the NC Hawking temperature’ as a function of the event horizon 7y, is
shown in Fig. 5.32. It is clear that we have the same behavior as in Figs. 5.2, 5.3 and 5.5,
concerning the removal of the Hawking temperature divergence, leading the BH to attain
a new maximum Tg‘ax ~ %, at the critical size rzﬁt ~ 2.121 © before turning to a zero at
ry, = 1.2250, at this point the BH stop radiation.

By following the same steps in SubSec. 5.1.1, we can obtain an estimation of the NC
parameter © by using the back-reaction coordinates (T ~ 002 ycrit 2121 @). In this

case, the NC parameter can be estimated as follows:
O ~ 1.854 x 10~ %m ~ Ipjanck. (5.69)

Our results show again that the NC property of spacetime is situated at the Planck scale.
This suggests that estimating the NC parameter © through thermal phenomena (by using
the temperature behavior) provides a more accurate determination, and that is due to
the direct relation of this phenomenon to the event horizon of the BH, where this last is
affected by the non-commutativity. This direct relation provides a better estimation of ©,
and that means in the presence of a strong gravitational field or that the closer we are to
the event horizon, the more QG effects emerge at a large scale.

5.4.2  Logarithmic corrections to the entropy in NC spacetime

In this subsection, we will extract the NC correction entropy arising from the tunneling
process, in the case of large frequency w, while ensuring the conservation of energy. To
facilitate this, we use the definition (5.64) and integrate the relation (5.66) over the NC

9 For the casea = ® and b = 0.
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quantity d (i1 — w), and the element of integration in the NC case can be written as follows:

dH =d(m —w) — dH = <1 30° )2> d(m—w) (5.70)

C32(m—w
Inserting this relation into Eq. (5.66) and integrating this relation from the initial stat m to
the final one m — w, we preserve the conservation of energy. According to Refs. [76, 83],
the BH mass in (5.66) became m — w, and in our case, we use the above deformed element
of integravtion, (5.70), then we obtain

ImS = —n/m_w (4(m —w)+ 2(3®2> d(m—w) + n/m_w <8(3®2> d(m —w),

m m—w) m m—w)

=-7 (2(m —w)*+ 94®zlog (m—w) —4(m)? - 94®210g (m)) : (5.71)

This leads us to the usual relationship between the difference in entropy and the tunneling
rate [76, 82, 83].
£~ em2ImS = oASen (5.72)

where ASpy = Spy(m — w) — Sy (m) is the difference of Bekenstein-Hawking entropy for
the NC Schwarzschild BH.

97102

Spr = 4mtm?® + log(4tm?). (5.73)
In the NC gauge theory and also the quantum tunneling process, the relationship between
the BH area and entropy is not conserved, and the NC term introduces a logarithmic
correction to this entropy that is consistent with the above one obtained using the NC first
law of BH thermodynamic (5.49), with a difference in the factor 3 and that due to the
choice of the NC matrix.

It is worth noting that this result can be written as a similar outcome in ST and LQG (at
the leading order in a) [92]:

Spr = 4 +a log(A (5.74)

4 3
where A is the commutative Schwarzschild BH area (1.47), and « is a constant, depending
on specific theory. In LQG, « takes a negative value, a = —% [263, 264], while in ST,
this constant « is a 4-D central charge, which depends on the number of fields and can
assume both negative and positive values [265]. Furthermore, this logarithmic correction
is also observed in other theories, as examples in GUP and MDR [120, 208]. In Ref. [208],
a significant result was established where the author found a connection between the
prefactor of the logarithmic correction and the spacetime dimension.

It is worth noting that, when we use the NC gauge theory of gravity, this constant a
consistently takes a positive value and is related to the NC parameter by a = @. Now,

if we use our previous result for the NC parameter values (5.69), we can relate a to the
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Planck length as a ~ 2712 . This indicates that in this theory of non-commutativity, the
coefficient a of the logarithmic correction to the entropy represents a quantum area located
at the Planck level, suggesting that spacetime is quantized at the Planck scale due to the
NC property of spacetime.

In order to express the NC tunneling rate (5.72) as the one presented in Ref. [92], we

need to write the Eq. (5.71), as follows:

2 2
AS=rm <4(m —w)*+ % In (47t(m — w)?) — 4(m)? — % In (47rm2)> ,
w 91@? w2
— _8mw (1 - ﬂ) +5In (1 - %> . (5.75)

Inserting this equation inside Eq. (5.72), we get

A

= eAﬁgH _ e*n<78mw(l—ﬁ)+#ln(li%)2)

In @2 w
_ (1 _ 8) T psmmw(1-57) (5.76)
m

We use our results in Eq. (5.69), © >~ Ipj,,c. The above equation can be expressed in the

following form:

fr— M — (1 . 9) Pl —smo(1-4). (5.77)
m
It is clear that, in our above expression, we have an exponential term with a correction
factor. The exponential term corresponds to the commutative case with non-thermal radi-
ation [92], while the correction factor in this theory depends on the Planck length. This
correction factor introduces a quantum correction emergent from the non-commutativity
of spacetime. In the semiclassical limit, when we set Ipja,x = 0, our expression reduces to

the commutative one [92].

5.4.3 Correlations

Now, let us examine the correlation between two successively emitted particles with differ-
ent modes w within the framework of NC gauge theory. In particular, we will focus on the
context of non-thermal radiation, starting with the first massless quantum emission with

frequency ws. In this case, the emission rate (5.77) is written in the following form:

£ 9 _, w1 w1
Infy, = 2-©%In (1 - W) — 87tmaw, (1 - ﬂ) . (5.78)
According to Refs. [266-268], the second quantum emission, characterized by energy w,
is independent of the first one, w;. This independence is valid even in the presence of QG
corrections [269], and its emission rate is given by
97 wy

Inf, = 2-©%In (1 - %) — 87tmws (1 - %) . (5.79)
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The emission rate I' for two quantum emissions occurring simultaneously, with energies

w1 and w», is given by

Info, o, = %@2 In (1 - (“’1:1“’2)) — 8mtm(wr + ws) (1 - W) . (5.80)

From the above expressions, we can calculate the statistical correlation between these
events [95, 266, 269] as follows:
A . _ fah “+wy
X(w1 +wywi,wy) =In | ===

F(Ul wy

— 87wy + %@2 In (’”(’" — (Wit “’2))) (5.81)

(m—wq)(m— wy)

Remarkably, the correlation function § remains non-zero in the context of NC gauge the-
ory, as well as in the commutative case'’ [95, 266-268]. This implies that, in the NC geome-
try, the different radiation modes w during BH evaporation exhibit correlations with each
other (X # 0). Moreover, the presence of NC correction in this expression reduces the sta-
tistical correlations between Hawking radiations''. Furthermore, the non-zero correlation
between successively emitted massless quantum particles suggests that information can
emerge within the Hawking radiation, thus addressing the information loss paradox. In
this NC framework, information is preserved within this remnant BH, and the geometry
reduces these correlations, enabling information to surface from the event horizon, akin to

“hidden messengers in Hawking radiation” [266].
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Figure 5.33: The behavior of the correlation function as a function of the NC parameter © for
different w.

10 Note that, when we set ® = 0, we recover the commutative expression [95, 266-268].

11 In this thesis we correct our issue in our published paper [173], where we look only to the sign of the NC
correction term in Eq. (5.81), without taking into account the sign resulting from the logarithm term, which is
always negative in this case.
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In Fig. 5.33, we present the behavior of the statistical correlation function as a function
of the NC parameter © for different w. As we see in the left panel, the non-commutativity
reduces the correlation function for the different values of energy, and the increases in
energy lead to an increase in the correlation between Hawking radiations.

5.4.4 NC correction to the density number of particles emitted

In this step, we aim to investigate the NC effect on the density number of particles that are
emitted by the NC Schwarzschild BH in the scenario of pure thermal radiation. According
to Refs. [270-272], the density number of particles 7i emitted is directly related to the
tunneling rate [98, 273]. In our case of thermal radiation, the density number from the

tunneling rate (5.67) can be written as follows [270]

=

1
n= < = , 5.82
1-T eSnmw(l—&-%) 1 ( )

Note that the obtained expression takes the same form as the Planck distribution of the
black body radiation and is related to the NC parameter. Also, when we set ® = 0, we

recover the commutative expression of the density number of particles emitted [53].

R ——— (5.83)

— w =0.010
--- w=0.015

<C 2

Figure 5.34: The behavior of the density number of particles emitted 7 from a NC Schwarzschild
BH as a function of particle frequency w (left panel) with m = 1 and different NC
parameter ©. (right panel) The density number of particles emitted 7 as a function of
the NC parameter ® with m = 1 and different frequency w.

The behavior of the density number of particles emitted from the NC Schwarzschild
BH as a function of particle frequency w is shown in Fig. 5.34 (left panel). The main
observation in this figure is the non-commutativity effect, which results in a decrease in
the density number of particles emitted as © increases. and that means non-commutativity
plays a similar role as potential well in quantum mechanics. In the right panel of Fig. 5.34,
we show how the non-commutativity decreases the density number of particles emitted,
which is the same effect observed in the commutative case, in which the increase in the BH
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mass m leads to a decrease in the density number of particle 7 (see left panel of Fig. 5.35).
This indicates that the NC parameter © plays a similar role as the BH mass m, effectively
increasing the gravitational field of the BH and explaining the decrease in the density
number of particles that escape from the BH.

0=0.0 0=0.2

— w =0.020

—— w =0.020 --- w=0.025

--- w=0.025

15-

<C 10

Figure 5.35: The commutative ® = 0 behavior of 7 as a function of the BH mass m (left panel),
with different frequency w. (right panel) The density number of particles emitted 7 as
a function of the BH mass m in the NC spacetime ® = 0.2 and different frequency w.

In Fig. 5.35, we present the behavior of both commutative and NC cases of the density
number of particles emitted as a function of the BH mass m and for different frequencies
w. As we see, in the commutative case, the density of particles emitted increases during
the evaporation of the BH and diverges when the mass of this BH reaches zero, while this
issue can be fixed when we pass to the NC geometry.

For that, we use a particular case in which we use the Boltzmann factor with the NC
temperature in the leading order in ® given by Eq. (5.68), then we set that inside the
density number of particles given by Eq. (5.82), to obtain the right panel of Fig. 5.35. It is
clear that in the NC spacetime, this geometry removes the divergence behavior, in which
the density number of particles increases during the evaporation of this BH until it reaches
a maximum, then quickly falls to zero at m,,;,, and that corresponds to the remnant mass.
At this point, the BH stop radiation, and that indicates that there is no more emitted
particle at this point. This result is consistent with the temperature profile Ty — 7y, in Fig.

5.32, and that means the non-commutativity solves the issue of the commutative case.

5.4.5 Bekenstein entropy loss and number of particles emitted

In this subsection, we will investigate the effect of this geometry on the Bekenstein entropy
loss and the total number of particles emitted from NC Schwarzschild BH in the non-
thermal case, where we follow the same steps as in other models of QG [104, 274].

The Bekenstein entropy loss of the Schwarzschild BH per emitted quanta'?, is given by
[275]

ds _ ds/dt
dN  dN/dt

8rmh(w), (5.84)

12 In the natural unit system (G =h =c=1).
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where N is the total number of particles and the average energy (E) is given by [276]

us (5.85)

E = h = — ,
In the presence of non-commutativity, the ordinary temperature Ty must change to the
deformed one given by (5.68) in the above equation. In this case, by using Eq. (5.68), the

Eq. (5.84) can be written as follows:
4 2

das._asjat () 307 (5.86)

dN  dN/dt 307(3) 8m?

According to the deformed entropy given by Eq. (5.73), the NC Bekenstein entropy loss

of the NC Schwarzschild BH per emitted quanta is given by

( 91O 1) / (5.87)

dS  dS/dt  dS/dt 1
8 S

AN ~ dN/dt ~ dN/dt

By substituting the Eq. (5.86) inside the above one and keeping only the leading order in
®, we find
ds & 30?2
R 1——, 5.88
dN  30Z(3) ( 32m2> (5:88)
It is clear that, in the commutative limit ® — 0, we recover the commutative expression

[275].

dS/dN

1 2
m

Figure 5.36: The behavior of the Bekenstein entropy loss of the NC Schwarzschild BH per emitted
quanta as a function of the BH mass m and for a different NC parameter.

In Fig. 5.36, we present the variation of Bekenstein entropy loss of the NC Schwarz-

schild BH per emitted quanta % as a function of the BH mass m and for a different NC
parameter ©. As we see in the commutative case, this quantity is constant during the BH
evaporation process and takes a value of about 2.7 [276]. It is clear that, in the presence
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of non-commutativity, we observe a new behavior, in which the effect of this geometry is
negligible for a LBH (supermassive one), then % start decreases during the evaporation
process (with the decrease of mass m) until reach a zero at m,,;,,, which corresponds to
a remnant mass. It is worth noting that this behavior is also observed in other models of
QG, such as RG [104], and that shows a similarity between these models of QG and the
non-commutativity, as we see before in the previous Sec. 5.3.

Now, we investigate the non-commutativity effect on the total number of particles emit-
ted by this BH; for that, we use the mass element Ref. [274], and in the NC spacetime can
be written as follows:

dm = (E)dN, (5.89)

Using the definition of average energy given in Eq. (5.85) together with Eq. (5.68), we get'”

307 4Ty 302\ .
dm (1 — - 1- 22 ) aN .
" < 32m2> 302 (3) ( 8m2> / (5:90)

In the leading order in ©, the element of total number of particles dN is written as

o 30¢(3)87tm 902

Integrating this equation, we find the NC total number of particles emitted in the non-
thermal radiation.

~ 307(3 9@
N = 7-[:(1 ) [47'[m2 + log (47‘(1112)} , (5.92)
and in terms of entropy, we have
o 302(3) 9@
N = o [S +—3 log (S)|, (5.93)

In Fig. 5.37, we show the behavior of the total number of particles emitted by the NC
Schwarzschild BH as a function of mass m. As we see, this behavior is similar to the one
obtained for entropy, and that is due to the use of non-thermal radiation to compute the
total number of particles emitted in the presence of non-commutativity. It is clear that the
effect of this geometry in this case is different from the one obtained in the above case
of pure thermal radiation, in which the non-commutativity always decreases the density
number of particles emitted, while in the non-thermal case we observe two scenarios where
this geometry increases the total number of particles emitted for a LBH (with a mass of
m > 0.282) and increases with ©. In the second scenario, for a SBH (with mass m < 0.82),
this effect is reversible to a reduction of the total number of particles emitted and decreases
when we increase in ®, until we reach zero at the remnant mass m,,;,. Moreover, this
geometry shows again the remnant mass, which corresponds to the BH that evaporated

13 The mass of this BH can be obtained using 7z = r,lj € /2, where the event horizon in this case is given by Eq.
(3.11) witha = ® and b = 0.
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Figure 5.37: The behavior of the NC total number of particles emitted by the NC Schwarzschild BH
as a function of the BH mass m and for different NC parameter.

before, and that is not allowed in the commutative case. However, this calculation can also

be used for the expression of entropy resulting from the area law given by Eq. (5.11).

5.5 BLACK HOLE EVAPORATION PROCESS IN NC SPACETIME

According to our previous sections on the thermodynamics of the NC Schwarzschild BH,
we find that this geometry affected the thermodynamic properties of this BH. However, in
this section, we discuss the non-commutativity effect on other quantities such as luminos-

ity, energy emission rate, and lifetime of NC Schwarzschild BH'*.

5.5.1 Luminosity of NC SBH radiation

In the black body case, the luminosity L related to the temperature T, and is given by the
Stefan-Boltzmann black body formula:

L =0ggATY, (5.94)

214
where A is the commutative BH area given by Eq. (1.47) and osp = % is the Stephan-
Boltzmann constant. In the presence of non-commutativity, the luminosity of the NC
Schwarzschild BH can be written as follows:

L = ospANCTY, (5.95)

In this section, we use thermodynamic properties that are obtained in Sec. 5.1, where we use the conditions
a=0and b = 0.
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where T is the NC global temperature that is emitted by the total surface horizon'® and is
given by Eq. (5.7), and the NC area of this BH is given by Eq. (5.10).

0.0004

0.0003~
<

0.0002

0.0001

Figure 5.38: The behaviors of the NC Schwarzschild BH Luminosity L as a function of 7.

The behavior of the NC luminosity L of the NC Schwarzschild BH as a function of
the event horizon ry, for different NC parameter © is shown in Fig. 5.38. As we see, in the
commutative case (® = 0), the luminosity behavior represents a divergence at r;, = 0, while
in the presence of non-commutativity this divergent is removed and a new maximum can
be reached by the BH during the evaporation process, then turning to zero at """ = © (at
this point this BH stop evaporation process), and this maximum in the luminosity behavior
is caused by the maximum activity of the BH radiation (see Fig. 5.5). It is worth noting
that our result obtained in Fig. 5.38 is consistent with the one obtained by the black body
radiation, where the quantization of the spacetime via the non-commutativity removes the
divergence behavior just like the quantization of the spectral radiation in the black body
radiation, so the quantum effect is also observed on the BH radiation in the NC geometry.

5.5.2 Energy emission rate

The deformed energy emission rate of the NC Schwarzschild BH in the NC spacetime is
written in the same form as in the commutative one [277, 278], and is given by

dzﬁ - 27‘(2&11'"1(,03
dwdt — p0/T_1°

(5.96)

where w is the particle frequency, T describes the NC Hawking temperature (5.7) and oy,
is the greybody factor. This factor can be expressed as the surface of the unstable photon

It is always possible to investigate a partial luminosity in this geometry by using the partial temperature given
by Eq. (5.6), analyzing the possible cases for a given a end b, and showing the difference of luminosity from
one direction to the other.
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[277]. In this case, the above energy emission rate can be written as

~ 2
sphere 0y;,, &~ 7TR%, 41000
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Figure 5.39: The behaviors of energy emission rate of the NC Schwarzschild BH as a function of
frequency w (left panel) and as a function of r (right panel).

In the right panel of Fig. 5.39, we present the NC energy emission rate as a function of
the frequency w with a different ®. As we see, in both commutative and NC cases, we
observe the same general behavior concerning the gaussian distribution pick of energy
emission rate for the NC Schwarzschild BH. It is clear that this geometry decreases the
peak and shifts it to the low frequency with the increase in the NC parameter ®, which

means the evaporation process of Schwarzschild BH is slow in the NC spacetime.
For the right panel of Fig. 5.39, we show the variation of the energy emission rate as a
function of the event horizon ry,. It is clear that, in the NC spacetime, we observe a remnant

BH, in which the energy emission rate goes to zero at a minimum size /""" = @. We show

again that this geometry predicts a remnant BH in the Planck size.

>

d
dt

5.5.3 NC effect on the black hole Lifetime

In our next step, we compute the NC lifetime of this BH by using its luminosity [ =

given in Eq. (5.95), and that allows us to write the NC energy decay rate as follows:
dE  dm .

The "—" sign comes from the loss of mass during the evaporation process. Using the NC

expressions of area (5.10) and temperature (5.7), and we keep only the second order in ©®,

25 0’53@2 4
8190 i3 T O©%). (5.99)

then we get
dm _ s
dt — 256m2 7

The variation of the NC evaporation rate as a function of the BH mass m with different
NC parameters © is shown in Fig. 5.40. As we see, a new minimum appears in this geom-
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Figure 5.40: The behaviors of NC evaporation rate as a function of mass m with different values of
o.

etry, in which the non-commutativity removes the commutative divergence behavior at
m — 0, and this geometry allows the evaporation rate to reach zero at a minimum mass of
Myin, which indicates the end of the evaporation process of this BH. In particular, a similar
result can be found in the novel GUP framework introduced in Ref. [116], where the BH is
completely evaporated (%—T = 0 at m = 0), contrary to our case, in which the evaporation
rate goes to zero at m,,;,, and that means the deformed BH stop evaporation before m = 0
and that leads to a remnant BH.

In order to express the NC lifetime of the Schwarzschild BH, we separated the variables
of Eq. (5.99), and we found

t m;
055 /0 dt = / dm (256 m*mr° + 200 T°@?) . (5.100)
m

Integrate the above expression with the boundary condition (t = 0,m = m;) — (t,m)
(where m; is the initial mass and m is the current one.), and after some calculation, the
lifetime of the NC Schwarzschild BH is written as follows:

. 2 3 2 32
o (207 (m3 —m®) + M(mi —m) ). (5.101)
30sp UsB

Note that when we set ® = 0, we recover the commutative expression. It is worth noting
that the non-commutativity increases the lifetime of the NC Schwarzschild BH, and that
means the evaporation process passes slowly in this geometry. A similar observation can
be seen in Ref. [165]. Moreover, in the final stage of BH evaporation, we aim to examine
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two possible scenarios. The first is concerning the complete evaporation (my = 0). For that,
the BH lifetime in this case is given as follows:

s 256 ° 200 @2
<1>_< o 2007 m> (5.102)

t, = n:
f 30sg UsB

It is clear that the non-commutativity increases the lifetime of a complete evaporation
process, and according to our previous findings about the remnant BH, this scenario is not
acceptable. However, in the second scenario, concerning the presence of a remnant mass
1y = ©/2 (see SubSec. 5.1.1) in the final stage of evaporation, this geometry prevents
Schwarzschild BH from the complete evaporation (see the profile T — r;, in Figs. 5.2, 5.3,
5.4, and 5.5). The BH lifetime in this case is written as follows:

2 _ (2567 4 5 3327 e
tf = ( 3055 m; + | 200 m; 7T 3 s ) (5.103)

Remarkably, the above expression shows that, in this scenario, the BH lifetime is smaller
than the first one (5.102), which means this BH stopped radiation before the above case,
and that led to a remnant BH, and that is consistent with our findings in the previous
sections.

Table 5.6: Evaporation time for two possible scenarios of the NC Schwarzschild BH, with different
O, and remnant mass g = @ /2.

Scenarios =0 =02 =04 =06
=0, (x107) 16085 16100  1.61453  1.62207
=g, 1) (x107) / 160999 161439 1.62162

The two possible scenarios of the NC Schwarzschild BH evaporation expressed by Egs.
(5.102) and (5.103) are presented in Table. 5.6, for a different value of the NC parameter
O. It is clear that, in the second scenario, in the presence of a remnant mass (5.103), the
BH stop radiation before the first scenario given by Eq. (5.102). Another remark is that this
geometry increases the lifetime of the NC Schwarzschild BH with the increase in ©.

Let’s check the behavior of mass decay as a function of the BH lifetime in the NC
spacetime. For that, we solve Eq. (5.101) for m. The general solution in the NC geometry is
supposed to be in the following form:

m(t) = A(t) + B(t) @ (5.104)
3.3 1/3
where A(t) = (256mi§z/aj;SBt)
B(t) is the NC correction term and is a function of the BH lifetime ¢. For that, substituting
the Eq. (5.104) inside (5.101) and solving it for B(t), we find

is the commutative solution to Eq. (5.101) with ® = 0, and

(256m373 — 30gpt) ">

m(t) =
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2477 (—Smin +21/3 (256m3 73 — 3(7531‘)1/3)
— 573 ©° 4+ 0(0?). (5.105)
22/34 (25677113 3 — 30’53t)

It is clear that, for the commutative Schwarzschild BH with initial mass m; = 10, the BH
mass vanishes m — 0 as t — % ~ 1.608 x 107, and that is a necessary finite time for
a complete evaporation, while for the NC Schwarzschild BH stop evaporation before the

time f < t = 1.608 x 107, with a minimum 7f1,,,.

10

8.x 108 1.2x107 1.6x107

t

Figure 5.41: The behaviors of the NC Schwarzschild BH mass during the evaporation process #: as
a function of BH lifetime ¢, with initial mass m; = 10.

0 4.x10°

The evolution of NC Schwarzschild BH mass 7z during the evaporation process as a
function of the BH lifetime ¢ for various values of © is shown in Fig. 5.41.

It is clear that the commutative Schwarzschild BH (® = 0) is completely evaporated
at tepsp = 1.6085 x 107, while for the NC case (© # 0), this geometry prevents this BH
from a complete evaporation and leads to a new minimum mass m,,;, (remnant mass) at a
finite time fgf,gp < tepap for a given ®, in which at this time the NC Schwarzschild BH stop

radiation and that leads to a remnant BH with a minimum mass 71y, where these results

are consistent with our previous sections.

Table 5.7: Evaporation time f of NC Schwarzschild BH in the scenario of remnant BH with its
minimum mass, for different values of ®

® Minimum mass Evaporation time f f( x107)

0.0 — 1.60849
0.2 1.24623 1.60747
04 1.94265 1.60474

0.6 2.50714 1.60023
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The influence of the NC parameter © on the lifetime F f and the minimum mass #1y of
the remnant BH in the NC spacetime are present in Table. 5.7. As we see, this remnant
mass increases with the increase in ©, and that allows BH to stop radiation before the
previous case with a small remnant mass and a small ®, and that leads to a decrease in
the evaporation time with increases in ©.

5.5.3.1 Ewvaporation process of NC Schwarzschild BH

The evaporation process of BH is an important direct consequence of Hawking radiation.
Unfortunately, in the semi-classical approach, the end of the evaporation process is un-
known, and the final stage of commutative Schwarzschild BH is still a question in the
absence of a QG theory. One of the explanations for the divergence behavior of radiation
in the final stage of evaporation is that when the BH lost all its mass m — 0, the Schwarz-
schild BH finished with a quantum explosion [279, 280], which is a catastrophe scenario
for any BHs. In order to know exactly what happened in the final stage of Schwarzschild
BH at the quantum level, we need QG theory, to solve this mystery.

In this work, where we use the NC geometry as a candidate of QG theory to study
the BH physics as the thermodynamic phenomena of Schwarzschild BH (see previous
sections.), we show important results that emerged from this theory. Non-commutativity
reveals the mystery of This geometry reveals the mystery of the final stage in the evapo-
ration process, which ends in a peaceful manner. According to our findings in the previ-
ous sections, the non-commutativity presents a new scenario of evaporation in which this
geometry prevents the BH from a complete evaporation and predicts a remnant BH in the
finale stage of Schwarzschild BH evaporation (see Fig. 5.42).

Remnant BH
(With Planck size)

? I Hawking radiations ,‘ o / 'S
§ L 1 -
B T -

S
2z
kS
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horizon

Singularity .
8 Y Non-commutative
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NC black hole
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NC gauge theory

Evaporation process
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Figure 5.42: A schematic picture of the formation and evaporation process of BH in the NC space-
time.

Moreover, this remnant has a minimum mass 1y and area AY with zero entropy and
temperature (for more detail see Sec. 5.1), as we show it in the schematic picture in Fig.
5.42. The prediction of this remnant is expected to be in the Planck scale, and that is due
to our estimation of the NC parameter © in different situations and scenarios, which show

again that the non-commutativity of spacetime appears at the Planck scale.



CONCLUSIONS

In this thesis, we study various implications of non-commutativity on the BH physics in
order to investigate the effects of QG theory. In this context, we use a NC gauge theory of
gravity to describe a quantum correction to the BH metric by using a general form of the
tetrad fields. Then we u use this deformed metric to investigate the geometrical properties,
the motion, and the thermal radiation in the presence of non-commutativity. This work
is divided into three principal parts, of which the first is devoted to some geometrical
properties of the deformed BH. The second part is devoted to study the motion of test
particles around the deformed BH. The third part is devoted to the thermal properties and
evaporation process of the deformed BH.

In Chap. 3, we study some geometrical properties of the deformed BH that was obtained
in the NC gauge theory of gravity, in different cases of NC matrix. Then we show that this
geometry breaks the spherical symmetry of the metric in the specific case of NC matrix.

As an application to our general form of deformed metric, we choose the Schwarzschild

NC

BH and the RN one, where this geometry predicts a singularity at a finite radius T singularity

for both cases also this geometry increases the even horizon rN¢ > r;,. Then we present
briefly, the formation of the NC Schwarzschild BH from a collapsing matter.

In Chap. 4, we study the motion of three types of particles in two types of NC spacetime
(presented in Chap. 3). In the first case, we choose the NC Schwarzschild spacetime as
a background to investigate the motion of massive and massless particles and the effect
of this geometry. As a first step, we investigate the non-commutative effect on the radial
motion of both massive and massless test particles. We observe that the massive and mass-
less test particles take an infinite time to reach the NC singularity in the affine parameter
framework, and that’s not allowed in the commutative case. For the coordinate time, these
particles take an infinite time to reach the NC event horizon. Secondly, we study the circu-
lar motion and its stability in this geometry for both massive and massless test particles,
where the motion of these particles in this geometry presents new types of motion near the
NC event horizon and it’s SCO, which is not allowed in the commutative Schwarzschild
spacetime. For the massive particles, we obtain multiple SCO separated by an unstable
region. Then, for the massless one, these orbits represent a two-photon sphere; the inner
one (the new SCO) is stable, while the outer one is unstable, as in the commutative case.
Therefore, we support our findings by investigating in detail the Lyapunov exponent to es-
tablish the instability of orbits for both massive and massless test particles. Then, we show
the effect of the non-commutativity on the shadow of the NC Schwarzschild BH, where
this geometry increases the shadow radius in a similar case to the mass, and that indicates
that the non-commutativity of spacetime increases the gravitational field of BH.

In the second case of this chapter, we use NC RN BH as a background to investigate the

motion of an uncharged/charged massive test particle. In this pursuit, the analysis of the

165



effective potential for uncharged/charged massive test particles shows a new SCO near the
event horizon, in which the non-commutativity shifts the inner minimum of the effective
potential to the outside of the NC event horizon, and again, in this geometry, we have a
multiple SCO as in the NC Schwarzschild spacetime. Then we solve the geodesic equation
for both uncharged and charged test particles and also for the Schwarzschild limit.

Finally, we investigate in detail the NC effect on the four classical tests of GR, concerning
the periastron advance, red-shift, deflection of light, and time delay. We find that the lower
bound of the NC parameter @7 falls within the range of (10~3'm — 10~%m), which is
close to the Planck scale.

In Chap. 5, we investigate in detail the non-commutativity effect on the thermody-
namic properties and thermal stability of NC Schwarzschild BH in a different scenario.
As a first step, we study the classical BH thermodynamic of NC Schwarzschild one, in
which we obtain the thermal quantities in the presence of non-commutativity. Moreover,
the estimation of ® through thermal phenomena is found in the order of Planck scale
OPMY ~x 1.523 X 1073* m ~ Ipjanck. Then, we check the thermal stability of this BH, where
the results show a phase transition of the unstable Schwarzschild LBH to a stable SBH
one. Also, we show a new scenario of evaporation in this geometry, which is summarized

below.

¢ The evaporation of a Schwarzschild BH starts from the equator and goes up to the

poles.

* The non-commutativity prevents the Schwarzschild BH from complete evaporation,
and then we obtain a quantum object with an area of A with a minimum mass of
1g = 0.51, and a radius of rhmin = I, interpreted as a microscopic remnant BH and

it’s thermodynamically stable.

¢ Also, this remnant can preserve the information, which solves the problem of lost

information.

However, the phase transition of the NC Schwarzschild BH in the presence of pressure
shows a Hawking-Page-like phase transition at the critical value P, and that means a
second-order phase transition in this geometry. Then, we establish a similarity between
NC Schwarzschild BH and the AdS RN, representing in a direct mathematical relation
between the ® and the electric charge Q, 02 = %Qz. Also, we present a new treatment of
non-commutativity, which is treated as an external pressure applied to this BH. We observe
a new scenario of evaporation in which a new unstable intermediate region (IBH) appears
between two stable ones (SBH and LBH), and we get two-coexistence phase transition
similarly to the AdS RN BH. Moreover, in this scenario, we find that ® plays the same role
as the electric charge Q, and the non-commutativity effect applies to the Schwarzschild
BH is similar to the cosmological constant effect.

Secondly, we check the stability and the phase transition of the NC Schwarzschild BH
inside a thermal spherical cavity. The analysis thermal phenomena inside this cavity shows
that, in the presence of non-commutativity, this BH has a two-phase transition of second

order, in a similar way to the previous scenario. Then we obtain again a two-coexistence
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phase transition, similar to the other models of QG theories, and that indicates the impact
of this geometry to describe the quantum effect of gravity at large scale.

Then,we examine the NC effect on the Hawking radiation by extending the semi-
classical approach of the quantum tunneling process to the NC geometry, where we are
exploring two distinct scenarios. In the first scenario, we examin the case of pure thermal
radiation from the NC Schwarzschild BH, where in this geometry we have established
an equivalence between the quantum tunneling process and the thermodynamic one. Our
analysis of the non-commutativity impact on the tunneling rate of these massless particles
shows a similar role for a potential well in quantum mechanics. In the second scenario,
we take into account the conservation of energy and the context of large-frequency emis-
sions. The results are consistent with an underlying unitary quantum theory in which the
tunneling rate is related to changes in Bekenstein entropy. Our findings of the NC cor-
rection to the entropy of NC Schwarzschild BH have unveiled a logarithmic correction.
This correction is consistent with other QG theories. Also,we investigate the correlation
between successively emitted particles with different frequencies w in this geometry for a
non-thermal emission. The results have highlighted the presence of correlations between
successive emissions, with non-commutativity playing a role in reducing these correlations
within Hawking radiation. The non-commutativity not only preserves information within
the remnant BH but also enables information to emerge from the event horizon, coding
in Hawking radiation. Then, we check the effect of non-commutativity on the number of
particles emitted from the NC Schwarzschild BH in two cases from both thermal and non-
thermal radiation. Firstly, we obtain the NC correction to the density number of particles
using pure thermal radiation at a lower frequency approximation, and our results confirm
the effect of non-commutativity, leading to a decrease in the density number of particles.
Secondly, we use the non-thermal radiation to express the NC to the total number of par-
ticles emitted by this BH, where we use the Bekenstein entropy loss in the presence of this
geometry, which is found related to the NC entropy.

In the final step, we analyze some phenomenological aspects of the NC SBH and its evap-
oration process. As an application, we choose the luminosity, and our results show a simi-
lar behavior to the black body radiation, in which the non-commutativity removes the di-
vergence behavior of the Schwarzschild BH luminosity in a similar way as the quantization
of the black body radiation, and that confirms the role of the non-commutativity concern-
ing the quantization of spacetime in GR. Then we show the effect of non-commutativity on
the energy emission rate and lifetime, where we find that, in this geometry, the Schwarz-
schild BH evaporates slowly and the non-commutativity prevents this BH from the com-
plete evaporation, and that leads to a remnant BH as we motioned above.

The use of the NC gauge theory of gravity allows us to obtain good results on the bound
of the NC parameter. This theory needs more attention, and it may be beneficial to describe
QG in the future.
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OUTLOOK AND FUTURE WORK

Although the good results and predictions of NC gauge theory of gravity, it is still not
a final theory of QG, more work and development for other application is needed. One
of our aims is to reduce the complexity of calculations and preserve all the physical re-
sults,find another method to solve the deformed Einstein’s equations in the presence of
non-commutativity in the leading order of corrections, and compare them to this work.
Also, we believe that, the application of this approach on rotating BH can lead to bright
results and predict a new scenario about the evolution of this BH. All of that is still just a
theory without any validation by experiments, and that is the dream of every theoretical

physicist.
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SPHERICAL SYMMETRIC METRIC IN NC GAUGE
THEORY

The general spherical symmetric of the the Schwarzschild-type metric is given by the fol-

lowing line element
ds* = —A%(r) dt* + B*(r) dr* 4 r* d6* + r? sin6* d¢p> (A1)

and the non-zero Christoffel symbols:

It :rt:Mpr:MFr:M " :_rsinG2
v T AW T B T B T BGE T T BO
1 1
[y =T§, =, T4, = —sindcost, I, =T§, =, T, = 1§, =cote.  (A2)

and the general tetrad fields of the metric (A.1) is written as:

A(r) 0 0 0

bt 0  B(r)sinfcos¢p rcosbcos¢ —rsinfsing (A3)
' 0  B(r)sinfsing rcos@sing rsinf cosp
0 B(r) cos® —rsinf 0
and the inverse tetrad fields:
1

0 sinflcosp  coscos¢p ~  sinfsing
eay _ B(T’) 1" r (A.4)

0 smBO(il)mp cos()rsm(p sin 6 COS¢

Al SPIN CONNECTION
The commutative spin-connections components can be computed using the definition:

wﬁb = —e"d el + ebvl";l‘veﬁ, (A.5)
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using this definition and the Egs.

spin-connections components.
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A.2 CURVATURE TENSOR
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In the gauge theory of gravity the curvature tensor Ff,f} is given by (1.55) in the limit of

A—0:

ab __
Fy = 8},w

Bw”b—l—(

db

— W) ea (A.14)

using the above components of the spin-connections, we compute the non-zero compo-

nents of curvature tensor
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For [ab] = [01]:
Rl = a0+ b of! - @ o' |
=0 =0 =0
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[ab] = [02]:
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A'(r) A(r)B(r)\ . . .
= 0w = — < Br) — B(r2 ) sinf sing. (A.19)

F% = 9o~ + | of?! wf? e — ot wi? -l w? |,
—— ~—~— ~—

= — g + wPwi?, (A.20)
A/
= — B(r(’gz cosf sing. (A.21)

Fp = 0wy —9pwi” + | wf'wi + wiPwi? — Wi wi* — wy’ W |,
——— —~—

~~
=0 =0 =0
= —8¢w?2 + w?la)(},z + w?‘o’a);;’,z,
Al
= B(gg sinf cos¢. (A.22)

[ab] = [03]:

03 03 03 0 d3 0 a2
Fy = afwr _a?wt + wtc W, — wrc Wi Heds
—— ~ N

=0 =0 =0
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[ab] = [12]:

[ab] = [13]:

RPN I (A”(V) A’(r)B’z(r)> 050,

= w —
: B(r) B(r)
F,f)g = atw33 —agw?B + w?1w53 + w?2w§3 — wglwtw — wgzwt23
~—— ~
=0 =0 =0
= —0pw}® + wPw + wPwy?,
Al(r) .
= ( Zsm@.
B(r)
12 12 12 1c , d2 lc , d2
F = 0wy — dpw,” + wi¢ wy — w,* wWe™ | Meds
N SN~ N~
=0 =0 =0
B'(r)
= d,wir = sinb>.
0T By
ng, = agw}f — dpwg” + wéowgz +w§3w§§2 — wéowg,z —wé3wg,2
—— ~— ~ N—_——
=0 =0 =0

.12 13,32 13 32
= dpwy + Wy Wy — wy Wy,

1 )
= (1 — B(r)2> sinf coso.

13 13 13 lc , d3 e, d3
Fy = 0rwy” — dpw,” + W, Wy~ — w, Wo | Ned,
—— —~— S~
B'(r)
= 9,wld = — cosg.
b= (Y

13 13 13 1 d3 1 d3
Fr(p = arwq, — dpw;” + w;© Wy — w;© Wy | Yeds
=0 =0 =0

B'(r)

_ 13 __
=9 = 2

sinf cosf sing.

ng = dgwy — dpwy + | wp'w + wptwy — wpw) —witwy

—— ——

— 913 13 1223
= dpwy — dpwy” — Wy Wy,

=— (1 — B(11’)2> sinb? sing.

(A.23)

(A.24)

(A.25)

(A.26)

(A.27)

(A.28)

(A.29)
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[ab] = [23]:
B = 0 0P+ [ 0 off - @ ol |
—— —~— ~—
B'(r) .
_ 23 _
= ar“’q; = — B(r)2 sing. (A.30)
P = 0 — 0y + | W = ¥ o |
N———" S~~~ S~
=0 =0 =0
B/
= B,a)f’ = — B(S’T;)Z sinf cosf cos¢. (A.31)

ng = agwﬁf —0pwp + | wilwy + wi'wy — wilwy —wglw(}f ,

—— N——

= agwgf - a4,w33 — cuglw(}f’,
1 .2
= <1 - B(r)2> sind~ cos¢. (A.32)

A3 NON-COMMUTATIVE TETRAD FIELDS

The Non-commutative corrections to the tetrad fields (A.3) can be calculated using the SW

maps, which is described in the power of ® up to the second-order by (2.32)

&,(x,0) = ¢} (x) — i@}, (x) + ©POe) 1 (x) + O(©°). (A.33)

the first and the second order correction is written as Eq. (2.34) and (2.33)

e, = i[wgcape;ﬁ (@ + FE)e e (A34)
i = 5 [20Fev Fup) ™5, — o (DpF5f -+ 3, FEi)el
—{wy, (DpFry + 0Fry) }*0¢5 — 9c{wy, (9pwy + Fop) €4
el (wifper + (pid + Fg) el) tam + 20,059y,
—20, (8Twzb + FI”?Z) dvey, — {wy, (dpwy + FPA)}”bare;,

- (arwy + Fry) (wlcxdape;\n + ((apr + FpA)) 631) ﬂdm} Meb (A-35)
where

{IX,,B}ub — <au6ﬁdb + ﬁaclxdb) Heds [IX, ’B]ab — (lxacﬁdb _ ’Bucadb> Hed (A.36)

Dy Fit = 0 Fiet (@i FE + ol Fl ) e (A37)
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In our calculation we take only space-space noncommutativity, so that the parameters

or:
0 0 0 0
0 0 0 ©

" = , wv=0123. (A.38)

0 0 0 0
0 -® 0 0

The non-zero components of the deformed tetrad field are computed as follows:

For &Y
é? ®Vpet1/p ®VP®ATetvp/\T + 0(63)'

O
er —
= —i [@"Pemp + @‘Prew,} + [®’¢®r¢e?r¢,¢ + OO,

+O7O1e,,,, + OOV, | +0(6%),

=& —iO | &}y — ey, | + O [6?74)1’4) — Chrpgr — Coprrg +e(t)47r¢r} +0(8°%). (A.39)
~ =
=0 =0

the non-zero components of the second order are:

1
g = 35 (2 {Fprs Frg}"" e — 29 (390t + FgY ) dvef — (30 + EgY ) Eglel! i ) s
_ 1 (A()B(r)(=3+2B(r)>+B(r)\ ..
- 372 < B(7’>3 > Sli’l29, (A.40a)

the same steps to computing the other components, then we find:

1 <8rA (r)B'(r)* — B(r)(8rB'(r) A" (r) + A" (r)(B'(r) + 2rB"(r)))

Clorgr = 1 B(r)?
BP0+ A0+ A = BPA'E) b
Al ! _ 2 _ NA" (r )
g = (LB O3 2802 B BN LBODY gy, g
& or = é <A/(r)B /(rz)a(—r)lj UMH(”) sinf. (A.40d)

Substituting now the above component into the Eq. (A.39), we obtain the first deformed
tetrad field

@%sin%0
= A0+ )

+B3(r)(A'(r)B’ (r) +4A"(r)) + B*(r)(=3A'(r)B'(r) + 4(A" (r) + rA"(r)))}, (Adla)

{ —4B(r)(4rB' (r)A" (r) + A’ (r)(2B'(r) +rB"(r))) + 16rA’ (r)B"(r)
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In the similar way, we find the other non-zero deformed components

&l = B(r)sinfcos¢ + %B’(r)sinGSin(p + 64B®32(r) {8(2B'(r) — B(r)B"(r))sin*0
+B3(r)B"(r)(3 + c0s260) + B(r)(B"*(r) — B(r)B"(r))(1 + 3c0s20) } sinfcosp, ~ (A.41b)
& = B(r)sinfsing — %B/(r)sinecosqb + 64]?32@) {8(2B'(r) — B(r)B"(r))sin*0
+B3(r)B" (r)(3 + c0s20) + B(r)(B”*(r) — B(r)B"(r))(1 + 3c0s20) } sinfsing,  (A.4lc)

3 ©2sin20 " .
& = {(8=3B(r))B™(r) — B(r)B"(r)(4 + (=3 + B(r))B(r)) } cos®

L™ 32B3(r)
+ B(r)cosb, (A.41d)
» i , O (..
é; = rcosfcosg — T [B(r) — 1] cosBsing + 32B3(r) {B (r)B'(r)(—3 4 cos20)
+sin®0 [16rB*(r) — B*(r)(B'(r) — 4rB" (r)) — 4B(r) (2B'(r) + 2rB™(r) +rB" (r))]
—%BB’(r)B/(r) (—9+ 5c0529)} cosBcosg, (Adle)
0 . Q) e? 4/ N
é5 = rcosbsing + v [B(r) — 1] cosBcos¢p + 32B(r) {B (r)B'(r)(—3 4 cos(26))
+sin®0 [16rB™(r) — B*(r)(B'(r) — 4rB"(r)) — 4B(r)(2B'(r) +2rB"(r) + rB"(r))]
—%BS(r)B’(r) (—9+ 5cos(29))} cosfsing, (A.41f)
& = —rsind + 6(?1:4129) {sin29 [4B(r)B'(r)(4 + B3(r)) — 32rB™(r) + 8rB(r)B" (r)]
+B2(r)B'(r)(5 — B(r) + (—1+5B(r))cos(26)) + 8¢B(r)(B(r)B" (r) — 2B™(r))cos*0 },
(A4lg)
&y = —rsinfsing — % [(B(r) —1)cos?0 — ((1— B(lr)) + 25;((?) r)sinZQ} sinfcos¢
+ 32](;2(7) {[-+3B*(r)B'(r) + 36rB™(r) + 8rB*(r)B" (r) — B(r)(7B'(r) 4 16rB?(r)
+12rB" (r))]sin*0 4 2B>(r)B' (1) — 2B4(r)B’(r)coszf9} (—sinbsing), (A.41h)
&3 = rsinfcos¢ + % [(B(r) —1)cos?0 — ((1— Bgr)) + 25;((:)) r)sinze} (—sinBsing)
+ 32§Z(r) {[-+3B*(r)B'(r) + 36rB™(r) + 8rB*(r)B" (r) — B(r)(7B'(r) 4+ 16rB?(r)
+12rB"(r))]sin?6 + 2B3(r)B'(r) — 2B4<1’)B,(1’)C0529} (sinfcos¢), (A.41i)
i®

& = [(=B(r) + B(r)* +2rB'(r))] sin*6coso. (A.41))

4B(r)?
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ENERGY AND ANGULAR MOMENTUM OF THE
CIRCULAR ORBIT AROUND NC RN BH

B.l UNCHARGED MASSIVE TEST PARTICLE

We provide here the full expressions for the energy and the angular momentum of circular

orbits for a uncharged massive test particle, in the second-order in ®:

/ 2
© T r2(2Q% - 3mr. +12) 6072 _ 2\2. /1 _ 2m  Q ’
32r8(2Q? — 3mr. +12)%4/1 i

(B.1a)

/1 _2m 4 Q
LZ ~ (mr? — er?) o W<rc) + V(rc> 1 rr:l + r? ®2 O @4
€T 20% —3mr. + 12 2 2m | Q2 +0(67).
¢ le 32r§VO(Q2+rc(—2m+rc)),/1—?Jrg

(B.1b)
with

X(r.) = 44Q% — 259mQ°r, + 537m>Q*r? + 102Q°%2 — 426m>Q*r> — 424mQ*r2 4 120m*r?
+ 436m>Q*rt +94Q%t — 162m%r — 117mQ%r2 + 71m*r® — 12Q%*® —4mr”,  (B.2a)
G(r.) = —120Q% 4 541mQ°r, — 833m>Q*r? — 106Q°2 + 568m>Q?r> + 180mQ*r> + 4mr?
—204m*rt — 96m*Q%rt 4+ 76QYE + 174mPr2 — 195mQ*r2 — 41m*r® 4 52Q%r8, (B.2b)
W(re) = —44Q% + 251mQ°r, — 453m>Q*r? — 142Q°%% 4 270m> Q%> + 480mQ*r?
— 48m*rt — 392m*Q%rt — 90Q*E + 126m3r2 + 73mQ*r> — 55m?r® +24Q%*°, (B.2¢)
V(r.) = 16Q% + 123mQ°r, — 629m>Q*r? — 166Q°r? + 698m>Q%r> + 944mQ*r?
— 120m*r% — 1224m> Q*r? — 290Q*E + 174m>r2 + 645mQ*r> — 75m*r®
— 104Q%% + 8mr”. (B.2d)
Vo(re) = 2Q% — 3mr. + 12, (B.2e)

177



178 APPENDICES

B.2 CHARGED MASSIVE TEST PARTICLE

For convenience, we provide here the full expressions for the energy and the angular
momentum of circular orbits for a charged massive test particle, in the second-order in ®

2

—my Oy 1- 204 ) Vy(re)
1 (1-2+ %) i) - (1-2+ %)l
Ec—rz qgQ+r Va(re) +19Q—r Vatre)

c

1-20 4 @Y Yir) [ X 11— &
XJ( n Q) 1<r>( () +Gi(r) 12+ & >®2+0(@4>, 530)

Va(re) 1670 (Q? — 2mr. + 12) Vi (r:) Va(rc)

2
2 _2r§ <2Q2—mrc+qu,/1— %’1+%)

¢ VQ(TC)
XZ("C) + Qz(rc)\/ 1- ZTV:Z + %2
+ ¢ _ | @4+ 0(0%). (B.3b)
16r2(Q? — 2mre +12)Vrc)?( /1 — 27’21 + %

where:

Vi(re) = 2Q% — dmr. + 212 — qQry |1 — 2}/— + =, (B.4a)

c c

2 2
Vo(re) = 4Q% — 6mre + 212 + qum, (B.4b)
c c

Xy (r.) = —88Q%. +518mQ°+? — 1074m>Q*r> — 204Q°r + 852m>Q%r* + 848mQ*r?
— 240m*r2 — 872m>Q*r2 — 188Q*r2 + 324m%r® + 234mQ*r® — 142m*r” + 24Q%r,
+ 8mr® + q (520Q° — 3298mQ”r. + 7304m*Q°r? + 1591Q7r? — 6380m>Q*r°
—6885mQ°r° + 1608m*Qrt + 8703m>Q%rt + 1596Q°r* — 2699m>Qr> + 40Qr®
—3872mQ>r? 4 1634m*Qré + 560Q°r¢ — 422mQr”)
+q (11Q8rc — 52mQ0? + 75mP Q3 + 23Q°7° — 30mP Q% — 62mQr

+31m2 Q%% + 12Q%° — 8mQ2r§) ) (B.4c)

Gi(r.) = 240Q%r. — 1082mQ°r? 4 1666m>Q*r2 4 212Q°2 — 1136m>Q*rt — 360mQ*r}
+ 408m*r? +192m*Q%r> — 152Q%2 — 348m%r® + 390mQ*r® + 82m*r” — 104Q%r’
— 8mrd + q (~110Q772 + 576mQ°r? — 912m2Qr# + 300m°Qr + 1034mQ’r?
—310Q°r% — 456m>Qr® — 324Q%° + 226mQr? — 24Qr§) + g% (—56Q°%r.
+232m Q%% — 93Q°2 + 88m>Q*rt + 210mQ*rE — 77m*Q*r? — 36Q%2
+16mQ*r%) . (B.4d)
Xy (r.) = 88Q8r, — 502mQ°r? 4 906m>Q*r2 + 284Q°r2 — 540m3Q%*rt — 960mQ*r?
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+ 96m*r? + 784m> Q%2 + 180Q%r2 — 252m%r® — 146m>r® 4 110m>r7 4- 48Q%r7

+q (—932Q° + 5644mQ7r, — 12066m*Qr2 — 2577Q7r? + 10380m>Q%r? — 80Qr®

+5970mQ%r> — 2736m*Qrt — 13725m>Q%r? — 2420Q°r* + 4637m>Qr> — 852Q°r¢

+10863mQ°r? — 2896m*Qré + 790mQr?)

+ 7 (22Q%r — 122m Q072 + 1922 Q*r? + 88Q°r2 — 72m Q¥r — 268mQ'r!

+152m2 Q% + 78Q%5 — 82mQ>r® + 12Q2rZ) . (B.4e)
Ga(r.) = —32Q%7. — 246mQ°+2 + 1258m>Q*r? + 332Q°2 — 1396m>Q*r? + 240m*r2

— 1888mQ*r? + 2448m*Q?r2 + 580Q%> — 348m>r® — 1290mQ?r® + 150m?r”

+208Q%r7 — 16mr® + g (242Q7r§ —1202mQ°r? + 1728m*Q%r? + 708Q°r?

—582m>Qr? — 1982mQ>r? + 950m>Qré + 516Q%r¢ — 426mQr? + 48Qr?)

+ ¢ (—60Q8rc +270mQ%r? — 368m>Q*r> — 136Q°r> + 136m>Q%*rt — 96Q*r2

+376mQ*rt — 216m*Q*r> 4 114mQ*r® — 20Q2rZ> : (B.4f)
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