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PREFACE
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Balungi explains deep ideas in physics in an easy-to-understand way. Think Physics is a series aimed to solving the big problems in physics. The book targets topics that researchers and students spend time wondering about, like the origin of gravity and the universe. It also goes into the theories that seem right but are wrong and shows why they are wrong a rarity in science books. Think Physics series is a rigorously correct, lighthearted, and cleverly designed problem solving book for physicists of all ages.


❖  Has been tested, rewritten, and retested to ensure that you can teach yourself all about major unsolved physics problems



❖  Requires no math-mathematical treatments and applications are included in optional sections so that you can choose either a mathematical or nonmathematical approach. No Calculus



In this PART 8 of Think Physics series; Using a logical approach, Balungi creates a quantum theory of gravity and later recovers the thermodynamic laws of Black holes from first principles. 
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Introduction
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Today we are blessed with two extraordinarily successful theories of physics. The first is the General theory of relativity, which describe the large scale behavior of matter in a curved space time. This theory is the basis for the standard model of big bang cosmology. The discovery of gravitational waves at LIGO observatory in the US (and then Virgo, in Italy) is only the most recent of this theory’s many triumphs.

The second is quantum mechanics. This theory describes the properties and behavior of matter and radiation at their smallest scales. It is the basis for the standard model of particle physics, which builds up all the visible constituents of the universe out of collections of quarks, electrons and force-carrying particles such as photons. The discovery of the Higgs boson at CERN in Geneva is only the most recent of this theory’s many truimphs.

But, while they are both highly successful, those two structures leave a lot of important questions unanswered. They are also based on two different interpretations of space and time, and are therefore fundamentally incompatible. We have two descriptions but, as far as we know, we’ve only ever had one universe. What we need is a quantum theory of gravity.

One of the problems facing physicists is to link Gravity with quantum mechanics in the study of the quantum effects of Black holes. Within the past few years there have been developments that give rise to the hope that before too long we shall have a fully consistent quantum theory of gravity, one that will agree with general relativity for macroscopic objects and will, one hopes, be free of the mathematical infinities that have long bedeviled other quantum field theories. Such developments include; Loop Quantum Gravity and String theory. These developments have to do with certain recently discovered quantum effects associated with black holes, which provide a remarkable connection between black holes and the laws of thermodynamics.

One of the first attempts towards the unification of quantum mechanics with gravity was made in part by Stephen Hawking and Bekenstein in the late 70s. The black hole creates and emits particles and radiation just as if it were an ordinary hot body with a temperature that is proportional to the surface gravity and inversely proportional to the mass. This made Bekenstein’s suggestion that a black hole had a finite entropy fully consistent, since it implied that a black hole could be in

thermal equilibrium at some finite temperature other than zero. 

Hawking beautiful result raises a number of questions. First, in Hawking's derivation the quantum properties of gravity are neglected. Are these going to affect the result? Second, we understand macroscopical entropy in statistical mechanical terms as an effect of the microscopical degrees of freedom. What are the microscopical degrees of freedom responsible for the entropy? Can we derive the Bekenstein entropy from first principles? Because of the appearance of [image: image] in the entropy formula, it is clear that the answer to these questions has since become a standard benchmark against which a quantum theory of gravity can be tested.

A definitive resolution of the quantum gravity problem will require deriving the Bekenstein-Hawking area-entropy law from first principles without the introduction of adhoc principles.
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where A is the surface area of the Schwarzschild black hole, c is a constant speed of light, k the Boltzmann constant, [image: image] the reduced Planck constant and G is the Newton's gravitational constant. 

Attempts towards this were done in the early 70s by Hawking who proved that a black hole emits thermal radiation with a temperature
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This book presents a simple universal explanation of Black hole thermodynamics in a somewhat different form than that given by Loop Quantum Gravity (LQG), String theory and Hawking radiation theory. The major result of the book is the derivation of the temperature and entropy of a black from first principles with a well defined calculation where no infinities appear. 
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Quantizing Gravity
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Gravity is the weakest of the four fundamental forces of physics, approximately [image: image] times weaker than the strong force, [image: image] times weaker than the electromagnetic force and [image: image]  times weaker than the weak force. As a consequence, it has no significant influence at the level of subatomic particles. This becomes a problem in reconciling gravity with quantum mechanics. To unit gravity with the other three forces of physics, we propose that gravity be quantized in the following form
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Where [image: image] is the gravitational force, [image: image] is the quantum number and [image: image] is one of the other three forces of nature.

In case one wants to determine the strength of the gravitational force in comparison to the other three forces, then one sets  [image: image]  as the gravitational coupling constant which determines the strength of the force
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Although gravity is one of the weakest forces known in the universe, it however becomes stronger near space time singularities and from Einstein general relativity, a particle at the event horizon of a Black hole ( that is at a Schwarzichild radius [image: image]  from the center of a Black hole) feels a strong force given as
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Note from above, the known gravitational force law is inversely proportional to the area of the event horizon of a Black hole not it’s radius.

If a black hole was an oscillating particle like an electron, then according to quantum mechanics (from the uncertainty principle), its position will be determined by hitting it with a particle the same size as its mass. 
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Then the gravitational coupling constant becomes the ratio of the Schwarzschild radius to the position x
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––––––––
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Inserting in (1) we have a quantum mechanical description of gravity in the form

––––––––
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Then the work done by one of the three forces to move a particle from the center of a Black hole (in the form of radiation) to the event horizon through a Schwarzschild radius R against the strong gravitational force is then calculated to be
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By the equipartition rule, the thermal energy of a Heat bath of a Black hole at temperature T is hereby equal to the work done by a force [image: image] to pull a particle from the black hole.
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Where k is the Boltzmann constant

Finally we get a familiar temperature
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We have therefore recovered Hawking temperature from first principles. This means that, the black hole creates and emits particles and radiation just as if it were an ordinary hot body with a temperature that is proportional to the surface gravity and inversely proportional to the mass.

When a Black hole evaporates or emits radiations, it losses mass in time t, the intensity of the emitted thermal or electromagnetic radiations is given by

[image: image]

Where the intensity by definition is power P per unit area A of the event horizon of a black hole
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The power is the energy E lost by a black hole in time t (The time taken by a Black hole to dissipate)

––––––––
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From which the total energy lost by a Black hole is given by
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But since from (1), 
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Then 
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Inserting  [image: image]  and  [image: image] , we get

––––––––
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We have recovered the Frodden-Ghosh- Perez Energy. 

Hawking knew that if the horizon area were an actual entropy, black holes would have to radiate. When heat is added to a thermal system, the change in entropy is the increase in thermal energy divided by temperature:

––––––––
[image: image]


[image: image]

From (2), the temperature of a black hole is given by,

[image: image]

Therefore the Entropy of a Black hole will be given by,

[image: image]

This implies that the energy radiated by a black hole goes into increasing its event horizon area and an increase in area will automatically lead to an increase in entropy as explained by the above given area entropy law. As far as this book is concerned there is no other theory from which such a calculation can proceed. Hence the book is the only one from which a detailed quantum theory of gravity precedes and where the result of the Bekenstein-Hawking area entropy law can be achieved.
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Glossary
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Absolute space and time—the Newtonian concepts of space and time, in which space is independent of the material bodies within it, and time flows at the same rate throughout the universe without regard to the locations of different observers and their experience of “now.”

Acceleration—the rate at which the speed or velocity of a body changes.

Accelerating universe—the discovery in 1998, through data from very distant supernovae, that the expansion of the universe in the wake of the big bang is not slowing down, but is actually speeding up at this point in its history; groups of astronomers in California and Australia independently discovered that the light from the supernovae appears dimmer than would be expected if the universe were slowing down.

Action—the mathematical expression used to describe a physical system by requiring only the knowledge of the initial and final states of the system; the values of the physical variables at all intermediate states are determined by minimizing the action.

Anthropic principle—the idea that our existence in the universe imposes constraints on its properties; an extreme version claims that we owe our existence to this principle.

Asymptotic freedom (or safety)—a property of quantum field theory in which the strength of the coupling between elementary particles vanishes with increasing energy and/or decreasing distance, such that the elementary particles approach free particles with no external forces acting on them; moreover for decreasing energy and/or increasing distance between the particles, the strength of the particle
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