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PREFACE TO THE SECOND EDITION

The present edition represents an improved and augmented form of the first edition.
Certain parts of the text and some figures have been remade and improved. The content
has been augmented by adding three appendices devoted to the Special and General
Theory of Relativity in connection with the Theory of the Electromagnetic field, based on
several works including published contributions of the author.

The author should like to gratefully thank Dr. Phys. Jacques CURELY, from the
Université Bordeaux 1 (France), for the attention paid to the review of the new form and
content of the book, and in particular to the added parts.

Brasov, on the 22™ of July, 2009.
Andrei NICOLAIDE

PREFACE TO THE FIRST EDITION

In the present work the physical fundamentals of electromagnetic phenomena are
studied having in view their technical applications.

The book contains the general theory of the electromagnetic field necessary for the
study of the principal applications in the following domains: Electrostatics,
Electrokinetics, Electrodynamics and Magnetostatics.

The general theory contains the introduction (i.e., the definition) of fundamental
concepts among which: field and substance, electric charge, electric current, state
quantities of electric and magnetic fields, as well as the study of laws and energy of the
electromagnetic field.

The general theory is presented in four chapters. Further, three appendices are added.

For practical applications, the consideration of electromagnetic phenomena at a
macroscopic scale is of special interest. However, in many applications, it is necessary to
know the phenomena at a microscopic scale.

At the same time, it is useful to have in view that the physical model is, in many cases,
relatively simple in the case of a microscopic study. For this reason, in this work, the
following procedure has been used: The various quantities and phenomena have been first
examined at a microscopic scale, and then, by calculating the average values, the passage
to macroscopic quantities describing the phenomena has been accomplished.

Concerning the presentation of the general laws, there are, in principle, two
possibilities:

a. The introduction of these laws directly, as a generalization of experimental facts;

b. The derivation of these laws starting from the Coulomb law and the Special Theory

of Relativity. The Special Theory of Relativity has been used because it permits the
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derivation of the equations of the theory of electromagnetic field starting from a small

number of general equations.

Appendix 3, which contains the main formulae of the Special Theory of Relativity,
and the derivation of certain relations between forces, given by the author, facilitates to
follow the calculations of Chapters 2 and 3.

Also, some relatively recent considerations on the theory of relativity have been
mentioned in Introduction.

The text has been elaborated so that all references to the special theory of relativity
may be omitted; however, in this case, the number of basic general equations that are not
derived from more general relations is greater.

The study of the mentioned domains, namely Electrostatics, Electrokinetics,
Electrodynamics, Magnetostatics, can be carried out by using the general laws of
electromagnetic field for these various cases. Certain important problems concerning the
mentioned domains are analysed in the present work.

A more detailed study of the mentioned domains can be found in several works
devoted to these subjects, including the works of the author, mentioned in Bibliography.

The system of units used in this work is the International System of Units (SI) and all
formulae are written in this rationalized system.

This work differs to some extent from many other usual textbooks and works by the
attention paid to certain subjects like the passage from the microscopic theory to the
macroscopic one, the way of using the Special Theory of Relativity, and the simplicity of
the presentation.

Certain parts of this work, especially those related to the Theory of Relativity,
represent the content of the lectures of an extra-course given by the author at the
Université Bordeaux 1 (France) in the summer semester of 2001.

The author thanks especially Doctors of Physics: Jean-Claude GIANDUZZO, Head of
the Centre of Electrical and Electronic Resources, and Jacques CURELY, both from the
Université Bordeaux 1 (France), for their support for the presentation of these lectures
and for their valuable comments.

At the same time, the author wishes to thank Professor Florin Teodor TANASESCU,
from the Polytechnica University of Bucharest, secretary general of the Academy of
Technical Sciences in Romania, for his valuable support and suggestions.

Further, the author wishes to thank Professor Dan BIDIAN, from the Tramsilvania
University of Brasov, for having read the manuscript and for his useful comments.

The present work is devoted to the students in Electrical Engineering and Computers
and also to all those interested in an introduction in Electromagnetics.

Finally, the author should like to gratefully thank Dr. Phys. Jacques CURELY, from the
Université Bordeaux 1, for the attention paid to the review of the manuscript and for his
valuable comments and suggestions.

Andrei NICOLAIDE



CONTENTS

PREFACE . . . . . . .« o s 5
CONTENTS . . . . . o o o s 7
LISTOF SYMBOLS . . . . . . . . . . . . . . o . 15
INTRODUCTION . . . . . . . . o oo oo s e e 23

1. Generalities on the Theory of the Electromagnetic Field and on

the Structure of Substance. . . . . . . . .. ... ... 31
1.1.  Fieldand Substance. . . . . . . . . . . . . .. ... ... .. 31
1.2. Lines of Field. Tubes of Lines of Field. Equipotential Surfaces. Fluxes. 32
1.2.1. LinesofField. . . . . . . . . .. .. ... ... 32
1.2.2. TubesofField Lines. . . . . . . . . . . . . ... ... .... 34
1.2.3. Equipotential Surface. . . . . . . . . . . . . ... ... 34
1.24. Flux. . . . . . . e 34
1.3.  Physical Quantities. Laws and Theorems.. . . . . . . . . . . . .. 36
1.4.  Manners of Studying the Theory of the Electromagnetic Field. . . . . 38
1.4.1. The Macroscopic Study of the Electromagnetic Field. . . . . . . . . 38
1.4.2. The Microscopic Study of the Electromagnetic Field . . . . . . . . . 38
1.4.3. Generalities Concerning the Microscopic Study of the

Electromagnetic Field. . . . . . . . . . . .. ... L. 38
1.4.4. Macroscopic Average (Mean) Values. . . . . . . . . . . . . ... 39
1.4.5. Manner of Studying Adopted in the Present Work . . . . . . . . . . 40
1.4.6. Laws of the Theory of Electric and Magnetic Phenomena . . . . . . 40
1.5.  General Considerations on the Structure of Conductors and Dielectrics . 42
1.5.1. Electrically Conductive Materials . . . . . . . . . . .. ... .. 42
1.5.2. Dielectrics. . . . . . . . . . ... 42
1.6.  Electric Charge. Electric Field Strength in Vacuo . . . . . . . . . . 44
1.6.1. Electrification State. Electric Field.. . . . . . . . . . . . . .. .. 44
1.6.2. True Electric Charge (Free Electric Charge) . . . . . . . . . . . .. 45
1.6.3. Density of Electric Charge. . . . . . . . . . . . . .. ... ... 47
1.6.4. Conservation of the Free (True) Electric Charges. . . . . . . . . . . 48
1.6.5. The Electric Field Strength in Vacuo . . . . . . . . . . . . . . .. 48
1.6.6. The Macroscopic Electric Field Strength . . . . . . . . . . . . .. 49
1.7.  Electric Field Strength in the Large Sense . . . . . . . . . . . . .. 52
1.8. Line-Integral (Circulation) of the Electric Field Strength along an Arc of

1.9.

Curve.

Electric Potential Difference. Electric Tension, Voltage.

Electromotive Force. . . . . . . . . . . . . . . .. ... .. .. 54
Polarization of Dielectrics . . . . . . . . . . . . . ... ... .. 56



Contents

1.9.1.

1.9.2.
1.9.3.

1.9.4.
1.9.5.

1.9.6.

1.10.
1.10.1.
1.10.2.
1.10.3.
1.10.4.
1.10.5.
1.11.
1.11.1.
1.11.2.
1.12.
1.13.

1.13.1.
1.13.2.
1.13.3.
1.14.
1.15.

1.15.1.
1.15.2.
1.15.3.
1.15.4.
1.15.5.

The Polarization Phenomenon of Dielectrics. Polarization State of
Dielectrics. Polarization Electric Charge (Bound Electric Charge).

Electric Moment of a Neutral System of Electric Charges. . . . . . . 56
The Macroscopic Electric Moment of a Polarized Body. . . . . . . . 58
The Polarization Electric Charge. Density of the Polarization
ElectricCharge. . . . . . . . . . . . . . ... .. ... ..., 59
Electric Polarization . . . . . . . . . . . ... . ... ... .. 60
Polarization Electric Charge of the Interior of a Closed Surface
inaDielectric . . . . . .. ..o 62
Ponderomotive Actions Exerted upon a Polarized Body in an

ElectricField . . . . . . . . . . .. ..o 65
The Electric Current . . . . . . . . . . . . . .. ... 68
Electric Current Intensity. Electric Current Density. . . . . . . . . . 68
Conduction Electric Current . . . . . . . . . . . . . . ... ... 72
Convection Electric Current . . . . . . . . . . . . . . ... ... 72
Polarization Electric Current. . . . . . . . . . . . . .. . . ... 73
Amperian Electric Current (Molecular Electric Current) . . . . . . . 76
Law of Free (True) Electric Charge Conservation . . . . . . . . . . 80
Integral Form of the Law . . . . . . . . . . . . . ... ... .. 80
Local Formofthe Law . . . . . . . . . . . . . . ... ... .. 80
The Law of Electric Conduction. The Local Form.. . . . . . . . . . 83
The Electric Field Strength of Electric Charges in Vacuo.

Electric Constant (Electric Permittivity of Vacuum) . . . . . . . . . 85
CouLomMB Formula . . . . . . . . ..o 85
Utilization of the Principle of Superposition. . . . . . . . . . . .. 86
The Electric Potential Produced by Electric Charges at Rest. . . . . . 87
The Electric Flux Law in Vacuo . . . . . . . . . . . . . . . ... 89
The SI Units of: Electric Charge, Electric Moment, Electric Tension,
Electric Field Strength, Electric Current. . . . . . . . . . . . . .. 93
The Unit of Electric Charge . . . . . . . . . . . . .. ... ... 93
The Unit of Electric Moment . . . . . . . . . . . .. ... ... 94
The Unit of Electric Tension. . . . . . . . . . . . . . . .. ... 94
The Unit of Electric Field Strength . . . . . . . . . . . . .. ... 94
The Unit of Electric Current Intensity. . . . . . . . . . . . .. .. 95

2. Introduction of the State Quantities of the Electromagnetic
Field in Vacuo . . . . . . . . . . . .. ... ... 97

2.1.

2.2.

2.3.

2.3.1.
2.3.2.

The Law of Ponderomotive Action upon a Point-like Electric Charge

at Rest in an Inertial Reference Frame . . . . . . . . . . . . . . .. 97
Derivation of the Expression of the Law of Ponderomotive Action

upon a Point-like Charge That is Moving Relatively to an Inertial

Reference Frame . . . . . . . . . . .. ... ... 98
The Transformation Expression (When Passing from an Inertial

System to Another) of the Force in the Special Theory of Relativity . . 99
The Transformation Expressions of Co-ordinates and Time . . . . . . 99

The Transformation Expressions of Forces . . . . . . . . . . . .. 104



Contents 9

2.3.3. The Manner of Adopting the Transformation Relations of Forces

and Geometrical Quantities . . . . . . . . . . . . . . ... ... 105
2.4, The Expressions of the Force and Electric Field Strength in Various

Reference Frames. Electric Displacement in Vacuo and Magnetic

Induction in Vacuo. Magnetic Constant (Magnetic Permeability

of Vacuum). . . . . . . . . .. ... 105
2.5.  General Expressions of the Force Acting upon a Point-like Electric

Charge in Motion Relatively to an Inertial Reference Frame.

Introduction (Definition) of the Quantities: Electric Field Strength E

and Magnetic Induction B. . . . . . . . .. ... 109
2.6.  The Magnetic Field. . . . . . . . . . ... . ... ... .... 112
2.7. Transformation Relation of the Volume Density of the Free (True)

Electric Charge. . . . . . . . . . . . . . ..o 113

2.8. The Expressions of the Magnetic Field Strength Produced at a Point
by a Moving Electric Charge or an Electric Current in Vacuo.

The Biot-Savart-Laplace Formula. . . . . . . . . . . . .. . ... 114
3. The Laws of the Electromagnetic Field . . . . . . . . . . .. .. 117

3.1.  TheLawof ElectricFlux . . . . . . . . . . . ... ... .... 117
3.1.1. The Expression of the Law of Electric Flux in Vacuo. . . . . . . . . 117
3.1.2. The Expression of the Law of Electric Flux for Any Medium

in the Case of Free (True) and Polarization Electric Charges. . . . . . 120
3.1.3. The General Expression of the Law of Electric Flux . . . . . . . . . 121
3.1.4. The Electric Flux through Various Surfaces . . . . . . . . . . . .. 122
3.2.  The Relation between the Electric Displacement, Electric Field

Strength and Electric Polarization . . . . . . . . . . . . . .. .. 122
3.3. The Law of Temporary Electric Polarization. . . . . . . . . . . .. 123
34. The Law of MagneticFlux . . . . . . . . . ... ... ..... 125
3.4.1. The Expression of the Law of Magnetic Flux for Empty Space . . . . 125
3.4.2. The Expression of the Law of Magnetic Flux for Any Medium . . . . 126
3.4.3. The General Expression of the Law of Magnetic Flux

(for Any Medium) . . . . . . . . .. ..o 127
3.4.4. The Magnetic Flux through Various Surfaces . . . . . . . . . . .. 128
3.4.5. The Magnetic Flux-turn. The Magnetic Flux-linkage.

Magnetic Vector Potential. . . . . . . . . . .. .. ... 129
3.5.  The Law of Electromagnetic Induction for Mediaat Rest . . . . . . . 131
3.5.1. The Expression of the Law of Electromagnetic Induction for

Empty Space. . . . . . . . . . . ... 131
3.5.2. The Expression of the Law of Electromagnetic Induction

for Any MediumatRest. . . . . . . . . . . ... ... ... .. 133
3.5.3. The General Expression of the Law of Electromagnetic

Induction for MediaatRest . . . . . . . . . . . ... ... 134
3.5.4. The Concise Integral Form of the Expression of the Law of

Electromagnetic Induction for Media at Rest. Faraday Law. . . . . . 135

3.6.  The Law of Magnetic Circuit (Magnetic Circuital Law)
forMediaatRest. . . . . . . . . . . . . ... ... ... .. 136



10

Contents

3.6.1.

3.6.2.

3.6.3.

3.6.4.

3.6.5.

3.6.6.

3.6.7.

3.6.8.

3.7.

3.8.
3.9.

3.10.

3.11.

3.12.

3.12.1.

3.12.2.

3.12.3.

3.12.4.

3.12.5.

3.12.6.

3.12.7.

3.13.

3.13.1.
3.13.2.

The Expression of the Law of Magnetic Circuit for Empty

Space . . . ... Lo 136
The General Expression of the Law of Magnetic Circuit for Empty
Space . . . . . . e 139

The Expression of the Law of Magnetic Circuit for Any Medium at
Rest, in the Presence of Free Electric Charges, Polarization Electric

Charges and Amperian Currents. . . . . . . . . . . . . . . . ... 139
The General Expression of the Law of Magnetic Circuit

for Any MediumatRest. . . . . . . . . . . . .. ... ... .. 142
Conditions (Regimes) of the Electromagnetic Field. Law of Magnetic
Circuit in Quasi-stationary Condition. Ampere Law (Theorem). . . . . 143
The Components of the Magnetic Field Strength. Magnetic Tension.
Magnetomotive Force. . . . . . . . . . . ... ... 144
The Concise Integral form of the Law of Magnetic

Circuit for MediaatRest. . . . . . . . . . . .. ... ... ... 144
Adoption of the Curves and Surfaces That Occur in the Expressions

of the Laws of Electromagnetic Induction, and Magnetic Circuit. . . . 147
The Relationship between Magnetic Induction, Magnetic Field

Strength and Magnetic Polarization. . . . . . . . . . . . . . . .. 147
The Law of Temporary Magnetization . . . . . . . . . . . . . .. 147
Derivation of the Fundamental Equations of the Electromagnetic

Field Theory in the General Case. Maxwell Equations.. . . . . . . . 150
Relations between the State Quantities of the Electromagnetic Field

in Various Inertial Reference Frames . . . . . . . . . . . . . . .. 151
Expressions of the Laws of the Electromagnetic Induction and

Magnetic Circuit for Moving Media . . . . . . . . . . . .. . .. 153
The Relations between the Components of the State Quantities of
Electromagnetic Field in the Case of Discontinuity Surfaces. . . . . . 155
The Relation between the Normal Components of Electric

Displacement Vectors. . . . . . . . . . . . . ... . ... ... 156
The Relation between the Tangential Components of Electric

Field Strength Vectors . . . . . . . . . . . . ... ... ... 157
The Theorem of Refraction of the Lines of Electric Field in the

Case of InsulatingMedia . . . . . . . . . . . . ... ... ... 159
The Relation between the Normal Components of Magnetic Induction
Vectors . . . . . . L. Lo 160
The Relation between the Tangential Components of the Magnetic

Field Strength Vectors . . . . . . . . . . . . .. ... ... .. 161
The Theorem of Refraction of the Lines of Magnetic Field at the

Passage through the Separation Surface of Two Media . . . . . . . . 163
The Relation between the Normal Components of Electric

Displacement Vectors and Electric Current Densities . . . . . . . . 164

The SI Units of Measure of Electric and Magnetic Quantities:

Electric Flux, Electric Displacement, Electric Resistivity,

Magnetic Flux, Magnetic Induction, Magnetic Field Strength.. . . . . 165
The Units of Electric Flux and Displacement . . . . . . . . . . .. 165
The Unit of Electric Resistivity . . . . . . . . . . . .. . . ... 165



Contents 11

3.13.3. The Unit of MagneticFlux . . . . . . . . . ... .. ... ... 165
3.13.4. The Unit of Magnetic Induction . . . . . . . . . . . . . . .. .. 166
3.13.5. The Unit of Magnetic Field Strength . . . . . . . . . . . ... .. 167
3.13.6. The Units of Electric and Magnetic Constant . . . . . . . . . . . . 167
3.13.7. Remarks on the Various Systems of Units of Measure

in Electromagnetism . . . . . . . . . . . . .. ... ... ... 168
3.14. The Laws of the Electromagnetic Field in the Case of Existence

of Magnetic Monopoles. . . . . . . . . . .. . ... 168
3.14.1. Expression of the Interaction Force between Two

Magnetic Monopoles . . . . . . . . . .. ... 169
3.14.2. Electric Field Produced by Moving Magnetic Monopoles . . . . . . . 170
3.14.3. The Expressions of the Laws of the Theory of the Electromagnetic

Field in the Case of Magnetic Monopoles . . . . . . . . . . . . .. 170
3.15. Application of the Biot-Savart-Laplace Formula to the Calculation

of the Magnetic Field Strength . . . . . . . . . . . . ... ... 170

3.15.1. Expression of the Magnetic Field Strength Produced by a
Thread-Like Rectilinear Conductor Carrying a Constant

Electric Current . . . . . . . . . . . ... 170
3.15.2. Expression of the Magnetic Field Strength Produced at a Point on
the Axis of a Circular Turn Carrying a Constant Electric Current . . . 173
3.16. Application of Both Forms of the Law of Electromagnetic Induction
for Media at Rest and in Motion . . . . . . . . . . . . ... ... 174
3.16.1. Calculation of the Electromotive Force Induced in a Coil in
Rotational Motion in a Uniform Magnetic Field . . . . . . . . . .. 174
3.16.2. Calculation of the Electromotive Force Induced by the Rotation
of a Magnet aboutits Axis . . . . . . . . . . . . . . ... ... 177
Electrodynamic Potentials . . . . . . . . . . .. ... ... 178
3.18. The Scalar and Vector Electrodynamic Potentials Produced by
One Electric Charge Moving at Constant Velocity . . . . . . . . . . 180
3.19. The Scalar and Vector Electrodynamic Potentials Produced by
One Point-like Electric Charge Moving at Non-constant Velocity . . . 183
4. The Energy of the Electromagnetic Field . . . . . . . . .. . .. 189
4.1.  The Expression of the Energy of the Electromagnetic Field.
Poynting Vector. . . . . . . . . . .. ..o 189
4.2.  The Theorem of Irreversible Transformation of Electromagnetic
Energy in the Case of Hysteresis Phenomenon . . . . . . . . . .. 195
4.3. The Theorem of Irreversible Transformation of Electromagnetic
Energy IntoHeat . . . . . . . . . . ... ... ... ... .. 195
4.4.  The Theorem of Electromagnetic Momentum . . . . . . . . . . . . 196
APPENDICES . . . . . . . . . . 203
APPENDIX1 . . . . . . . . 205
Vector Calculus . . . . . . . . ... ..o 205

A.l1.1. Vector Algebra . . . . . . . . . . ... 205



Contents

A.1.2. Vector Analysis . . . . . . . . . . ... ... 208
A.1.2.1. Scalar and Vector Fields . . . . . . . . . . . ... ... .. .. 208
A.1.2.2. The Derivative of a Scalar Function in Regard to a Given Direction . . 209
A.1.23. TheGradient . . . . . . . . . . . . . . ... 210
A.1.2.4. The Flux of a Vector through a Surface . . . . . . . . . . . . .. 214
A.1.2.5. The Gauss and Ostrogradski Theorem. The Divergence of a Vector. . 215
A.1.2.6. The Line-Integral of a Vector along a Curve. Circulation. . . . . . . 219
A.1.2.7. The Stokes Theorem. The Curl ofa Vector. . . . . . . . . . . .. 219
A.1.2.8. Nabla Operator. Hamilton Operator. . . . . . . . . . . . . . .. 224
A.1.2.9. The Derivative of a Vector Along a Direction . . . . . . . . . .. 224
A.1.2.10. Expressing the Divergence and the Curl of a Vector
by Means of the Nabla Operator . . . . . . . . . . . . ... .. 226
A.1.2.11. Differential Operations by the Nabla Operator . . . . . . . . . . . 227
A.1.2.12. Integral Transformations Using the Nabla Operator . . . . . . . . 230
A.1.2.13. Substantial Derivative of a Scalar with Respect to Time . . . . . . 232
A.1.2.14. Substantial Derivative of a Volume Integral of a Scalar Function
with Respectto Time . . . . . . . . . . . . . ... ... ... 233
A.1.2.15. Derivative with Respect to Time of the Flux through a Moving
Open Surface . . . . . . . . . . . ... 235
APPENDIX2 . . . . . . . 239
Expressions of the Differential Operators in Curvilinear Co-ordinates 239
A.2.1. General Considerations . . . . . . . . . . . . .. . ... ... 239
A.2.2. Formulae for Three-Orthogonal Rectilinear, Cylindrical and
Spherical Co-ordinates . . . . . . . . . . . . . ... ... .. 242
A.2.3. Ellipsoidal Co-ordinates . . . . . . . . . . . . . . . ... ... 245
APPENDIX3 . . . . . . . 247
General Relations Deduced From the Special Theory of Relativity . . 247
A.3.1. Relations of Mechanics in the Special Theory of Relativity . . . . . 247

A.3.1.1. General Relations of Mechanics in the Theory of Special Relativity . 248
A.3.2. Relations Concerning the Force Vectors in Various Reference Frames 251
A.3.2.1. Transformation of the Force when Passing from a Reference

Frameto Another . . . . . . . . . . . .. ... 251
A.3.2.2. Expressions of the Force Acting on a Material Point Moving
in Any Reference Frame . . . . . . . . . . . .. ... L. 254

A.3.2.3. Derivation of the Components Entering into the Transformation
Expressions of the Force Acting on a Moving Material Point

when Passing from a Reference Frame to Another . . . . . . . . . 255
A.3.3. Integral and Local Forms of Relations Containing the Vectors in

Various Reference Frames . . . . . . . . . .. ... .. ... 260
A.3.3.1. The Fluxes of Vectors F,, and F), througha Surface . . . . . . . 260
A.3.3.2. The Flux of the Vector G, through a Closed Surface . . . . . . . 261

A.3.3.3. The Circulation of the Vector F, along a Closed Curve in the Case
of a Field of Vectors with Central Symmetry . . . . . . . . . . .. 262



Contents 13
A.3.3.4. The Circulation of the Vector G, along a Closed Curve in the Case
of a Field of Vectors with Central Symmetry . . . . . . . . . . .. 263
A.3.3.5. The Relation between the Volume Densities of a Scalar Function
when Passing from One Reference Frame to Another . . . . . . . . 264
A.3.3.6. The Derivation of the Relations between the Volume Densities of a
Scalar Function when Passing from One Reference
Frame to Another . . . . . . . . . . . .. ..o 265
A.3.3.7. The Relations between the Densities of the Flow Rate of a Scalar
Quantity when Passing from One Reference Frame to Another . . . . 266
A.3.4. Relations between the Differential Operators when Passing from
One Reference Frame to Another . . . . . . . . . . . . . .. .. 267
A.3.5. Application to the Transformation of a Scalar and Vector Potential
when Passing from One Reference Frame to Another . . . . . . . . 268
List of Symbols Used in Appendix3 . . . . . . . . . . . .. .. .... 271
APPENDIX 4 . . . . . . . . 273

Deducing the General Relations of the Special Theory of Relativity . . 273

A.4.1. Deriving the Co-ordinate Transformation Relations for Passing from One
System of Co-ordinates to AnotherOne . . . . . . . . . . . . .. 273
A.4.2. Deriving the Expression of the Addition of Velocities . . . . . . . . 275
A.4.3. Relationship between Mass and Velocity . . . . . . . . . . .. 276
A.4.4. Relations between the Forces of Two Systems of Reference . . . . . 277
A.4.4.1. Expression of the Components along the Ox-axis . . . . . . . . . . 277
A.4.4.2. Expression of the Components along the Oy- and Oz-axes . . . . . . 280
A.4.43. Expression of All Components . . . . . . . . . . .. ... ... 280
APPENDIXS . . . . . . . 283
The Equations of the Electromagnetic Field in the General Theory of
Relativity . . . . . . . . . ..o 283
A.5.1. The Four Potential Tensor of Rank 1 and the Tensors of Rank 2 . . . 284
A.5.2. Establishing the nature of the tensors . . . . . . . . . . . . . .. 284
A.5.3. The Field State Quantities for Non-polarized Media . . . . . . . . 287
A.5.4. The Field and Substance State Quantities for Polarized Media . . . . 288
A.5.5. The Maxwell Equations in Tensor Form Using the Introduced Symbols 289
A.5.5.1. The Maxwell Equations for Empty Space . . . . . . . . . . . .. 289
A.5.5.2. The Maxwell Equations for Polarized Media . . . . . . . . . . .. 290
A.5.6. The Expression of the Electromagnetic Field Equations in any System
of Reference . . . . . . . . . . . .. ... 290
List of Symbols Used in Appendix5 . . . . . . . . . . . . ... . ... 291
References . . . . . . . . . . ..o 292
APPENDIX 6 . . . . . . . . . . ... 295
Tensor Calculus . . . . . . . . . . . ... ... ... 295
A.6.1. TensorAlgebra . . . . . . . . . . . . . ... ... ... ... 295
A.6.1.1. Systems of Co-ordinates . . . . . . . . . . . . . . . ... ... 295



Contents

A.6.1.2. Tensors of Rank 0 and of Rank 1. Summation Convention. Covariant

and Contravariant Tensors. Affine Transformations. . . . . . . . . 296
A.6.1.3. Operations with Tensors. Tensors of Rank 2.. . . . . . . . . . .. 298
A.6.2. Tensor Analysis . . . . . . . . . . . . . ... 300
A.6.2.1. The MetricsofaSpace . . . . . . . . . . .. ... ... ... 300
A.6.2.2. The Fundamental Tensor. General Systems of Co-ordinates. . . . . . 300
A.6.2.3. Relations between Covariant and Contravariant Vectors . . . . . . . 302
A.6.2.4. Relations between the components of the Fundamental Tensor . . . . 303
A.6.3. The Length of a Vector in any System of Reference . . . . . . . . 304
A.6.4. Covariant Derivative of a Covariant Vector . . . . . . . . . . .. 304
A.6.5. Covariant Derivative of a Contravariant Vector . . . . . . . . . . 306
A.6.5.1. GeodesicLines . . . . . . . . . . .. ... 308
A.6.6. Covariant Derivative of a Contravariant Tensor of Rank 2 . . . . . . 308
A.6.7. The Divergence of Tensors of Ranks land2. . . . . . . . . . .. 309
A.6.8. Curvature Tensor of the Space-Time Continuum . . . . . . . . . . 311
A.6.8.1. The Expression of the Curvature Tensor . . . . . . . . . . . . .. 312
A.6.8.2. The Divergence of the Curvature Tensor . . . . . . . . . . . .. 313
A.6.9. Calculation of Distance and Duration by Using the Metrics of the
Four-Dimensional Space-Time Continuum . . . . . . . . . . . . 313
List of Symbols Used in Appendix6 . . . . . . . . . . . .. ... ... 315
References . . . . . . . . . . ..o Lo 316
Bibliography. . . . . . . . . . . ... 319

Subjectindex . . . . . . . . . ..o L Lo 323



LIST OF SYMBOLS

Bnlv

BoP
B,, B,

BnZ

dl
ds
dv

dv,, dv

0>
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Dn2

D,, D,

Q

vector (p. 205).

linear current density, also called linear current sheet (p. 72).

vector potential (magnetic) in the reference frame K (p. 129, 153).
vector potential in the reference frame K’ in motion relatively to the
reference frame K (p. 153).

vector potentials in the reference frames K, and K (p. 268).

magnetic induction, also called magnetic flux density (p. 41, 108-110);
magnetic induction in any reference frame K (p. 151, 152).

magnetic induction in any reference frame K' in motion relatively to the
reference frame K (p. 152, 153).

intrinsic magnetic induction (p. 78).

normal components at two points, very near, situated on both sides of the
separation surface of two media, in the same reference frame (p. 160).
magnetic induction at point P in the reference frame K, (p. 114).
vector quantities at two points, very near, situated on both sides of the
separation surface of two media, in the same reference frame (p. 160).
velocity of light in empty space, i.e., in vacuo (p. 102).

curve with an electric charge distribution (p. 48).

line element (p. 32).

surface element (p. 35, 214).

volume element (p. 48).

volume element in the reference frame K, and K, respectively, (p.103).

electric displacement (p. 41), also called electric flux density (p. 92) and
electric induction (p. 123), in any reference frame K (p. 152).

electric displacement in any reference frame K' in motion relatively to
the reference frame K (p. 152).

normal components at two points, very near, situated on both sides of the
separation surface of two media, in the same reference frame (p. 156, 157).
electric displacement in the reference frame K, (p. 108).

vector quantities at two points, very near, situated on both sides of the
separation surface of two media, in the same reference frame (p. 156).
electric charge of electron in absolute value (p. 38).

electromotive tension or electromotive force (p. 55).

electric field strength, also called electric field intensity (p. 53);

electric field strength, macroscopic value (p. 50);

electric field strength in any reference frame K (p. 151, 153).

electric field strength in any reference frame K’ in motion relatively to
the reference frame K (p. 151, 153).

Coulombian component of the electric field strength (p. 53).
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E; impressed component of the electric field strength (p. 53).

E,; electric field strength produced at any point by a point-like electric charge
with the ordinal number i (p. 86).

E, electric field strength in the large sense (p. 52).

E .o macroscopic value of the electric field strength (p. 50).

E icro (r, t) microscopic value of the electric field strength at a point at any moment
(p. 50).

E o microscopic value of the electric field strength (p. 50).

E, non-Coulombian electric field strength (p. 53).

E, electric field strength at a point at rest in the reference frame K|
(p. 97, 107).

Ey, E oy component of the electric field strength at a point, along the O, x,,

E, 0.y, O,z, axes, in the reference frame K, (p. 107).

E, induced electric field strength component (rotational, solenoidal or curl
component) (p. 53).

E,, E, tangential components at two points, very near, situated on both sides of
the separation surface of two media, in the same reference frame (p. 159).

E, electric field intensity produced by external causes (p. 65).

E, electric field strength at a point at rest in the reference frame K; (p. 98).

E,, E, electric field strengths at two points, very near, situated on both sides of
the separation surface, in the same reference frame (p. 158).

E\, ., E yo component of the electric field strength at a point, along the O,x;, O,y,,

E,, O, z; axes, in the reference frame K| (p. 106).

E,, electric field strength at any point 2 produced by a point-like charge with
index 1 (p. 86).

F force in general, and force acting upon a point-like electric charge (p. 49).

F, force of electric nature acting on a point-like charge (p. 52).

Fy force acting upon an electrically polarized small body (p. 68).

F, force acting upon any point-like electric charge ¢ , and due to a point-like
electric charge ¢q; (p. 86).

Fmag force of magnetic nature acting upon a moving point-like electric charge
(p. 110).

F,on-a force of non-electric nature acting on a point-like charge (p. 52).

F, force exerted upon a point-like charge g, at rest in the reference frame K,
(p. 97).

Foes Fyys components of the force along the O, x,, O,y,, O,z, axes, of the force

F,, exerted upon a point-like charge g, at rest in the reference frame K
(p. 106).

F force exerted upon a point-like charge g, at rest in the reference frame K;

(p. 98).
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