Electromagnetic Theory &
Electrodynamics

Shobhit Mahajan

shobhit.mahajan@gmail.com

Version 1.1
Last modified on October 16, 2021



Shobhit Mahajan Electromagnetic Theory & Electrodynamics

Contents
1 Lecture Plan for a 1 Semester Coursel 7
[2__Mathematical Preliminaries| 8
[2.1 Vector Algebral . . . . . . . . . e 8
RIT  Scalarsl . . . . . . . 8
1.2 Vectorsl. . . . . . . . 8
[2.1.3 Dot or scalar product|. . . . . . . . ... oo 11
[2.1.4  Cross or Vector product| . . . . . . . . . . .. ... 12
[2.2  Coordinate Systems|. . . . . . . . . . ... 13
2.2.1 Cartesian Coordinates| . . . . . . . . . . .. . 13
[2.2.2  Circular Cylindrical Coordinates|. . . . . . . . . . . . . ... ... ... ..... 14
[2.2.3  Spherical Coordinates| . . . . . . . .. . ... ... ... 18
2.3 Vector Analysis| . . . . . . . . . e 21
R3T1 Gradientl . . . . . . . . . 21
[2.3.2  Divergence|. . . . . . . .. 22
R33Curll . . . 23
2.3.4  Some other vector identities . . . . . . . . . . ..o 24
2.3.5  Stokes” Theoreml . . . . . . . . . . . . 24
[2.3.6  Gauss’s Divergence Theorem|. . . . . . . . . ... ... ... ... ... ... . 24
2.3.7 Green’s Theorem| . . . . . . . . . . . L 25
2.3.8 Transformation of Vectors & Tensorsf . . . . . . . . ... ... ... ... .. .. 25
2.4 Solid Anglel . . . . . . 28
2.5 Dirac Delta Functionl . . . . . . . . . . .. 29
2.5.1  Helmholtz Theorem: . . . . . . . . .. . . o 33
2.6 Complex Analysis|. . . . . . . . . . 35
[2.6.1 Series Expansions & Singularities| . . . . . . .. ... o000 39
[2.6.2  Contour Integration|. . . . . . . . . . . . . ... 42
7 Matrices . . . . . .. e 50
[2.8  Differential Equations|. . . . . . ..o 52
[2.8.1 Legendre Equation| . . . . . . . . . .. .. 55)




Shobhit Mahajan Electromagnetic Theory & Electrodynamics

[2.8.2  Bessel Equation| . . . . . ... .. 59

2.9  Fourier Series & Transftorms| . . . . . . . . .o 61
[2.10 Fourier Integral Transtorms| . . . . . . . . . . .. .. ... ... 64
2.10.1 Inversion Theoreml . . . . . . . . . . . . . 69
2.10.2 Fourier Transforms of Derivatives . . . . . . . ... ... ... ... ... 71
2.10.3 Convolution Theoreml. . . . . . . . . . . .. . 74

[3 Units in Electrodynamics| 77
3.1 DBasic & Derived Unitsl . . . . . . . o o Lo e 7
(3.2  Units in Electromagnetism| . . . . . . . ... ..o 78
B.3 ST and Gaussian Unitsl . . . . . . . . . . . . . 80
13.4  Equations in SI & Gaussian (G) Units| . . . . . . ... ... L 83
3.5 Values of Constants in SI & Gaussian unitsl. . . . . . . . .. . ... ... ... ... .. 86
[4 Review of Maxwell’s Equations| 87
4.1 Introductionl . . . . . . . . . 87
4.2 FElectric Forcel . . . . . . . e 87
M21 Coulomb’s Lawl . . . . . . .. . 88
422 FElectric Fieldl . . . . . .. .o 91
M23 Gauss's Lawl . . . . . . .. oL 92

4.3 Blectric Potentiall . . . . . . . . . . 96
4.4 Flectric Currentsl . . . . . . . . . . . 101
[4.4.1 Equation of Continuity| . . . . . . . . . . . . . ... 102
442 Ohm's Lawl . . . .. . .. . e 103

[4.5 Magnetic Force| . . . . .. . e 105
Mb.1  Torentz Forcel . . . . . . . .. 105
[4.5.2  Sources of Magnetic field| . . . . . ... ... .00 106
[4.5.3  Properties of the Magnetic Field. . . . . ... ... ... ... ... ... . ... 108

4.6  Faraday’s Law|. . . . . . . . .. 112
4.7  Maxwell’s Modification of Ampere’s Circuital Law|{ . . . . . . .. .. .. ... ... ... 116
4.8 Energy in Electric & Magnetic Fields| . . . . . ... ... ... ... ... ... 119
4.9  Electrodynamic potentials| . . . . . . . .. .o o 128
[4.10 Gauge transtormations & Gauge Invariance|. . . . . . . . .. ..o 129
[4.10.1 Lorenz Gauge] . . . . . . . . . . . e 130
[4.10.2 Coulomb Gauge|. . . . . . . . . . . . 131
.11 Maxwell’s Equations| . . . . . . .. . . o 136
[4.12 Electromagnetic Waves| . . . . . . . . . . . 141
[6  Galilean Relativity] 148




Shobhit Mahajan

Electromagnetic Theory & Electrodynamics

6.6 Doppler Eftect|. . . . . . . . .
[6.6.1 Doppler Effect for Light in Special Relativity|. . . . . .. .. ... ... ... ..

[6.7 Simultaneity Paradoxes| . . . . . . . . . ..

[7.3  Lorentz Boost in an arbitrary direction| . . . . . . . . . . ... ... ... ...
[7.4  Rapidity| . . . . . . .
(.5 Tnvariant Intervall . . . . . . . . . . ..

[7.6  More on Mathematical Structure of Spacetime| . . . . . . . . ... ... ... ... ...

[7.7 A more rigorous treatment of Lorentz Group|. . . . . . . . . ... ... ... ... ...
[7.7.1  Minkowski Space| . . . . . . ...

[7.7.3  Lorentz Group| . . . . . . . . . . . e

Spacetime Diagrams|

8.1.1  The (Lorentz) Invariant Interval| . . . . . . .. . ... ... ... .. ......
8.2 Lightconel . . . . . . . .
8.3 Causality] . . . . . . . . e
(8.4 Appearance of Moving Objects| . . . . . . . . . . . ...

163
163
163
164
169
169
172
180
185
189
193
195
196
200
204
206

216
216
216
221
224
228
231
234
234
235
235



Shobhit Mahajan

Electromagnetic Theory & Electrodynamics

9.3 lensors . . ... ...

9.3.1 Symmetric and Antisymmetric tensors: | . . . . . . . ... ...

9.4  Some Important Tensors| . . . . . . . . .. oo

9.5 Tensor Algebral . . . .

[9.6 Tensor tormulation of Special Relativity] . . . . . . ... .. .. ... ... ... ...,

(L0 Relativistic Dynamics|
(10.1 Four Velocity] . . . . .

[10.5.1 Fixed Target vs Collider Accelerators| . . . . . . . . ... ... ... ... ....

(10.6 Threshold Energy| . . .
(10.7 Particle Decay|. . . . .
108 Relaivisic Forr Forcd

(11 Covariant Formulation of Electrodynamics|

(11.1 An Example/ . . . . . .

[11.2 A Somewhat different way to look at Feynman’s example| . . . . . . . . ... ... ...

(11.3.1 Charge & Current Density| . . . . . . . . . . . . .. ... . ... ...

(11.3.2 Electric & Magnetic Fields| . . . . . . ... ... ... 0000

[11.3.3 Lorentz Force kiquation|. . . . . . . . . ... . oo o

(12 Transformation of £ and Bl

(12.1 Boost along = direction|

278
278
278
282
284
287
287
288
290
293
293
294
294
298
305
307

309
309
311
314
316
325
327
329
334
337

342
343
345
349
350
350
356
364

367
367



Shobhit Mahajan Electromagnetic Theory & Electrodynamics

[12.2 Boost along an arbitrary direction|. . . . . . . .. ... ... oL 370
[12.3 Invariants in Electrodynamics| . . . . . . . . .. ... .. oo oo 382
(13 Motion of Charged Particles in £ and B fields] 387
(13.1 Motion in constant Electric field| . . . . . . . . . . ... oo 387
[13.2 Motion in Constant Magnetic Field . . . . . . .. .. ... ... ... ... ... .... 398
13.3 Motion in Crossed ¥ and B fieldsl. . . . . . . .. .. ... o000 401
[13.4 Velocity Selector| . . . . . . . . . . 408
(14 Potential Formulation of Electrodynamics| 410
[14.1 Review of Electrodynamic Potentials . . . . . .. ... ... .. ... ... ... .... 410
[14.2 Gauge Transformations|. . . . . . . . . . . . ... 411
[14.3 Lorenz gauge condition| . . . . . . . . . . . ... 412
(14.4 Coulomb Gauge| . . . . . . . . . . . . e 413
(15 Radiationl 417
15.1 Introductionl . . . . . . . . .. 417
[15.2 Green Function Approach to Solving Ditterential Equations| . . . . . . . . ... .. ... 419
[15.3 Fourier Series & Transforms . . . . . . . . .o 423
[15.4 Fourier Integral Transtorms| . . . . . . .. . ... ... ... ... .. 427
(15.4.1 Inversion Theoreml . . . . . . . . . . . . 431

[[5.4.2 Fourier Transforms of Derivatives . . . . . . .. .. ... ... ... .. ... .. 436

(15.4.3 Convolution Theoreml. . . . . . . . . . .. . 439

[15.5 Wave Solutions in Electrodynamics| . . . . . . . . .. ... ... o oL 442
[15.5.1 Lorenz Gauge] . . . . . . . . . . . 442

[15.5.2 Coulomb Gauge|. . . . . . . . . . . . . 444

[15.5.3 Solution to Poisson’s Equation|. . . . . . . . .. ... 0000 445

[15.5.4 Solution to the Wave Equation| . . . . . .. .. ... ... ... ... ... .. 451

(15.6 Potential Solutions . . . . . . . . . . 457
[15.6.1 Lorenz Gauge] . . . . . . . . . . . . 457

[15.6.2 Coulomb Gauge|. . . . . . . . . . . . . .. 461

[15.7 Retarded Solutions of Fields- Jehmenko's Equations| . . . . . . ... ... ... .. ... 462
{16 Covariant Solutions of the Wave Equation| 465
6.1 Introductionl . . . . . . . . . . 465
[16.2 Covariant form of solution to Wave equation| . . . . . . . . . .. ... ... ... .. .. 465
(17 Radiation by Moving Charges| 476
7.1 Introductionl . . . . . . . . . . 476
[17.2 Lienard-Wiechert Potentials due to a point chargel . . . . . . . . .. ... ... .. ... 476




Shobhit Mahajan Electromagnetic Theory & Electrodynamics

[17.2.1 Potentials in terms of Current Position of Charge] . . . . . . ... ... ... ..

(18.2 Fields from a localised oscillating source| . . . . . . ... ... ... L.
[18.3 Electric Dipole Radiation|. . . . . . . . . .. ... .. ... ...
[I83.1 Centerfed Linear Antennal . . . . . . . . .. ... ... . L.
[18.4 Magnetic Dipole & Electric Quadrupole Fields| . . . ... ... ... ... .. ... ..
[18.4.1 Magnetic Dipole Radiation|. . . . . . . . . ... .. ... ... ... ...
[18.4.2 Electric Quadrupole Radiation|. . . . . . . . .. .. ... ... ... ... ..
[18.4.3 Oscillating Spheroidal Distribution| . . . . . . . ... ... ... . ... ... ..
18.5 Centre fed Linear Antennal . . . . . . . . . . . . . . . e
[18.6  Appendix: Multipole Expansion in Electrostatics) . . . . .. .. .. ... ... ... ..

(19 Lagrangian Formulation for Electrodynamics|

[19.1 Lagrangian Approach|. . . . . . . . . . . . ..

[19.2 Lagrangian of a relativistic free particle| . . . . . . . . ... ... ... ... ... ..

[19.3 Lagrangian for a relativistic particle in an external electromagnetic field|. . . . . . . ..

[19.3.1 Manifestly covariant treatment| . . . . . . . .. . ... ... ... ... ..

[19.4 Lagrangian for the Electromagnetic Field . . . . . . .. ... ... ... ... ... ...

[19.5 Proca Lagrangian: Photon Mass|. . . . . . . . . . .. ... ... ... ... .......

[19.6 Appendix: Euler-Lagrange Equations| . . . . . . . . ... ... ... ... 0.

Index]

555
255
955
261
267
570
o7l
574
o84
286
591

595
595
297
600
604
606
610
612

615



	Lecture Plan for a 1 Semester Course
	Mathematical Preliminaries
	Vector Algebra
	Scalars
	Vectors
	Dot or scalar product
	Cross or Vector product

	Coordinate Systems
	Cartesian Coordinates
	Circular Cylindrical Coordinates
	Spherical Coordinates

	Vector Analysis
	Gradient
	Divergence
	Curl
	Some other vector identities
	Stokes' Theorem
	Gauss's Divergence Theorem
	Green's Theorem
	Transformation of Vectors & Tensors

	Solid Angle
	Dirac Delta Function
	Helmholtz Theorem:

	Complex Analysis
	Series Expansions & Singularities
	Contour Integration

	Matrices
	Differential Equations
	Legendre Equation
	Bessel Equation

	Fourier Series & Transforms
	Fourier Integral Transforms
	Inversion Theorem
	Fourier Transforms of Derivatives
	Convolution Theorem


	Units in Electrodynamics
	Basic & Derived Units
	Units in Electromagnetism
	SI and Gaussian Units
	Equations in SI & Gaussian (G) Units
	Values of Constants in SI & Gaussian units

	Review of Maxwell's Equations
	Introduction
	Electric Force
	Coulomb's Law
	Electric Field
	Gauss's Law

	Electric Potential
	Electric Currents
	Equation of Continuity
	Ohm's Law

	Magnetic Force
	Lorentz Force
	Sources of Magnetic field
	Properties of the Magnetic Field

	Faraday's Law
	Maxwell's Modification of Ampere's Circuital Law
	Energy in Electric & Magnetic Fields
	Electrodynamic potentials
	Gauge transformations & Gauge Invariance
	Lorenz Gauge
	Coulomb Gauge

	Maxwell's Equations
	Electromagnetic Waves

	Galilean Relativity
	Some Definitions
	Galilean Transformations
	Galilean Transformations & the Wave Equation

	Special Theory of Relativity
	Introduction
	Postulates of Special Theory of Relativity
	Lorentz Transformations
	Consequences of Lorentz Transformations
	Relativity of Simultaneity
	Time Dilation
	Length Contraction

	Relativistic Addition of Velocities
	Doppler Effect
	Doppler Effect for Light in Special Relativity

	Simultaneity Paradoxes
	Train-Rain Paradox
	Pole-Barn Paradox
	Missile and Rocket

	Twin Paradox

	Mathematical Formulation of Lorentz Transformations
	Introduction
	Lorentz Transformation Matrix
	Lorentz Boost in an arbitrary direction
	Rapidity
	Invariant Interval
	More on Mathematical Structure of Spacetime
	A more rigorous treatment of Lorentz Group
	Minkowski Space
	Inner Product
	Lorentz Group


	Spacetime Diagrams
	Introduction
	 The (Lorentz) Invariant Interval

	Lightcone
	Causality
	Appearance of Moving Objects

	Tensors & Four Vectors
	Introduction
	Vectors
	Tensors
	Symmetric and Antisymmetric tensors: 

	Some Important Tensors
	 Kronecker delta
	Metric tensor
	Levi-Civita tensor

	Tensor Algebra
	Linear Combinations
	Direct Products
	Contraction

	Tensor formulation of Special Relativity
	Tensor Densities
	Tensor Calculus

	Relativistic Dynamics
	Four Velocity
	Four Acceleration
	Relativistic Momentum & Energy
	Conservation of Four Momentum
	Centre of Mass Frame
	Fixed Target vs Collider Accelerators

	Threshold Energy
	Particle Decay
	Relativistic Four Force

	Covariant Formulation of Electrodynamics
	An Example
	A Somewhat different way to look at Feynman's example
	Transformation of force

	Covariant Formulation
	Charge & Current Density
	Electric & Magnetic Fields
	Lorentz Force Equation


	Transformation of bold0mu mumu EEdottedEEEE and bold0mu mumu BBdottedBBBB
	Boost along x direction
	Boost along an arbitrary direction
	Invariants in Electrodynamics

	Motion of Charged Particles in bold0mu mumu EEdottedEEEE and bold0mu mumu BBdottedBBBB fields
	Motion in constant Electric field
	Motion in Constant Magnetic Field
	Motion in Crossed bold0mu mumu EEEEEE and bold0mu mumu BBBBBB fields
	Velocity Selector

	Potential Formulation of Electrodynamics
	Review of Electrodynamic Potentials
	Gauge Transformations
	Lorenz gauge condition
	Coulomb Gauge

	Radiation
	Introduction
	Green Function Approach to Solving Differential Equations
	Fourier Series & Transforms
	Fourier Integral Transforms
	Inversion Theorem
	Fourier Transforms of Derivatives
	Convolution Theorem

	Wave Solutions in Electrodynamics
	Lorenz Gauge
	Coulomb Gauge
	Solution to Poisson's Equation
	Solution to the Wave Equation

	Potential Solutions
	Lorenz Gauge
	Coulomb Gauge

	Retarded Solutions of Fields- Jefimenko's Equations

	Covariant Solutions of the Wave Equation
	Introduction
	Covariant form of solution to Wave equation

	Radiation by Moving Charges
	Introduction
	Lienard-Wiechert Potentials due to a point charge
	Potentials in terms of Current Position of Charge
	Lienard-Wiechert Potentials from Lorentz Transformations

	Fields
	Charge in Uniform Motion
	Acceleration Fields
	Charge in Uniform Motion-Comparison with Lorentz transformation of Fields

	Total Power Radiated by an Accelerated Charge
	Non-Relativistic Motion-Larmor's Formula
	Relativistic Motion- Lienard's Generalisation
	Power radiated in accelerators
	Comparison of Linear & Circular Accelerators

	Angular Distribution of Radiation
	Linear Accelerator
	Circular Accelerator


	Radiation from Localized Oscillating Sources
	Introduction
	Fields from a localised oscillating source
	Electric Dipole Radiation
	Centerfed Linear Antenna

	Magnetic Dipole & Electric Quadrupole Fields 
	Magnetic Dipole Radiation
	Electric Quadrupole Radiation
	Oscillating Spheroidal Distribution

	Centre fed Linear Antenna
	 Appendix: Multipole Expansion in Electrostatics

	Lagrangian Formulation for Electrodynamics
	Lagrangian Approach
	Lagrangian of a relativistic free particle
	Lagrangian for a relativistic particle in an external electromagnetic field
	Manifestly covariant treatment

	Lagrangian for the Electromagnetic Field
	Proca Lagrangian: Photon Mass
	Appendix: Euler-Lagrange Equations

	Index

